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Abstract. The renewable energy has grown extensively in the
last decades. The photovoltaic panels have been playing a
significant role in the technologies used to produce this kind of
energy. This tendency is expected to continue in the future,
because the cost of the solar panels has been gradually reduced.
Systems providing information of the performance of the solar
cells can be helpful for technicians and researchers. In this paper
a system to measure the I-V curves of photovoltaic cells is
presented. This is composed by a data acquisition board (DAQ)
and a personal computer (PC). The program to control the DAQ
is written in Python. With this system a polycrystalline silicon
solar cell was tested under low irradiance conditions (less than
100 W/m2) with an artificial light source. The repeatability of the
I-V curves obtained has less than 5 % error.
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1. Introduction

The energy is vital for our everyday existence.
Recently, the renewable energy coming from sources as
the ocean, wind and solar have been promoted to mitigate
to some extent the climate change. Among them, the solar
energy has attracted much attention, because it is a mature
technology, which can be installed almost everywhere.
Photovoltaic installations provide the majority of the
electricity produced by solar energy. Therefore, to measure
their performance is very important. The conversion
efficiency of the photovoltaic devices (panels or cells)
depends on several factors, such as the irradiance and the
temperature. Most commercial solar panels are tested at
standard conditions, and the electric characteristics found
in their datasheets refer to this condition. However, the
photovoltaic devices are installed in places where this
condition does not hold. Thus, the measurement of the 1-V
curve gives us a better knowledge of the electrical
characteristics of the solar photovoltaic devices under
different scenarios.

There are several methods reported to measure the 1-V
curves of solar cells, such as variable resistor, capacitive
load, electronic load, bipolar power amplifier, four-
guadrant power supply and the DC-DC converter [1]. In
general, the measurement of the I-V curve is realized by
controlling the current supplied by the photovoltaic device
in the region where the current reaches zero, and the
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voltage reaches zero. The variable resistance circuit is the
simplest. Although, it only can be applied to low power
modules, because it requires resistors of very high power.
The method of bipolar power amplifier allows to measure
the dark I-V curve, because the current and the voltage in
the photovoltaic device can be reversed. Solar
photovoltaic modules of medium power can be measured
with this method. Meekhun et al. [2] reported an
alternative circuit, which can be considered as a hybrid of
the above methods, but it employs operational amplifiers
instead of transistors.

The minimum experimental set up to measure the I-
V curves of solar cells requires at least of a voltage
source, a voltmeter and an ammeter. Some low cost
systems have been proposed to solve this problem [2-7].
These are based on microcontrollers and DAQ’s. Devices
such as the microcontrollers have analog inputs, but do
not have analog outputs. Therefore, strategies to supply
an external voltage to the solar cell must be applied.
Some researches solve this problem with an external AC
power supply with DC offset adjustment [3]. Others
employ a pulse width modulated signal and one external
circuit acting as a digital to analog converter [4].
Unfortunately, these strategies make the system less
portable and more complex.

Most DAQ’s have several analog inputs and a few
analog outputs. Thus, these are adequate to measure the
electrical characteristics of the photovoltaic cells [2,5-7].
However, the voltage levels supplied by these devices
goes from 0 to 5 V, which are insufficient to measure the
I-V curves in all the quadrants. External circuits must be
employed to solve this problem. The systems reported in
[2-7] are controlled with commercial software as
LabVIEW or Matlab. Due to the software license cost,
these devices become expensive. An alternative is to use
an open source programming language as Python.

In this work, a system to measure the electric
characteristics of a solar cell is presented. It is based on a
low cost DAQ of National Instruments (NI-6009), one
external circuit (voltage level adapter) and one program
written in Python. With this system one polycrystalline
silicon solar cell was tested under low irradiance
conditions (less than 100 W/m2) with an artificial light
source (tungsten light source).
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Fig. 1. Single-diode solar cell electric model.

2. Solar Cell Model

Equivalent electric circuits are usually used to
describe the behavior of the solar panels. The most
common models explained in the literature are the single-
diode and the two-diode model [8]. The equivalent circuit
of the simplified single-diode model is shown in the Fig. 1.
The behavior of the current is nonlinear and is given by,

V+IR,
s V +IR
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where | is the photovoltaic cell current, Iy stands for the
photocurrent, lo is the diode saturation current, V stands for
the photovoltaic cell voltage, Rs is the series resistance of
the cell, ns is the number of cells in series, vr is the thermal
voltage equivalent and Rsy stands for the internal shunt
resistance.

The illuminated I-V curve extends to three
quadrants (I, Il and 1V). In the first quadrant V >0 and
I >0. In the fourth quadrant V >0 and 1<0. The
inverse of the slope of the straight line section of the curve,
which goes from the fourth quadrant to the first quadrant is
associated to Ry by the eq. 2 [2]
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@

where AV, and Al, are measured in the region near to the

point at which the current of the I-V curve crosses the
voltage axis (Voc). In the second quadrant V <0 and
I > 0. The inverse of the slope of the straight line section
of the curve, which goes from the second quadrant to the
first quadrant is associated to Rsy by the eq. 3.
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Fig. 2. Circuit used to measure the 1-V curve
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where AV, and Al, are measured in the region near to
the short circuit current Isc.

