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Abstract - This paper presents a new test facility for outdoor characterization of photovoltaic modules. The test facility named
“I-V bench” has been recently installed, within a sudano - sahelian climate, in Ouagadougou (Burkina Faso). Our principal aim
with this bench is to carry out different studies on photovoltaic energy productivity through the characterization of PV modules
in real operating conditions. The experimental platform can receive up to 24 modules, from 1 Wp to 600 Wp that can be
simultaneously monitored. In this paper, the principle of the operation of the test-bench is described. Then, current and voltage
(1-V) data collected with the bench are used to find out the STC values of three different performance settings (open circuit
voltage, short circuit current and maximum power) of PV modules. Several methods are proposed in the literature to translate
outdoor values into standard conditions ones. Here, a comparison of results obtained with three methods, including the standard
NF EN 60891: 1995-02, is performed. It has been shown that although the 1-V data translation with model L5P leads to good
accuracy, the best results for all photovoltaic parameters are obtained with the standard NF EN 60891: 1995-02. The relative
errors obtained with this last method are 1.07 % and 1.13 % for the open circuit voltage and the maximum power respectively.
Keywords: Photovoltaic modules, outdoor characterization, standard conditions, 1-V curves translation

1  Introduction The photovoltaic module performances given by the

manufacturers (in the datasheet) are measured under

The principal indicator of a photovoltaic module
performance is its current - voltage (I-V) characteristic. The
shape of the I-V curve gives information about the quality
of the module. The data can be used to determine or extract
all the relevant parameters such as the short circuit current
Isc, the open circuit voltage Vo, the maximum power, the
current and the voltage at the maximum power point
represented respectively by Pmp, Ilmp and Vimp. Some
characteristic parameters of the semiconductor material like
the series resistance Rs and the shunt resistance Rs, can also
be deduced from the 1-V curves by using numerical models
[1, 2].

Standard Test Conditions (STC) defined by an AM 1.5, the
junction temperature of 25 °C and a solar radiation of 1000
W/mz2, Such conditions cannot be met in real outdoor
environment. It is thus clear that these optimistic
performances will never be obtained in real operating
conditions. Indeed, the output parameters of a given PV
power plant will be strongly influenced by the climatic and
environmental  conditions especially the ambient
temperature and the solar radiation (solar power and its
spectrum) [1, 3, 4]. Furthermore, the impact of these
conditions on the PV power plant performances depends on
the PV module technology and its manufacturing process
[5, 6]. As a consequence, the performance of PV modules
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under real conditions can be up to 30% (on a monthly scale)
lower than the performance obtained under STC, depending
on the weather and the module/cell design [7]. It is therefore
essential to know, for a given site, the technology that
provides the best tradeoff between the cost and the real
performance of the PV module.

For this purpose, this paper presents an outdoor test “I-
V bench” installed on the experimental platform of our
laboratory (12° 26' 48" North, 1° 33' 45" West) nearby
Ouagadougou (capital of Burkina Faso). The test facility is
entirely dedicated to the outdoor characterization and the
monitoring of the PV modules’ performances. In parallel,
the measurements of some local weather parameters
including the temperature and solar radiation are collected
through the platform. Many issues can be addressed with
the outdoor characterization 1-V bench. One of them is the
performances' comparison study of several PV technologies
under real conditions in order to determine the most suitable
to sahelian environment. In the present paper, in addition to
the description of the facility, we study the translation of I-
V curves from sahelian real conditions to STC conditions.
Indeed, to compare the performances of different PV
technologies, it is necessary to measure the photovoltaic
parameters in the same conditions (sun radiation and solar
cells temperature). The measurement under standard
conditions can be rapidly performed if a “flash test” tool is
available. Otherwise, the outdoor measures can be
translated into STC values [8]. In the present paper, we will
compare the results of 1-V data translation using different
methods and processes. The translation accuracy will be
analyzed in order to find out the appropriate method.

In the first part of this paper, the different components
of the 1-V bench are described. Then, the operating principle
of the 1-V measurement is presented. Finally, a comparison
of three methods that can be used extract the STC values of
the three main parameters of the modules from outdoor
measurements is performed.

2 I-V facility

The 1-V bench is an experimental setup composed of
PV modules to be characterized, sensors, resistive loads and
measuring devices (ammeter, voltmeter etc.). The IV-
bench, is composed of two main parts (see figure 1):

Eaternal Part ntemal Part

Fig.1. Synoptic view of the I-V bench.

e An external part that can be exposed directly to
the sun and in harsh environmental conditions
without any bad consequence. This part of the
bench can be seen from outside, on the roof of our
laboratory building.

e An internal part which is installed inside a room
that we called “the characterization room”. It
contains sensitive devices such as power supplies,
electrical and electronic devices.

