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Abstract

In this work we present a new procedure for automatic fault detection in grid connected photovoltaic
(PV) systems. Most diagnostic methods for fault detection of PV systems already known are time
consuming and need expensive hardware. In order to completely avoid the use of modeling and
simulation of the PV system in the fault detection procedure we defined two new current and voltage
indicators, NRc and NRv respectively, in the DC side of the inverter of the PV system. This method is
based on the evaluation of these indicators. Thresholds for these indicators are defined taking into
account the PV system configuration: Number of PV modules included in series and parallel
interconnection to form the PV array. The definition of these thresholds for the voltage and current
indicators must be adapted to the specific PV system to supervise and a training period is
recommended to ensure a correct diagnosis and reduce the probability of false faults detected. A
simulation study was carried using MatLab and the data used was monitored by the inverter,
pyranometers, thermocouples and reference cells installed in a grid connected PV system located in
the Centre de Développement des Energies Renouvelables (CDER), Algeria. The proposed method is
simple but effective detecting the main faults of a PV system and was experimentally validated and
has demonstrated its effectiveness in the detection of main faults present in grid connected
applications.

Key word: Photovoltaic Energy, PV systems, Fault Detection, Diagnosis of Faults, New
Indicators.

Resumo

Neste trabalho apresentamos um novo procedimento para dete¢do automatica de falhas em sistemas
fotovoltaicos (PV) ligados a rede. A maioria dos métodos de diagndstico para detegdo de falhas em
sistemas PV ja conhecidos sdo consumidores de tempo e precisam de equipamento caro. De forma a
evitar completamente o uso de modelagdo e simulacdo do sistema PV no processo de detecdo de
falhas, nés definimos dois novos indicadores de corrente e voltagem, NRc e NRv, respetivamente, no
lado DC do inversor do sistema PV. Este método é baseado na avaliacdo desses novos indicadores.
Foram definidos limites para esses indicadores de forma a ter em conta a configuragéo do sistema PV:
nimero de médulos PV incluidos em série e em paralelo que formam o PV array. A definicdo desses
limites para os indicadores de voltagem e corrente tém que ser adaptados ao sistema PV especifico a
supervisionar e um periodo de treino é recomendado de forma a garantir um diagnéstico correto e
reduzir assim a probabilidade de falsas falhas detetadas. Um estudo de simulages foi feito em MatLab
e usando informagdo monitorizada pelo inversor, pirandémetros, termopares e células de referéncia
instaladas no sistema PV conectado a rede localizado no Centro de Desenvolvimento das Energias
Renovaveis (CDER), Algéria. O método proposto é simples mas eficaz na detecdo das falhas
principais de um sistema PV e foi experimentalmente validado e demonstrou a sua eficacia na detegdo
de falhas presentes em aplicagdes conectadas a rede.

Palavras-chave: Energia Fotovoltaica, Sistemas PV, Detegdo de Falhas, Diagndstico de Falhas,
Novos indicadores.
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Nomenclature

PV Photovoltaic

NRc New Ratio of Current

NRv New Ratio of Voltage

CDER Centre de Développement des Energies Renouvelables
n Efficiency

G Irradiance

-V Current-Voltage curve

Ns Number of cells/modules connected in series
Np Number of cells/modules connected in parallel
STC Standard Test Conditions

MPP Maximum Power Point

MPPT Maximum Power Point Tracker

FF Fill Factor

Si Silicon

DC Direct Current

AC Alternate Current

o&M Operating & Maintenance

IEA International Energy Agency

Yr Reference Yield

Ya Array Yield

Yf Final Yield

PR Performance Ratio

Vi Voltage at Maximum Power Point

Im Current at Maximum Power Point

NRvbm New Ratio of Voltage with short-circuited module
NRcfs New Ratio of Current with faulty string

TNRcfs Threshold of faulty string fault

TNRvbm Threshold of short-circuited module fault

dando Standard deviation
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Analysis of new indicators for fault detection in grid connected PV systems for BIPV applications

1. Introduction

1.1 Motivations

Due to technology developments and to a considerable demographic grown, it has been verified from
decade to decade an increased consumption of energy all over the world. If there are no changes or set
new laws that may affect energy markets, the consumption of energy will keep increasing. A large
piece of this increase is due to fossil fuels. Unfortunately, fossil fuels are considered finite and limited
resources and are the main sources of air pollution and green house effect.

