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ABSTRACT

Great efforts have been shown in the literature to improve the efficiency of photovoltaic
(PV) systems. In this workpaper, authors present the development of a computational
system based on free software that allows to estimate with an accuracy superior to 99.9
percent the performance of the PV array connected to a current inverter block, from the
physical models behind. For this purpose, a solar radiation measures was made in the

Keywords: laboratory, and also voltage, current and temperature tests over the whole system, adding
Efficiency Measures a storage interface and serial data transmission port to drive and process the data from a
Photovoltaic Arrays computer. Once the system was tested and calibrated in laboratory, the I-V experimental
Software curves of the PV system were obtained in real time, in order to define the most important

Two-diode model parameters: short-circuit current, open-circuit voltage, maximum current and voltage, in
a natural environment. Those parameters were the input data to the computational tool
based on Scilab, which allow estimate the performance of PV system described, solving the
non-linear equations of the physical models used. The performance results were compared
with a similar computational tool developed in Matlab, as well as with a commercial solar
simulator used by the manufacturer of PV module. A highly accurate computational system
based in Scilab was obtained allows to evaluate the efficiency and the filling factor of an

array for different temperature and solar irradiance levels in real time.

1 Introduction environments. Most of these software require license payment or
the source code can not be modified. Even, the most recent and
interesting works based in two-diode model simulation [4] — [9]]
use Matlab to evaluate the performing of photovoltaic arrays. How-
ever, this work shows the results of an alternative computational

system, based on two-diode model used for polycrystalline silicon

Great efforts have been made to improve the efficiency in electric
power generation using photovoltaic (PV) systems, since the advan-
tages in comparison with others alternative energy sources, being
generally fixed systems, which do not require inputs or fuels for

operate, just sunlight, which geographically is available in most
cases.

This workpaper is an extension of work originally presented in
IEEE 2018 Open Innovations Conference (OI) [1], as a contribution
on developing software to determine the behavior of photovoltaic
arrays, e.g. [2L 3], in order to be able to size correctly a deployment
in any cases: residential, commercial, industrial and even farming

PV cells [10]- [13], that determines the performance of a cell under
sunlight irradiance variations and hence the relevance of knowing
the efficiency of the device under study. To achieve this goal, the
behavior of a semiconductor in sunlight conditions have been con-
sidered as well as temperature changes, to determine the current
density between the terminals of the cell, generally consisting of
a n-type and p-type semiconductor materials, which are brought
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togheter in the well-known n-p junction. The current of carriers
under the photovoltaic phenomenon are deduced by means of the
equations that describe the physical model that lead us to a non-
linear equations system, which will be solved by software using
different Scilab functions. The coeflicients of equations have been
determined through the most important parameters of any photo-
voltaic array: short-circuit current (/.), open-circuit voltage (V,,.),
maximum current (1,,,,) and voltage (V,,,,.), all of them determined
experimentally in Photonic Laboratory of Cendit. Once the equa-
tions are solved, the I-V and P-V curves of the array under test are
obtained, and they are compared with the results obtained using
Matlab and the solar simulator facility from one manufacturer of
the module under study. However, the results obtained include the
performance of the DC-AC current inverter, which is part of the
system, using a complete bridge configuration, PWM controller and
LC filtering at the output. The computer system developed shows
not only the I-V and P-V curves of the device under test but also
shows the efficiency and the filling factor of whole set.

This workpaper was developed in five sections: Physical and
Mathematical Modeling to focuses phenomena and equations ac-
cording with the photovoltaic arrays used; Experimental Setup to
describe the procedures performed in the laboratory to obtain the
data required; Software Development with the scope of describe the
tools used and the programming developed, as well as the use of
the obtained experimental data; Results and Conclusions to analyze,
compare, discuss and verify the operation of the computational tool
presented.