These two parts of the bench are described in details in the
following sub-sections.
2.1  The external part of the bench

The external part of the I-V bench is composed of PV
modules’ metal structure, sensors and probes, a box of
resistive loads and samples of different PV modules
technologies that are to be characterized.

—  The PV modules metallic structure

The PV modules metallic structure, shown on figure 2,
could receive up to 36 PV modules. However, only 24 PV
modules can be simultaneously monitored. The 12
additional channels are provided for purpose of reserve or
in failures’ case of some of the 24 channels. All different
PV module technologies could be tested. The technologies
currently under study are: monocrystalline silicon (c-Si),
multicrystalline silicon (mc-Si), amorphous (a-Si) and
heterojunction . silicon HIT).

-

Fig.2. Modules metal stru
the radiation measurement sensors mounted on a plateau
that is tilted at the same angle as the modules.
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— The sensors and probes
— As shown on figure 2 (insert picture), five types of
sensors are installed on the modules metal structure. A
pyranometer, a pyrgeometer and an UV sensor are used
to respectively measure the global solar radiation, the
infrared fraction and the UV fraction of the sun spectrum.
These three devices are installed in the plane of the tilted
surface in order to be sure that the real radiation received
by the PV modules is measured. A weather transmitter
that measures a set of parameters, such as wind speed and
direction, the relative humidity and ambient temperature,

is installed close to the modules. The temperature probes
(PT 100) are stuck at the rear side of the modules in order
to measure the instantaneous module back surface
temperature. The temperature of solar cells’ junction is
around 3°C greater than the module back surface
temperature [9]. Table 1 presents all the five sensors and
their functions.

Table 1. Sensors for the measurement of meteorological parameters and sun radiation.

~ 40 pm. It has low temperature dependence sensitivity.

Sensors Function Picture
Measurement of solar global radiation on plane or tilted surface. It
covers a large spectral range (0.3 - 3pum). No significant spectral R
Pyranometer selectivity error is expected. —_—
Measurement of infrared radiation for wavelengths range from 4.5 to
Pyrgeometer

UV sensors UV-
S-AB-T

Measurement of ultraviolet radiation UV-B (282 - 320 nm) and UV-
A (320 - 400 nm). Its cosine response is lower than 4 % and the zenith
angle is between 0° and 70.

Reference cell

The reference cell has a response very close to that of modules to be
tested. But, as it is smaller and more rapid, it more accurately
measures the radiation on tilted surface of the modules with the same
technology. Thus, the reference cell leads to a better correlation
between the spectral response of the module, the incidence angle of
solar radiation and its spectral composition.

Weather Measurement of six meteorological parameters: wind speed and
transmitter direction, precipitation, relative humidity, temperature and
WXT520 barometric pressure.

—  The box of resistive loads

It is important to note that the characterization of the
modules is done one after another. When the characterization
of one module is in progress, the 23 other modules must be in
open-circuit position or connected to an electrical load. That is
the case for the 24 channels when all modules are in “rest
state” i.e. they are not being characterized. Since the modules
under characterization are generally of different powers, it is
not possible to continuously supply their energy to a specific
load. In addition, the load should be disconnected every five
minutes in order to characterize the module to which it is
connected. For all these reasons, it was decided to connect
each channel of the bench to a resistive load. Consequently, at
a “rest state” the energy of the modules is dissipated in a
resistive load. All these resistive loads are installed in a control
box called “box of resistive loads” which is also installed
outside of the building (see figure 3).

Fig. 3. Box of the resistive loads. This box is installed outside
to prevent the overheating of the characterization room as we
operate under hot climate.
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2.2 The internal part of the bench

This second part of the bench presented in figure 4, is
installed in an air conditioned characterization room for
measurement apparatus and electronics safety. This part is
composed of an electrical rack that is connected to the external
part through a patch panels. The electrical rack includes all the
equipment that measure the different parameters needed to
analyze the modules’ performances. The devices are listed
below:

— Three high-precision Agilent multimeters to measure
the sun radiation, the PV modules voltage and the
photocurrent. The multimeters have 6% digits and can
achieve 10 000 readings a second at 5%-digits. The
accuracy for the measurement is about +£0.03% for DC
voltage and +0.05% for DC current.