3. System Description
A.- Electric Circuit

The diagram of the electric circuit used to
measure the 1-V curve is shown in the Fig 2. During the
preliminary experiments the analog output of the DAQ
was connected as the voltage source Vs. However, the Isc
could not be reached, because the output voltage
provided by the DAQ was always positive in the range of
0 to 5 V. This is the same inconvenient reported in [5].
By this reason, the voltage level adapter circuit proposed
in [2] was implemented. This circuit with the final values
of the components used during the experiments is shown
in the fig. 3. Once a negative offset was introduced in the
analog output with the above circuit, the voltage and the
current across the solar cell were measured. The
configuration of the analog input channels of the DAQ
were chosen as differentials. In the Fig. 2 AlO+ refers to

150k
2
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3

[

GND

-10V
Fig. 3. Voltage adapter circuit.

the positive terminal of the first analog input channel and
AlO- is the negative pin of this channel. An external
resistor R was used to monitor the current as it is shown
in the Fig. 2. The polarity of the second analog input
channel is shown in the same figure.

B.- Pyhton Program

The program was written in Python 3.5 and it
has approximately 200 lines of code. It can be requested
by email to the authors. PyDAQmMx’s module must be
installed in order to control the NI-DAQ with Python [8].
A flowchart of program is shown in the Fig. 4. When
National Instruments DAQ’s are controlled by text based
programming environments, it is required to configure
the DAQ following the next steps: create a task and
virtual channels, configure the timing parameters, start
the task, perform a read operation from the DAQ,
perform a write operation to the DAQ and stop and clear
the task. These steps correspond to the first three blocks
of Fig. 4. The last two blocks correspond to data analysis
and data visualization.
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Fig. 4. Flowchart Python program.
C.-Experimental Setup

Only one commercial polycrystalline silicon solar
cell was tested. The nominal voltage of operation of the
cell is 2V and the maximum current provided is 75mA. It
has an area of 25cm? As it was mentioned above, the
DAQ and the external circuit were used to generate the
voltage in the cell test circuit, as well as the monitoring of
the voltage and the current across the solar cell. In all
experiments one tungsten light source with a nominal
electric power of 150W was employed. The normalized
spectrum of this optical source is shown in the Fig. 5. As it
can be seen from Fig. 5, the light source ranges from the
visible to the near infrared and it has a small dip around
850nm. The optical power was measured with the
commercial optical multimeter from Newport, model 1830
C, along with the photodetector model 918D-IS-1 with a
range from 400 a 1650nm.

Normalized Optical Spectrum of Light Source
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Fig. 5. Spectrum of light source.
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Fig. 6. Control of external current with different resistors.

4. Results and Discussion
A.- Control of the current of the test circuit

Several external resistors were tested to control the
external current provided with the test circuit of Fig. 2. In
the Fig. 6 four I-V curves in the dark and under
illumination are shown. Two were measured with a
resistor of 10kQ, the rest were taken with a resistor of
470Q. It can be seen from this figure that an increase of
the external resistor reduces the range of voltages
measured in the I-V curve (see triangles and cross
symbols). A decrease in the external resistor increases the
range of the voltages measured in the I-V curve. These
measurements were realized without the voltage adapter
circuit. Thus, the short circuit current was not reached.
When the external circuit was used in the experiments, it
was necessary to reduce the value of the external resistor.
A 2W power resistor of 47Q was used in the rest of the
experiments. Under these conditions the experimental
points of the 1-V curves crossed the first, the second and
the fourth quadrant at irradiances up to 85W/m?. A shift
to right of the I-V curve can be seen in the Fig. 6, when
the cell is illuminated.

Measurement Repeatability
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Fig. 7. 1-V Curves at different irradiances.
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A. Curves repeatability

In any system is very important to have the
possibility to repeat the measurements with a small error.
In the Fig. 7 are shown six measurements of the I-V curve
at two different irradiances. As expected, when the
irradiance is increased the available power is increased. On
the other hand, the comparison of the experimental points
of different curves is difficult, but comparing fitting
parameters becomes easier. By this reason the exponential
fitting of the eq. 4 was realized.

= Alexn(‘%)wo

The fitted equation of the experimental points is
shown with the solid line in Fig. 7. The results of fitting
are better for small irradiances. The fitting coefficients A ,

t, Yy, and the correlation coefficient r with their error are

shown in the Table I. For the great majority of the
coefficients its error is less than 1.5%. However, for the
coefficient A, when | =73.04 W/m?, its error is ~4.6%.
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Fig. 8. Curve generated by the Python program

The coefficient y, of the fitted curve can be used
as an estimation of the short circuit current. A value of
y, =4.038 A was obtained when the cell was irradiated
with 13.21 W/m?. At 1=73.04 W/m? this coefficient
wasy_o:23.378A. Both values are approximate to the

value of current when V ~ 0, as it can be seen in the Fig.
7.

C.- Program Output

In the Fig. 8 is shown the plot of the I-V curve
generated with the program. As it can be seen from this
figure, this time the curve crosses the three quadrants (I, 1
and 1V). Because, the external circuit was employed. Due
to this situation the short circuit current and the open
circuit voltage can be determined.

An estimation of Ry and R, was obtained with

a linear regression. See egs. 2 and 3. These values are
displayed in the fig. 8. The value of R is small and the

value of Ry, is big. Unfortunately, in different tests these
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values were changing. Therefore, it is
improve their calculation.

necessary to

V-P Curve
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Fig. 9. P-V Curve.

Once that the 1-V curve has been measured it is
natural to get the power-voltage curve (P-V). In the Fig. 9
is shown this curve. In this plot the maximum power and
the irradiance are displayed.

The program also creates two files having the
values of the current, the voltages, the irradiance, the
shunt resistor and the series resistor.

5. Conclusions
6.

The electrical characteristics of a polycrystalline
silicon solar cell was tested under low irradiance
conditions with a low cost system.

The system is controlled with Python, which is an
open source software.

The measurements can be repeated with a small
error.
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