2 Physical and Mathematical Modelling

The physical properties of a commercial photovoltaic array made of
polycrystalline silicon was considered in this case, constituted by
a n-p junction of semiconductor materials under the physical fun-
damentals of cells of this type described in [[14}[15]. Isolated, each
semiconductor material retains its neutral charge. The holes are the
majority carriers in the p-type material and their positive charge is
compensated by negatively-charged ionized acceptor atoms, while
the electrons are the majority carriers in the n-type material where
there is a large concentration of free electrons compensated by
positively-charged ionized donor atoms. If both semiconductor
materials are placed together, a very large difference in electron con-
centration occurs that causes an hole diffusion current from p-type
material towards the n-type material as well as an electron diffusion
current from the n-type material through the metallurgical junction
to the p-type material, but the region close to the junction become
free of mobile charge carriers, reason why this area is denoted as a
depletion or space-charge region. The diffusion generates minority
carriers in each region. The gradual depletion of the charge carriers
generates a charge zone made up of acceptors and donor atoms,
which is no longer compensated by the free mobile carriers. As
quasi-neutral regions are denoted the regions around of the depletion
zone, where the neutral charge is maintained (see figures 1 and 2).
In the depletion region, under equilibrium conditions and dark-
ness, an internal electric field is formed which forces the charge
carriers to move in the opposite direction to the concentration gra-
dient, therefore, the diffusion current continues its flow, while the
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forces act on the charge carriers, compensate each other, then the dif-
fusion and drift (due to the internal electric field created around the
junction) currents that originate from the carriers are compensated,
reason why the net current density is zero (Iaifs = laif fusion)- When
an increase in temperature occurs, electron-hole pairs are generated,
provided that thermal energy can undo the bonds, increasing the
minority carriers within the material, which causes a current density
due to thermal-generation.
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Figure 1: n-p junction (top: before junction).
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Figure 2: n-p junction (after junction).

The difussion currents (due to minority carriers) into n-type
and p-type materials causes recombination currents since the minor-
ity carriers recombine with the majority carriers (the electron-hole
pairs are undone). The recombination current is compensated by
the thermal-generation current (/... = I,.,). The recombination
strongly determines the performance of the photovoltaic cell, since
the current that can be collected by the minority carriers within the
semiconductor is reduced.

When the thermal equilibrium is broken, under illumination
conditions, due to photons with enough energy (and frequency) to
create an electron-hole pair, between the valence and conduction
bands of the metallurgical junction, which increases the concentra-
tion of the minority carriers, is enabled the flow of holes from the
n-type region to the p-type region, and vice versa in the case of the
electrons. The flow of the photo-generated carriers determines a
photo-generation current density (of intensity /,;,), which is added
to the current density by thermal generation when the temperature
increases within the material.

Based on the above, the behavior of the photovoltaic cell in dark-
ness can be described as a currents balance due to recombinations
and thermal generation phenomena, by

Liark = o1 (""" = 1) + Iop(e?" = 1)

(D

40


http://www.astesj.com

H. L. Niifiez-Ramirez et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 4, No. 5, 39-45 (2019)

where Iy; and I, are the saturation current in the quasi-neutral
regions and the saturation current in the depletion region, respec-
tively, ¢ is the carrier’s charge, k is the Boltzman’s constant, T is
the temperature, V is the built potential due internal electric field
in the junction, A is the ideality factor between both regions. In
this case, note that the exponential function is like the Boltzman
Approximation, which has been demonstrated in the literature.

On the other hand, under illumination condition, the photogen-
eration current /,;, appears as shown in expression [2}

2

Liotat = Ton — To1(e?""*T — 1) — Ipp(e?"¥T — 1)

with:

Iph = Uy — Ki(T = Tr)|( ) 3)

E
1000 W/m?2
where I, represents the short-circuit current, I, corresponds
to carriers net flow between the conducting terminals from the photo-
voltaic array, K; is the short-circuit current coefficient, 7', represents
the reference temperature and E is the irradiance.

The I-V and P-V curves, current-voltage and power-voltage re-
spectively, can be obtained from equation (2), whose performance is
shown in figure 3, where the I, is pointed at the left extreme when
V =0 and V,. in the right extreme at [, = 0.
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Figure 3: I-V Curve (blue), P-V Curve (red) and Fill Factor (yellow).

When the short-circuit condition is given, I,,,, not could be
reached completly, in fact is a little lower due to the high resistivity
presents between the ends of the junction, equivalent to a resistance
in parallel to the current source and the diodes, denoted as shunt
resistance (Rg;). In the other side, when the open-circuit condition
is given the V,,,, not could be reached due to the ohmic losses in
the union of the contacts with the ends of the n-p junction, denoted
as resistance in series (Rj) to the current source and diodes.

q(V=I15141Rs)

=) —Ipp(e 1) -

q(V—I,O!a[RS)
Liotar = Ipp — Io1 (e

“)
(V + Itulule)/Rsh

The behavior of a single photovoltaic cell is given by the combi-
nation in parallel or series of a single photovoltaic cell, modifying
expression (4) by the following:

www.astesj.com
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Figure 4: Equivalent circuit for a photovoltaic array.

where I, is represented by a current source and the current
under darkness (Ip; and /) by two diodes in parallel, justifying the
ideal factor between both diodes denoted as A, N, and N, are the
number of cells (from the array) in parallel or series , respectively.
The equivalent circuit to (5) is shown in Figure 4.