Kepco

- Four BOP Bipolar Power Supplies.

Fig.4. Internal Part of the I-V bench: (a) Patch panel,
(b) Electrical bay.

The Kepco's BOP are fully dissipative, linear stabilizers
for laboratory and systems applications [10]. It has two bipolar
control channels (voltage or current made), selectable and
individually controllable either from their front panel controls,
or by remote signals. In our test facility, the voltage channel is
selected and remote-controlled. Kepco's BOP device is also
able to operate in all four quadrants of the voltage-current axis.
Indeed, their output may swing seamlessly from negative to
positive voltages and the output current may also swing from
positive to negative values. The result is that, the device acts
as a generator or a load, which means it can provide power to
a load or absorb electrical power from a power supply. The
Kepco BOP device is used in our test facility as a variable
impedance which allows the application of various voltages to
the terminals of the modules. For each value of voltage, the
corresponding current supplied by the module is
simultaneously measured by a multimeter. Note that the open-
circuit voltage and the short circuit current of the module to be
characterized must be in the ranges available on the Kepco
BOP device. In fact, every Kepco BOP is defined by the
maximum values of voltage and current that it can support
without any damage. We have four Kepco BOP devices fairly
distributed in two groups. The first group is able to provide a

range of +36 V and +12 A and the range of the second group
is £100 V and +4 A. The kepco belonging to the same group
can be connected in series or parallel to enlarge the voltage or
current respectively. By this way, the capacity of bench in term
of power of module that can be characterized, is also enlarged.

2.3 Scientific interests of the I-V test bench

The I-V test bench presented in this paper is able to
simultaneous monitor 24 photovoltaic modules regardless of
the technology. The nominal power of each module should be
in the range of 1 - 600 Wp. Such a test bench with flexible
options of monitoring can play a very important role in the PV
power plants installation, especially in West Africa region
where the lack of metrology systems dedicated to solar energy
is crucial. In fact, today all kinds of PV module can be found
on African market. Generally, the real origin or manufacturer
is unknown and sometime the label on the module can present
wrong or inadequate photovoltaic performances.

This test facility aims to determine the real energy
production of a given PV module in a given region, regardless
of the performances given by the manufacturer [11]. To be
more precise, the studies that can be conducted with the I-V
bench are listed below:

— The determination of the nominal power of PV
modules, and then check the maximum power given
by the manufacturer under STC conditions.

—  The determination of the energy yield of PV modules
from 1-V data measured under real operating
conditions.

— The development of models (according to PV
technologies) that can contribute to a more accurate
forecast of the energy production of a given PV
power plant in hot environment like sahelian areas.

— The study of PV modules ageing for different PV
technologies. The modeling of the ageing should lead
the operator to accurately estimate the life cycle of a
PV system in hot environment. Such study could
subsequently allow to better design the PV systems
and then avoid their under-designing or over-
designing.

2.4 Operating principle of the bench

The acquisition of the I-V curves can be done by different
methods. M. Piliougine et al. [12] have synthesized these
methods in five categories. The main difference between these
categories lies in the way or the component, used to scan the
voltage or the current at the terminals of PV module. Each
category is based on one of the following components: variable
resistor, capacitive load, electronic load, DC-DC converters
and four-quadrant power supply.

Our test facility is based on the four-quadrant power supply
category which is also used by several photovoltaic research
laboratories [1, 13, 14]. It allows to characterize high power
modules since the same types of power supplies can be used to
widen the voltage range or the current range when they are
connected in series or in parallel respectively. As described
below the four-quadrant power supply enables also the capture
of the whole I-V curve.
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Fig.5. Schematic diagram of the I-V curve measurement.

Figure 5 shows the schematic diagram used by the test
facility for measuring 1-V curve. The acquisition of
characteristic data from the bench is done in three steps.

Step 1: Measurement of the open circuit voltage, Voc

The screening of the I-V points may be performed from
short circuit current (lsc) to open circuit voltage (Voc) or vice-
versa [13] but in both cases such as ours, the module is kept in
open circuit before the measurement. Thus, it is preferable to
first measure its open circuit voltage. This is done using a
digital multimeter  (Agilent 34411A) before the
characterization of a module.

Step 2: Choice of the suitable shunt for current measurement

After the open circuit voltage is measured, a set of shunt
resistances are screened via relays in order to select the one
which is suitable for the measure of the short-circuit current
(Is). The measure of Is is done using another digital
multimeter (Agilent 34411A).