Renewable energy seems to be the best alternative to fossil fuels. This kind of energy has many
benefits like helping to keep the air clean, reduce the dependence on fossil fuels, reduce the production
of carbon dioxide, create new jobs and create sustainable development of the countries. Wind energy,
hydroelectric generation, biomass, geothermal, photovoltaic, solar thermal energy are all examples of
renewable energies.

In the last few years, there was a huge grown of the number of photovoltaic systems installed all over
the world. This happens thanks to the reduction of the PV modules fabrication cost and the policies
adopted by most of the countries in the world that give some benefits and new fees to whom have
those systems installed at home. However, this growth has not been accompanied by important
improvements in the field of PV system diagnosis, supervision and fault detection [3] because it is a
common belief that PV systems are maintenance free and monitoring PV systems represent an extra
cost. Even if a PV panel shows a really low failure rate, it is important to keep in mind that PV
systems are composed by other elements that may also have failures. Also, faults in PV systems do not
only affect the performance of the system but may also lead to damage the equipment. Moreover,
although PV systems generally operate without problems, when there are faults on the system they are
hard to be observed by the operating personnel. In order to prevent faults and failures that lead to a
decrease of the lifetime of a PV system, and to improve the system efficiency, monitoring and fault
detection have to be practiced.

The fault detection procedure presented in this thesis work is based on previous works that evaluate
the power losses present in the PV system for fault detection [4-6,30]. In this approach the
computational analysis has been reduced avoiding the use of electrical models for simulation of the
PV system behavior and the number of monitoring sensors minimized.

Nowadays most inverters designed for grid connected PV applications have a wide range of interfaces,
in particular sensor inputs and communication interfaces. These sensor inputs can be used to connect
irradiance sensors as pyranometers, reference cells and PV module temperature sensors. So, these
inverters include monitoring capabilities for irradiance and temperature as well as for maximum power
point tracking (MPPT) evolution. The proposed method uses as input variables from the inverter just
the DC currents and voltages extracted from the MPPT incorporated in the inverter, the measured
irradiance and cell temperature.

Therefore, this thesis work aims to develop a method of fault detection that can be integrated into the
inverter without using simulation software or additional external hardware. The focus of this work is
the losses and malfunction of the DC side. Two new indicators of current and voltage are used as
benchmarks and both relationships can be calculated by the inverter himself.

Mario Filipe Aires da Silva 1
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1.2 Outline of the thesis

This thesis consists in six chapters, with the first chapter giving a little introduction to the theme of
solar energy. Afterwards an overview on how the solar energy production works explaining the solar
cell and PV modules concept. Then the 1-V curve, Power curve and maximum power point (MPP) are
introduced with the impacts of various factors that may change these indicators. Following this, the
photovoltaic (PV) system itself is introduced distinguishing characteristics of the two main types of
PV systems, stand-alone and grid connected PV systems. Ending this chapter we have an overview of
the components of a grid connected PV system, the common faults and degradations factors, and
finally the O&M.

Chapter 2 will start with the state of the art of monitoring systems used on PV systems and methods of
detection and diagnosis of faults recently developed. Afterwards, will be given a review of the
Chouder’s work we based our new method. In this review we have a detailed explanation of the actual
grid connected PV system located in the Centre de Développement des Energies Renouvelables
(CDER) in Algeria, simulated and measured and an overview of the method used for the parameter
extraction (Rsh, Rs, N, lo, lpr). Then we introduce the energy yields and the capture losses because this
is the basis of the previous work of fault detection and diagnosis in PV systems. In the end of this
chapter there are some results in order to better understand this method and most importantly the
previous indicators reported in the literature that were the basis of the work developed in this thesis.

In chapter 3 will start with the software used in this thesis. After will be introduced the new indicators
of current and voltage, NRc and NRv respectively. Afterwards, we will explain and define the
variables that are related to the new indicators and then we will define the NRco and NRvo that are
always the expected values in free fault operation of a PV system. Then will be described the different
faults and the thresholds related to them and we are going to define the variables o and B used in the
definition of the thresholds. After that we have simulations and results based in the new indicators and
on the MatLab models. Ending this chapter, there is a study on the impacts of the short-circuited
modules and string faults in the output power of a common PV system.