Using the short-circuit condition, V = 0 gives I, = I, then:

I = Nplopn—Nploi(egr r k) —Nploz(egr, r,jakT) —
(6)
Itotale/Rsh

Meanwhile, using the open-circuit condition, I,y = 0 gives
V =V, then (5) changes to a:

0 = Nplpn=Nploy (e?" /M = 1)=N plop (e AN —1) -

(7
(Np VOC/Ns)/R‘vh
Combining (6) and (7) gives:
Nplye = Iy (V! NKT _galicRs NATy _
®)
Ioz(qum./ANjkT _ quSCRJ/ANPkT) +
(V{)CISCRS)/RS/’l
Differentiating (4) with respect I gives:
1+ gN,,Io; Ry /KT (e7VNHRINDIKT
9)
GN TRy [KT (7N HRINDIKT 4 Ry,
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Under the open-circuit condition, Ryy = —dV/dI, then (9) - A voltmeter, using the ADC PIC module.

changes to:

1
)—1=0

sh

Ry — v)( (1016”’*” + 10281“”) + (10)

meanwhile, in the short-circuit condition, Ry, = —dV/dI, then
expression (9) changes to:

1
- =0
sh

(Ryno — R)( (101e7W+102eW)+ (11)

Substituting Iy, = I, and V = V,, in (5) and using Iph from (6)
gives:

4V +ImRs)
NpkT

4Voc
“) = o (N —e

L,(1+

)+
sh
(12)
qVm+ImRs)
102(eAN» o — e ANk ) +

Voe=Vin)
NsRgp

Finally, to determine the values of Iy, Iy, R, R, A, has been
solved the equations system given by (8), (10), (11), (12), with the
following conditions that regards the device under test:

Vin

Voc -
Ry =0; Ry = -
s0 shO Isc — Im Im

Y (13)

3 Experimental Setup

The values of Vi, Is¢, Vinax and I, for the photovoltaic array setup
in laboratory, were acquired from I-V curves gives via experimental,
under controlled temperature and solar levels, making the necessary
measurements and following what is indicated by flow diagram
shown in figure 5.

]
. Temperature
Pho;‘ovoltalc Sensor
y = Voltmeter e
Source ! o
Irradiance

Sensor

L

Inverter
DC/AC

Figure 5: Flow diagram of experimental setup.

In fact, this data was acquired using a device developed in
the laboratory based on PIC 18F2550, which has enough memory
capacity to operate an SD memory card for data storage, as well as
an RS485 interface for trasmission in real time to a computer. The
device was based on the scheme proposed in [16]. The device is
constituted by three sensors:

- A photodiode to measure the solar irradiance, using the BPW31.
- A temperature sensor, using the LM35.

www.astesj.com

To calibrate the solar irradiance sensor, the TES 1333 was used,
while for the temperature the infrared thermometer IDEAL 6165
and the multimeter Fluke 179 were used. For the acquisition of
data, a script was generated in SCILAB to obtain the data via serial
port, in order to plot in real time, for known conditions of irradiance
(W/m2) and temperature (° C), I-V curves using a variable load
variable (max. 10 A). The figures 6 and 7 show some photos about
the experimental setup.

Figure 7: Captures of experimental setup (SIMENS array).

The technical specifications of photovoltaic (PV) module un-
der test are indicated in table 1: Power (Max.), Voltage (Nominal),
Series Cells (Ns) and Parallel Cells (Np).

Table 1: PV arrays under test (both polycrystalline).

Parameter | UNERVEN MSF | SIEMENS PC-2-JF
Power 195 W 35w
Voltage 24V 17V

Ns 48 36
Np 1 1

The I-V curves for several solar irradiance levels during the
useful solar day for each model of photovoltaic module under test
are shown in figures 8 and 9.
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Figure 9: I-V experimental curves for SIEMENS PC-2-JF.

Table 2 shows the values obtained in laboratory for parameters:
Voes Lscs Vinax and ILy,y, from photovoltaic arrays under test.

Table 2: Experimental values obtained.