The values of the current and voltage (lIsc and Vo
respectively) that can be delivered by the module are now
determined. The value of V. is the highest theoretic voltage
that can be applied to the module, in regard of local weather
conditions. So normally the power supply should vary the
voltage (between the module terminals) from 0 V to V.. But
in order to capture the whole I-V curve, this interval is slightly
modified for the exploration of the points lying in the second
and fourth quadrant. This task is possible since the power
supply can operate in each of the four quadrants. The bench
software allows the setting of the extreme voltages in form of
percentages of the measured open circuit voltage.

The desired number of points for the I-V curve plot can
also be set (100 points are generally sufficient). Then, the four-
quadrant power supply device sets (between the module
terminals) several voltages (equal the number of points
required for an I-V curve) belonging to the specified interval.
Generally, the screening of voltage is done from -0.5 V to
105% of V.

For each point, the multimeters Agilent 34411A
simultaneously measure the applied voltage and the
corresponding current. Module voltage is measured in a four-
wire configuration in order to avoid errors due to voltage drop.
The module current is sensed with the help of a shunt resistor

in series between the module and the power supply (see figure
5). The time required for a complete I-V data record is so short
(less than 2 s) that the solar radiation can be considered
constant for all the points. Nevertheless, some limits are
considered in order to avoid the diffusion capacitance effect on
the measurements. In fact, as reported in [14-16] , the effect
known as “diffusion capacitance” influences the I-V curve
mainly in the maximum power region; thus, the value of
maximum power P, can be overestimated or underestimated
depending on the speed and direction of the I-V curve
screening. Virtuani et al.[16] and Herman et al. [15], show that
for high efficiency monocrystalline devices, the capacitive
effect strongly starts impacting the 1-V curve with screening
times lower than 100 ms. In the case of amorphous (a-Si)
devices, the capacitive effect impacts the I-V curve only for
screening times lower than 10 ms.

Step 3: ""Rest state" of the modules

Once the characterization is ended, the module is
immediately connected to its corresponding resistive load (see
figure 3) thank to an appropriated relay. The energy produced
by the module is now dissipated in the resistive load and the
PV module is said to be in a “rest state”.

The three steps are repeated for all the channels that are
connected. The acquisition time of the 1-V data when all the
24 channels are connected is less than 1 minute. The interval
between two consecutive measures for a same module is set to
5 minutes. In other words, between two measures each module
stays in a “rest state” during 5 minutes and it supplies the
electricity to the resistive load for the same duration.

In parallel to the I-V curve of each module, several
climatic parameters measurements are performed. Thus, for
each 1-V curve, the solar radiation, the ambient temperature,
the cell temperature, the relative humidity, and the wind speed
and direction are also available. The measurement devices
were chosen to enable acquisitions of 1-V curves even at very
low irradiance around 0 W/m2. The daily measured data are
saved in a generic data file (.csv), gathered in one folder which
name corresponds to the date of the day. The files contain I-V
pairs, estimation of main characteristics of the I-V curves (ls,
Voo, lmpy Vimp, Pmp, FF etc.), irradiance measurements,
temperature, date and time of the measure.

2.5 Modules installed and characterized

The first measures of the I-V outdoor test bench presented
here have been obtained with three different technologies of
silicon photovoltaic modules. The selected modules and their
performances under STC conditions are presented in table 2.
Since the modules are sorted in class after fabrication, the
dispersion in output line can lead to a variation in the
performances of the modules belonging to the same class.
Thus, the STC characteristics given by the manufacturers
cannot exactly represent all the modules having the same
reference. Therefore, for a more accurate study, all modules
presented here are been characterized under STC conditions
with certified set-up in a partner laboratory. The three most
important electrical performances of a PV module, generally
extracted from the I-V curves are: the maximum power output
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Pmp, the short circuit current Isc and the open-circuit voltage

Voc.

The target of this study is firstly to obtain these three

measures of the I-V test bench. Then the obtained values will

be compared to those measured under STC conditions with a

performances under STC conditions from the outdoor

Flashlight Simulator.

Table 2. Electrical characteristics (STC) of PV modules installed on the I-V bench. Ns is the number of cells

mounted in series and Np the number of strings of solar cells.