Chapter 4 is dedicated to the system validation where we simulate a sub-array of the actual PV system
installed at CDER with actual monitored data and where are presented the results of fault detection
and fault diagnosis with the new indicators, NRc and NRv.

Finally, chapter 5 presents the final conclusions after analyzing all the work done.

Mario Filipe Aires da Silva 2
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1.3 Solar cell & PV module

Fig. 1.1- Typical silicon solar cell

In order to better understand how a PV module works we have to start by the solar cell. A solar cell
can be described as an electronic device able to capture the energy of the photons and directly convert
it to electricity. Here the process is briefly described considering a crystal silicon cell, the cells used on
this thesis. Figure 1.2 shows a simple circuit of a silicon solar cell with an external load:

antireflection coating

I !’ front contact
emitter
sunlight

external
load o 47 base

electron-hole
pair

"~ rear contact

-

Fig. 1.2- Schematic of a solar cell connected to a load

The generation of current in a solar cell is known as the “light-generated current”. When a photon is
absorbed by the cell, if its energy is greater than the band gap, an electron is able to jump out in the
crystal structure creating a hole-electron pair, which normally disappears as the electron recombines
with the hole. In order to avoid the recombination a barrier is created by doping the silicon, on one
side with small amount of a group Il element (for ex. Boron) to form p-silicon and on the other side
with a small amount of a group V element (for ex. Phosphorus) to form the n-silicon. The presence of
the barrier does not allow the recombination, creating an excess of electrons in the n-silicon and a lack
of them in the p-silicon. If an external electrical circuit is built the electrons are free to move from the
n-silicon to the p-silicon passing by the electrical circuit, thus producing electricity. This is the basic
principle behind the solar cell. Depending on the environmental conditions, mainly the irradiation and
the temperature, the cell is able to produce a certain voltage and a certain current [7]. This process is
just briefly described because this is not the main focus of this thesis is the PV system.

Mario Filipe Aires da Silva 3
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Fig. 1.3- Typical Silicon PV module

Therefore, a PV module is an aggregate of solar cells connected and grouped. Usually, the solar cells
are connected only in series in order to increase the overall output voltage of the PV module but
sometimes they also have one connection in parallel in order to increase the overall output current and
when that happens the PV module has 2 internal strings of connected solar cells. The same current
flows in every cell of the modules and the overall voltage generated is the sum of the voltage of every
cell. Due to the fact that the cells are connected in series, the damage of one of them could affect the
performance of the entire panel because the current flowing in the cells is the same and its values will
adjust to the worst cell in the panel. Furthermore, if one cell of the panel is shaded, it is going to
behave as a resistance, i.e. dissipating the electrical energy as heat. This effect is called hot spot. Hot
spot is the increase in temperature due to the heat that will damage the solar cell in time. In order to
avoid this effect, it is a common practice to introduce in the module by-pass diodes that give to the
current an alternative path [8].

to upper
O module

Bypass Diodes

x x /

o) from lower
module

Fig. 1.4- Cells connected in series with bypassed diodes

The efficiency of the PV module is expressed as the ratio between the incident power of the solar
radiation by the power produced by the module. Thus, the efficiency takes into account all the losses
of the system:
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__ VmpxImp
= (1.1)

Where G is the incident irradiance [W/m?]; A is the area of the module [m?]; Vi is the maximum
power point voltage [V]; Imp is the maximum power point current [A]. The losses will be explained in
the section 1.8.

1.4 The I-V curves

The current-voltage relationship characteristic of a solar cell is typically analyzed with the 1-V curve.
Figure 1.5 shows us a solar cell I-V curve under predefined environmental conditions:

0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 1.5- Simulated I-V curve for one solar cell of the PV module Isofoton 106/12, at STC

The typical 1-V curve of an illuminated PV cell has the shape shown in Figure 1.5. The voltage is
always represented on the x-axis and current on the y-axis. The short circuit current (ls) is shown by
the point in which the curve meets the y-axis, this means that in case of short circuit current the
voltage is equal to zero. In the other hand, the similar happens with the open circuit voltage (Voc), in
this case the current is equal to zero.