Parameter | UNERVEN | SIEMENS
Ve 3025V 23.18V
Iy 872A 241 A
Vi 2376 V 212 A
L, 8.15A 1749V

4 Software Development

A SCILAB script was developed to solve nonlinear equations system

constituted by expressions (8), (10), (11), (12), using the function

fsolve [xg, F], with xy defined as a vector with the initial values and

F defined as a vector that describes equations mentioned before.
First of all, we have to define the equations to solve as a func-

tion:

function[f] = F(x)

kB = value;
q = value;
T = value;
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Vm = value;
Im = value;
Vt = value;
Rsh = value;

f() = x(1) = (exp(Voc/Vt) — exp(Isc = x(4)/Vt)) + x(2) =
(exp(Voc/(x(3) = V1)) — exp(Isc = x(4)/(x(3) = V1)) — Isc + (Voc —
Isc = x(4))/Rsh;

f2) = —=x(4) = (x(1)/Vt) * exp(Voc/V1) + x(2)/(x(3) = V1) *
exp(Voc/(x(3) = V1)) + 1/Rsh) — 1;

f(3) = x(1) x (exp(Voc/Vt) — exp(Vm + Im = x(4))/ V1)) + x(2) *
(exp(Voc/(x(3) % V) —exp(Vm + Im = x(4)) [ (x(3) * V1))) + (Voc —
Vm)/Rsh — Im = (1 + x(4)/Rsh);

S(4) = =x(4) = ((x(1)/ V1) x exp(Isc = x(4)/ V1) + (x(2)/(x(3) * V1)) *
exp(Isc * x(4)/(x(3) = V1)) + 1/Rsh) — 1;

end function

Then, we have to define a script to solve the equations:
x0 = [minyalue; scale pactor; max,aluel;
y = fsolve(x0, F);

11 =y(1);
12 =y(2);
A =y(3);

Rs = y(4);

The expression defined by (5) is a trascendental equation that
was solved in this case using Xcos from Scilab. Figure 10 shows
how the four terms in (5) are determined. For more details see [[1]].

In the last blocks a DC-AC converter has been included and
using a full-bridge configuration and a LC filter in the out, with
PWM control. For more details in [[1].

The I-V and P-V curves generated in Scilab, under Standard Test
Conditions (STC) from the mathematical two-diodes model used
for each array under test: SIEMENS and UNERVEN, are shown in
figures 11 and 12.

—
E
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i in equation (5}
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Figure 10: Xcos solution to simulate photovoltaic arrays with DC/AC inverter.
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Figure 11: I-V and P-V curves through Scilab (PV array: UNERVEN).
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Figure 13: I-V Curves: Solar Simulator, Matlab, Scilab (PV array: UNERVEN).
5 Results

The I-V curves from different sources are shown in Figures 13 and
14: Solar Simulator (from UNERVEN, class A), Matlab Simulator
(based on [1]) and Scilab Simulator, for each photovoltaic array
under study on STC (1000 W/m? , 25 °C). The solid line and the o
dash-dotted line are very close to each other, even if some approxi- [~~~ o
mation algorithm was not used to solve the equations of two-diode

I-V Curves: (-} Solar Simulator (.) MATLAB (.-) SCILAB

=
model as in recent workpapers cited above. 5ist
The I-V curves for several solar irradiation levels using Xcos 3
from Scilab for each photovoltaic array under study are shown in 1

Figures 15 and 16. Again, the solid line and the dash-dotted line are

very close to each other, with an accuracy superior to 99.9 percent. ey

0 5 10
Voltage (V)

|-V Curves: (-) Solar Simulator (.) MATLAB (.-) SCILAB

T T T T T

6 Conclusions

A computational tool has been put to test in laboratory, based on a
free software platform, which allows evaluate in real time the effi-
ciency not only of a photovoltaic array, but also the effects generated
by a DC-AC inverter coupled like a load to the system as in real
enviroment, using in the develop the physic models cited. Test were
coducted in two commercial photovoltaic arrays, and aditionally,
the performance results were compared with other tools (licensed)
reaching a high accurate.

In contrast with experimental tools used (Solar Simulator Class
A from UNERVEN) and computational tool based on Matlab, using 2362 b ‘ ‘ ‘ . o
Scilab (free software) was improve the perfomance of photovoltaic TR ey
arrays, even a real time estimation of fill factor and electrical effi-
ciency as an additional feature respect to works cited above. works. ~ Figure 14: I-V Curves: Solar Simulator, Matlab, Scilab (PV array: SIEMENS).
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Figure 15: I-V Curves: for several irradiation levels (PV array: UNERVEN).
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Figure 16: I-V Curves: for several irradiation levels (PV array: SIEMENS).
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