Name of the
PV module module Ns Np Isc[A] Voc[V] PmpI[W]

Monocristalline silicon (Module VICO01 36 1 3.0 29 50 54,62
VSP50M-12V) ' ' '
Multicristalline silicon VICO05 36 1 3.12 2184 5293
(Modules VSP50P-12V) ' ' '
Amorphous /microcristalline

silicon (a-Si:H/pc-Si:H) SHAO017 45 4 3.37 61.40 142.47

(Module NA-F128GK)

3 I-V Characteristics Translation Methods

The |-V curves are recorded under outdoor weather
conditions which, in principle vary continuously. From
outdoor I-V curves measurements, it is possible to retrieve the
module performances under STC conditions. This task is
called the translation of I-V performances [17]. Two
processes are commonly used for retrieving the three
electrical performances (Voc, Isc and Pmp) under standard test
conditions (STC):

e  Processl: translate all the points of the measured I-

V curves under STC conditions before extracting
the three electrical performances;

e Process 2: extract firstly the three performances

from the measured curves and then translated them
to STC in order to retrieve their standard values.

For the two processes described above, the methods
basically generally used to translate the 1-V curves can be
classified in two groups of methods [18]. The first one [2, 19—
21] is based on the electrical model
parameters (I,p, Rg, Rsp, I, ...). The second group of
methods [22-25] consists in extrapolating the points of the
measured I-V curve directly to STC conditions.

A comparative study performed elsewhere [2] has shown
that the five parameters model (L5P) (with an exponential)
offers the best trade-off between the computational velocity
and the accuracy. Thus, in this study, the first group of the
translation methods is considered with the L5P model, and
compared to two methods of the second group commonly
found in literature [20, 22, 26-29; 30]. The three methods will

be briefly described in the following sub-section.

[

oy |

Fig. 6. Equivalent electrical diagram of L5P model.

3.1  Method 1: using of L5P electrical model

Figure 6 shows the electrical equivalent circuit of the PV
module as well as the parameters to be considered in the
modeling. The relation between the electrical parameters is
given by the following equation:

= (o (5209 - (459)

Where

@

Ion is the photocurrent, I, the diode saturation current, Rs and
Rsh the series and shunt resistances respectively, Ns the
number of cells connected in series in each string of the
module, N, the number of string, k the Boltzmann constant
(1.38x102% J-.KY), q the electron charge (1.6x10®° C) and T
the reference cell temperature.
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This first method can be performed in two steps to translate
the 1-V curves measured in outdoor conditions to STC
conditions.

i. Extraction of the electrical parameters

The five parameters that characterize the L5P method
are: the photocurrent (I,n), the series resistance (Rs), the shunt
resistance (Rsn), the saturation current (lg) and the ideality
factor of the diode (n). They can be extracted from the
measured I-V curve. When one considers the distribution of
current-voltage points according to the equation (1), only a
numerical method can be effective to determine the
parameters with quite accurate values [17]. The approach
used in the current study, is based on the Levenberg-
Marquardt algorithm (LM) that has been deeply presented in
[2]. After obtaining the five parameters, the measured |-V
curve can be theoretically reproduced and then translated to
any other weather conditions thanks to extrapolation of these
parameters to the corresponding weather conditions.

ii. Extrapolation of the L5P model parameters and
obtaining of the I-V curves under STC
conditions:

The following expressions are well suitable for all silicon
solar cells technologies [19-21] to extrapolate the L5P model
parameters, from one reference weather conditions to any
other.

G
Lp(G,T) = IphSTC[l +a (T - TSTC)] Gsrc ®
~ T3 1 (Egsrc _ Eg(M)
IO - IOSTC X (TSTC) X exp (k ( Tsrc T ) (4)
5@ — 1-0.0002677(T — Tsrc) ©)
Egsrc
R _ T (4_ —
Rssre TSTC( 1=Fxin GSTC) ?
G
RshsTC = RS’”@ ”

The subscript “STC” represents the parameters under
STC, T is the solar cells temperature, G the solar radiation,
;. the temperature coefficient of the short-circuit current
(available in the module data sheet), E, the semi-conductor
material gap in eV and g a coefficient which value is
approximately equal to 0.217 [19].

After obtaining the model parameters under STC, the
voltage vector under the same conditions must be determined
before calculation of the current vector according to equation
(1). For the determination of the voltage under STC, we have
adopted a process that follows the logic of the I-V curves
measurement as described in section 3. The voltage vector,
Vsrc is determined by following the different steps below:

= Voeste IS estimated by:

Voc,ste = Voc +ay,, * (Tsyc — T) (8)
ay,, is the temperature coefficient of the open circuit
voltage (available in the module data sheet); T and Tgr¢
are the temperature of the module in outdoor conditions
and under STC respectively.