1.4.1 Scaling I-V curve

The 1-V curve of a PV array is a scale-up of the I-V curve of a single cell as shown in Figure 1.6. For
example, if a PV module has 36 series-connected cells and a PV string has 10 of these modules in
series, then the string’s Vo (voltage in open circuit) and also the array’s Vo is 360 times the voltage of
that single solar cell. Similar logic applies to the I (short circuit current), which scales with the
number of cells in parallel. Therefore, the maximum power point (MPP) scales too. MPP will be
explained in the section 1.5.
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Fig. 1.6- Scaling the I-V curve from a solar cell to a PV array

Thus, from now on, the following graphs and explanations will be related to PV modules. Figure 1.7
shows the I-V curve of the PV module Isofoton 106/12 that has Ns=36 cells and Np=2 cells, totaling
72 solar cells.

I I I I 1
10 12

14 16 18 20 22
VI[V]

Fig. 1.7- Simulated I-V curve for the PV module Isofoton 106/12, at STC

1.4.2 Impacts of Temperature and Irradiance on the 1-V curve

The 1-V curve shown in Figure 1.7 is related to standard test conditions (STC: T=25°C,
G=1000W/m?). Sometimes I-V curves may change. Those changes might occur when the following 4
parameters change: shunt resistances (Rsn), series resistances (Rs), irradiance (G), temperature of the
solar cell (Tcell). The first two parameters are related to the solar cells/PV modules characteristics and
the last two are external parameters. Usually the changes related to the resistances are not that great

but as we can see in the Figure 1.8 the variations of Rs and Rs, may affect the I-V curve and then affect
the maximum power point (MPP) of the PV module.
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Fig. 1.8- Effect of Diverging Rs & Rsh from Ideality

The variations on the two external parameters, G and Tcell, change the I-V curve, in a slightly
different way, but with a more important impact of the I-V curve. Figures 1.9 and 1.10 shows the
impact of variations of G and Tcell, respectively, on the I-V curve of a PV module:

—0 W/m2
5 T T T T T 200 W/m2
400 W/m2
45 —— 600 W/m2
— 800 W/m2
4+ — 1000 W/m2
3.5F y
3
<2s- i
- 4
1.5 a
1
0.5F b
0 1 | | | | | 1
0 5 10 15 20 25 30 35 45

VI[V]

Fig. 1.9- Effect of the Irradiance (G) on the I-V curve at 25°C
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Fig. 1.10- Effect of the Cell Temperature (Tcell) on the I-V curve at 1000 W/m?2

With Figure 1.9 and 1.10 we can have some conclusions about how these external factors change the
I-V curve. When the irradiance is lower, the variations are more notorious on the output current of the
PV module but still there are some decreases on voltage output too when lowering the irradiance.
Analyzing the temperature effects, we can see that the variations are more notorious on the output
voltage of the module and there are almost no changes on the output current. Therefore, with lower
temperatures of the solar cells we might have a bigger MPP thus increasing the output power from the
PV module. Comparing the impacts of Rs, Rsn, G and Tcell on the I-V curve, can be concluded that
low values of irradiance have the biggest impact on the I-V curve comparing with the other three
model parameters.

15 Power curves & MPP

In order to maximize the energy generation of the PV module it is essential that the solar panel works
at the maximum power point (MPP) and that’s why the need of using a maximum power point tracker
(MPPT). This device will be described in detail in the section 1.7.

The output power of a PV module is the product of the output current delivered to the electric load and
the voltage across the module. The value of the power at the Isc point is zero, because the voltage is
zero, and also the power is zero at the Vo point where the current is zero. The maximum output power
of the PV module is somewhere in between. This happens at a point called the maximum power point
(MPP) with the coordinates V = Vynand | = In[9].

As the output power of the PV module is the product between the current and the voltage, it is then
possible to draw also the power curve as it can be seen from Figure 1.11:
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Fig. 1.11- Typical I-V curve including P-V curve for a random PV module

Another important parameter of PV modules is the fill factor, which is used for the evaluation of the
PV module performance:

FF = /[mpxmp (1.2)

Vocxlsc

Where V., is the open circuit voltage [V] and Iy is the short-circuit current [A].