= the first value Vsrc 1 Of Vr, is fixed at - 0.5 V (default
value of the bench)

» the last value Vsrceng OF Vsre, is fixed at a certain
percentage of V¢ s7¢ previously computed (we will use
105% as it is set for the bench)

= Vspc is finally a column vector with the same number of
points as the outdoor data voltage vector V (typically
100), linearly spaced between Vsrc 1 and Vrc eng -

3.2 Method 2: extrapolation of the I-V curve from
standard NF EN 60891: 1995-02
As reported by R. Alain [22], A. Ndiaye et al [26], Agroui
et al.[31], and according to the standard NF EN 60891: 1995-
02, the outdoor measurements under given conditions (G, T)
are translated into standard test conditions (STC) data by
using the following expressions:

G
Isre =1+ Isc (% - ) + a5 (T = Tsre) 9)
Vsrc =V + ay, (Tsre = T) = Rs(src = 1) = Kolsrc(Tsre =
T) (10)

K,, is the curvature coefficient which takes into account a loss
of additional voltage near the maximum power point. For all
the modules, a default value Ko =0.002 Q / °C is considered,
as reported by R. Alain [22];ay,  is the temperature
coefficient of the open circuit voltage (available in the module
data sheet).

3.3 Method 3: extrapolation of the I-V curve from method
used in [17, 24]

Another simple way to translate the 1-V curve into STC

conditions is obtained by the following expressions [17, 24]:

G
lgre =1 (%) + a;o (T — Tsrc) (11)

Vsre =V + ay,(Tsrc = T) = Rs(src = I) + Vepln (%)
(12)

3.4  Determination of the three electrical performances

The determination of the three main electrical
performances from the measured I-V curves is described as it
follows:

e The short circuit current I and the open circuit
voltage V. are obtained by linear interpolation if the
I-V curves intersect the reference axis and by linear
extrapolation otherwise.

e The maximum power is obtained by linear
interpolation made on the points (V, P) where P is
the product of voltage V and current 1. We consider
that Pmp matches the point of the curve (V, P) where
the gradient dP/dV is equal to zero. The gradient
dP/dV is estimated by the method of finite
differences.
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Five cases are considered to determine the standard
values of the three parameters (Isc, Voc and Prp) Of electrical
performance by means of the three methods and the two
processes:

e Case 1: the I-V curve is translated to STC by method
1 before extracting the three parameters (Process 1
by using the method 1)

o Case 2: the I-V curve is translated to STC by method
2 and before extracting the three parameters (Process
1 by using the method 2)

Curve 1V measured

Cases1,2and 3

e Case 3: the I-V curve is translated to STC by method
3 and then extract the three parameters (Process 1 by
using the method 3)

e Case 4: the parameters from the outdoor I-V curve
are extracted first, then each of them is translated to
STC by method 2 (Process 2 by using the method 2)

e Case 5: the parameters from the outdoor I-V curve
are extracted first, then each of them is translated to
STC by method 3 (Process 2 by using the method 3)

Process 1
Curve I-V translated

from (G, T)

Performances
determining

Isc, Voc, Pmp under (G,

Translation by the three methods

Translation by the methods 2 or 3

to STC

Performances
determining

) 4
Isc, Vac, Pmp under STC

T) conditions

b Process 2

Cases4 and 5

conditions

Fig. 7. Process of determination of STC values from outdoor measurements. Process 1 (cases 1-3): the whole 1-V
curve is translated before extracting the parameters (Voc, Isc and Pmp). Process 2 (cases 4 and 5): the parameters
are extracted from outdoor I-V curve before being translated to STC values.

The scheme of figure 7 presents all of the cases considered
for the three electrical performances evaluation of this study.
Although some studies such as reference [26] limit the
translation methods use to specified ranges of irradiance
and/or temperatures, the five cases described above are applied
here, to all curves measured at irradiance greater than 200
W/m2, The aim is to determine the case that gives the closest
data to those obtained from Flashlight Simulator regardless of
weather conditions.

The comparison is performed thanks to the calculation of
the relative errors according to the following expressions:

_ Isccase;i_ISCFlash test

Alsc [%] = —#52—"—"—=;  ie{12345} (13)
0 Voccase;i_VOCFlash test .

AVoc [%] = —/ —————; i€{1,2,3,45}  (14)
Pmpcgsei  Pmppiash test .