The fill factor is a parameter which, in conjunction with V. and s, determines the maximum power
from a solar cell/module. Graphically, the FF is a measure of the "squareness” [10] of the solar cell
and is also the area of the largest rectangle which will fit in the IV curve, as can be seen in Figure
1.11. Therefore, a higher FF means a higher module performance.
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The external parameters, G and Tcell, impact the Power curve. Figure 1.12 shows the impact of
different irradiances on the Power curve of a PV module:
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Fig. 1.12- Effect of the Irradiance (G) on the Power curve and MPP, at 25°C

Figure 1.13 shows the impact of the cell temperature (Tcell) on the Power curve of a PV module:
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Fig. 1.13- Effect of Tcell on the Power curve and MPP, at 1000 W/m?2

With figure 1.12 and 1.13 we can have some conclusions about how these external factors may change
the Power curve. The impact of G and Tcell on the Power curve is very similar to the impact on the I-
V curve, already explained before. What we now realize with these Power curves is that the Tcell has
a bigger impact on the output Power than we realized before, after analyzing the I-V curves.
Therefore, with lower temperatures of the solar cells and with high irradiance we have a bigger MPP,
thus increasing the generated energy from the PV module.
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1.6 Photovoltaic systems configurations

Photovoltaic (PV) systems are mainly defined based on if the energy generated by the system is stored
or it is directly connected to the grid. Thus, there are stand-alone PV systems and grid connected PV
systems [11,12].

1.6.1 Stand-alone PV systems

Stand-alone PV systems are the most popular system used worldwide despite the more recent interest
of the market in grid connected PV systems. A stand-alone PV system should provide enough energy
to a totally main-isolated application. The standard configuration of this system is shown in Figure
1.14. In some specific cases, such as water pumping, the generator can be connected directly to the
motor [13].The range of applications is constantly growing. Mini-applications such as pocket
calculators, clocks are well known examples of stand-alone systems. Other typical applications for
stand-alone systems are mobile systems on cars, village electrification in developing countries, solar
pump systems for drinking water and irrigation, etc [11,12].

Fig. 1.14- Standard configuration of a Stand-alone PV system

Rechargeable batteries are used to store the electricity. In order to protect them, to achieve a higher
availability and to have a longer lifetime it is essential the use of a charge controller. The charge
controller prevents overcharging and may prevent against overvoltage of the battery.

1.6.2 Grid connected PV systems

In the last few years an important growth of grid-connected PV systems has been observed, especially
in industrialized countries. Several reasons lie behind this fact apart from traditional advantages of
photovoltaic electricity [14]:

e Utility grid-interactive PV systems are becoming more economically viable as the cost of PV
components has been significantly decreasing in recent years, in particular the average cost of
PV modules and inverters.

e Technical issues associated with inverters and interconnections of PV systems to the grid have
been addressed by manufacturers and today’s generation of inverters has enhanced reliability
and reduced size.
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o Utility benefits. The fact that solar electricity is produced in central hours of the day can add
value to the electricity. This power peak demand can be partially supplied by dispersed grid-
connected PV systems that are able to generate power at the same place where this power is
used, reducing the heavy load supported by the transmission systems and achieving benefits in
distribution and line support.

This market is becoming more and more important in photovoltaic applications. Therefore, PV power
generation systems are likely to become, although small compared with other power generation
sources, important sources of distributed generation, interconnected with utility grids [14].

Photovoltaic Panel

V- 4
e
= —&

Inverter Home Utility Meter
Electrical
Box

Fig. 1.15- Standard configuration of a Grid connected PV system

1.7 Components of grid connected photovoltaic systems

A PV system is more than a mere solar panel. These systems need a lot more components in order to
be complete and working. Some of those components are optional and used only for certain occasions.
As this new method is based in a grid connected PV system, we are not explaining certain components
that are used only in stand-alone systems because they are irrelevant for our present work. Thus, this
section aims to give an overview of the different components of a grid connected PV system, which
are the following:

PV modules;

Junction box;

Fuses box;

Wiring;

Inverter;

MPPT;

Temperature sensor (optional);
Reference solar cell (optional);
Pyranometer (optional);

Device for data acquisition (optional);
Utility meter (or bidirectional meters);
Transformer (or isolation transformer).