APy [%] = : ; i€{1,2,3,4,5}  (15)

Pinp prash test

4 Results and Discussion
4.1 Outdoor experimental data

The Figure 8 presents the trends of the incident radiance
G (measured on the tilted surface of the module) and the
module temperature for a clear sky day and a cloudy sky day.
A cloudy day is not favorable to a fairly accurate analysis of

outdoor data as the radiation and the temperature strongly
vary. For this study, we intentionally chose to analyze the data
of the cloudy sky in order to compare the translation methods.
Such a situation can be met in the month of August as it is the
rainiest period in Burkina Faso, with the lowest sun radiation
of the year (but not the lowest temperatures). The modules
have been installed on the platform on August 1%, 2014 and the
results presented here, were collected on August 15", 2014 (15
days after the installation of the modules). The time between
their first exposure and the data collection is sufficiently short
so that the modules remain clean and unaffected by the ageing
phenomena. These precautions are very important to
accurately analyze the translation. As a matter of fact, the
temperature coefficients provided by the manufacturer should
change with the outdoor climatic conditions or ageing
phenomena [32, 33].

Despite the fact that the characterization of three PV
technologies (see table 2) is ongoing, only one technology
(monocrystalline module referenced by VCI001) results will
be presented here for sake of clarity. Nevertheless, the results
of the other modules lead to the same conclusions.
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Fig. 8. Solar irradiance measurement on the surface of tilted
module and the corresponding temperatures of the crystalline
module (VIC001) for a cloudy sky (August 15, 2014) and a
clear sky (October 15, 2014).

4.2  Comparison of the I-V curves translation methods

We compare the translation of the five methods presented
above from the results obtained for three parameters (lsc, Vic
and Pmp).

Table 3 presents for all cases the average values
obtained for the three parameters and the corresponding
standard deviations.

a) The open circuit voltage translation

The calculation of the Vcstc is very sensitive to the translation
process with relative errors ranging from 1.07 % to 8.98 % (see
figure 9). In fact, the poorest accuracies are achieved when the
outdoor V is translated directly to the standard conditions:
relative errors of 8.98 % and 8.52 % for cases 4 and 5
respectively. Furthermore, the scattering of the results during
the day is so high that the average of Vs iS considerably
underestimated. On the contrary, the processes based on
translating the whole I-V curve to

standard conditions before extracting the performance
parameters give the most accurate results. The best distribution
and the lowest error (~ 1 %) are obtained with the case 2, based
on the standard NF EN 60891: 1995-02. In sum, it can be
noticed that the translation of the open circuit voltage from a
given condition to another is very often flawed. Indeed, this
parameter depends on intrinsic properties of the material (the
ideality factor, the short-circuit current and the saturation
current), which in turn are influenced by the sun radiation [9].
This dependence is considered through Iy in the voltage
translation but, it appears to be well considered by methods 1
and 2 through equations (3) and (8) respectively.

Table 3. Daily average and standard deviation of the performance parameters calculated under STC (Voc, Isc and
Pm). They have been estimated for the five processes (Cases 1-5).

Case 1 Case 2

Case 3 Case 4 Case 5

Parameters
Voc,stc [V]
Isc,stc [A]
Pm,stc [Wp]

Avg Std

21.94 0.3129
3.36  0.3998

53.42 7.2228

Avg Std

22.74 0.8121
3.36  0.4006

55.24 7.0921

Avg Std

21.18 0.3847
3.36  0.4008
513 6.8779

Avg Std

20.48 0.7315
3.36  0.4035

5346 6.5171

Avg Std

20.58 0.6775
3.36  0.4035

5346 6.5171
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Fig 9. Open circuit voltage measurement during the day (full
symbol) and the translated values to STC (open symbol) for
the five cases. The value measured under STC by mean of the
flash test is plotted in red dashed line.

a) The short-circuit current translation

It is well known that the short-circuit current is
proportional to the radiation at a same given temperature [9].
Then, any translation error should be related to the accuracy of
the temperature coefficient or to a measurement precision. As
shown on figure 10, the errors are very close for the five cases
(4.63 — 4.83 %) and the distributions are quasi flat. However,
in all cases, lsst is slightly overestimated. It is probably due
to the temperature coefficient value provided by
manufacturers. In fact, since the manufacturer values of
temperature coefficients linked to the modules belonging to
the same reference, the dispersions can be noted when
considering a specific module. Above all, for the Iy
translation, a classification of the methods is no longer needed:;
any of the five translation methods can be used.
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b) The maximum power translation

As the power is the product of voltage and current, the
errors in the translation of these last two parameters should
influence the accuracy of that of the maximum power. As
expected, the lowest relative error and the best distribution are
obtained for the case 2 as shown in figure 11. Furthermore, an
error of 1.13 % is achieved; this value is very close to that
obtained for the open circuit (1.07 %). Whatever the process
(see figure 11), the standard NF EN 60891: 1995-02 is the
most suitable method for the calculation of the maximum
power standard values. This result can be explained by the
introduction of the curvature coefficient in equation (10) that
considers the loss of power in the vicinity of the maximum
power point on the I-V curve. Surprisingly, although the
results of the open circuit voltage are relatively poor for the
two last cases (cases 4 and 5), the Prp st is well distributed and
the accuracy is relatively high. Indeed, for Pmpstc estimation,
the relative error for both cases 4 and 5 is around 1.13 % .The
Vocste, €Stimation is 8.97 % and 8.52 % respectively for the two
cases. It appears that the good accuracy of the translation of
the current offsets the relatively high error of the voltage.

375 LI . Case 1 375 -, - Case 2
i S A 5 S & et o
i I e WA, S e P A ANV

Isc [A]

7 8 9 10 1" 12 13 14 15 16 17
Time [h]

7 8 9 10 1 12 13 14 15 16 17
Time [h]

Case 4

¥ e P v e
sl T '_'-l-":'-""!“: el '_"-—. N,

3,75 L N N , Case3 3,75
fa L E R S AR R 2

Isc [A]
[A]

78 9 10 1112 15 w4 15 16 47
Time [h]

78 9 10 112 13 14 15 16 17
"Time [h]

. o . Cases
P R L NN,

e
300 e

Isc [A]

7 8 9 10 1112 13 14 15 16 17

"Time [h] Case 1 Case2 Case3 Case4 Case5

Fig. 10. Short-circuit current measurement during the day (full
symbol) and the translated values to STC (open symbol) for
the five cases. The value measured under STC by means of the
flash test is plotted in red dashed line.

Case 1 .. . Case 2

= . e . . . . .
wf G e AN G e L e P

7 8 9 10 1" 12 13 14 15 16 17
Time [h]

78 9 10 11 1z 13 14 15 16 17
Time [h]
-

R
sof AT e A el

7 8 9 10 11 12 13 14 15 16 17

. 7 8 9 10 1 12 13 14 15 16 17
Time [h]

Time [h]

.
of s .

i - L &+ GaseS

S AR S

P
APm [%]
S & b b ML o o

78 9 10 112 13 14 15 16 17 Case 1 Case 2 Case3 Cased4 Case5

Time [h]

Fig. 11. Maximum power measurement during the day (full
symbol) and the translated values to STC (open symbol)
for the five cases. The value measured under STC by
means of the flash test is plotted in red dashed line.

5 Conclusion

This paper presents an outdoor characterization tool
installed in Ouagadougou (Burkina Faso) for the 1-V data
measurement in real operating conditions. This I-V test bench
is able to monitor simultaneously 24 photovoltaic modules
with nominal power from 1 Wp up to 600 Wp. The I-V data
are measured in parallel with the solar cells temperature, the
sun radiation and weather parameters. Three photovoltaic
technologies of silicon (monocrystalline, multicrystalline and
amorphous) are currently installed on the platform. The data
collection has started since August 2014.

In this study, results of 1-V data translation from outdoor
conditions to STC for the monocrystalline module are
reported. The three translation methods used are based on the
L5P model (method 1), the standard NF EN 60891: 1995-02
(method 2) and the model presented by Sadok et al. (method
3). Furthermore, we have adopted two kinds of translation
process: translation of the whole |-V data before extracting the
photovoltaic parameter (process 1) and direct translation of
these parameters (process 2). Several scenarios have been
compared through the accuracy of three photovoltaic
parameters: the short circuit current, the open circuit voltage
and the maximum power. It is shown that the accuracy of a
method cannot be effectively judged on the basis of a single
parameter. Indeed, the short circuit current is well translated
by all the methods with very similar errors range (4.63 - 4.83
%), whereas the translations of open circuit voltage and the
maximum power is more accurate with method 2. The relative
errors for these two parameters are 1.07 % and 1.13 %
respectively. Moreover, it is better to translate all data before
extract the performance parameters when considering the large
range of irradiance and temperature. The conclusions of this
study are a contribution to address the issues of modules’
ageing and the impact of the soiling on the productivity of the
modules in West Africa climatic zone.
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