The main component of a PV system is the photovoltaic module. A PV system is composed by PV
modules that can be connected in series or in parallel. The solar cells that compose that PV module
can be connected in series or in parallel too. The difference between a connection in series or in
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parallel for both, cells or modules, is that the connection in series will increase the overall voltage
output, while the connection in parallel will increase the overall current output. More about how the
PV modules works is in a previous section. There are PV modules based in multijunction cells, single-
juntion GaAs, Cystaline Si (silicon) cells, thin-film technologies (usually cadmium telluride - CdTe)
and some emerging technologies like organic cells and more. Actually, the most common cells used in
PV modules are crystalline Si cells because it’s a mature technology that allows the best relation
between production costs and energy generated. In this thesis, the simulations and all the work done is
based in PV systems with silicon based PV modules.

The planning of a grid-connected PV system begins with the choice of an inverter. This determinates
the system voltage at the DC side, and then the solar generator can be configured according to the
input characteristics of the solar inverter. The inverter is the second most important component in a
grid-connected PV system, after the solar generator. Its task is to convert the direct current generated
by the solar cells to a 50 Hz AC current required by the grid [15].

Fig. 1.16- Common PV Inverter - Sunny Boy 2500HF

Usually, the inverter also includes components that are responsible for the daily operation mode.
During the day, the optimum working point on the 1-V characteristic curve shifts according to the
fluctuations in solar radiation and module temperature. Intelligent inverter control includes maximum
power point (MPP) tracking and continuous readjustment to the most favorable working point. As
previously described, it is important that all the modules work at the maximum power point. This point
is not fixed in real time because of the variations of external environmental conditions as for example
the most common: temperature and irradiation. That is why it is important to track the maximum
power point in real time, as explained in a previous section. In order to track this point a maximum
power point tracking (MPPT) element is required to vary the output voltage of the string by
maximizing the generated power in any real operating conditions [16]. Actually MPPT capabilities are
usually included in the inverters used in grid connected PV systems. However, if inverters without
MPPT are used, the MPPT algorithm can be separately incorporated into the system by means of DC-
DC converters between the output of the PV array and the inverter input. The ideal PV system would
have an individual MPPT on every PV module and that’s why there are micro inverters. The presence
of more than one MPPT permits better performance of the entire PV system but the costs would rise
too much. Therefore, nowadays is not common to see MPPT on every module of a PV system.
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Fig. 1.17- Junction box

It is common to use junction boxes, as can be seen in Fig.1.17, on every PV module in order to
connect them all together, which contains also bypass diodes. However, nowadays the modules
already have bypass diodes incorporated hence the junction box is usually used only to connect them.
One damaged module can greatly affect the output power and then the overall energy generation of the
entire system. Usually, this happens when hot-spot heating occurs. If the operating current of the
overall series string approaches the short-circuit current of the "bad" cell, the overall current becomes
limited by the bad cell. The extra current produced by the good cells then forward biases the good
solar cells. If the series string is short circuited, then the forward bias across all of these cells reverse
biases the shaded cell. Hot-spot heating occurs when a large number of series connected cells cause a
large reverse bias across the shaded cell, leading to large dissipation of power in the shaded cell.
Essentially the entire generating capacity of all the good cells is dissipated in the shaded cell. The
enormous power dissipation occurring in a small area results in local overheating, or "hot-spots”,
which in turn leads to destructive effects, such as cell or glass cracking, melting of solder or
degradation of the solar cell [10]. Therefore, a bypass diode is connected in parallel, but with opposite
polarity. The presence of the bypass diode allows the current to follow another path bypassing the
damaged solar cell or PV module. In practice, one bypass diode per solar cell is too expensive so
bypass diodes are usually placed across groups of solar cells in order to decrease the final costs of the
module.

y

7

Fig. 1.18- Pyranometers on the tilted and horizontal planes

Another component of a PV system is the temperature sensor, the reference solar cell and the
pyranometer. The first one is used to measure the temperature of the air near the PV plant and the
temperature at the cell level. Then we have the reference solar cell that enables a high level of
measurement precision and is usually used to measure the irradiance that reaches the PV modules at
the horizontal plane. Then the pyranometer is also used to measure the irradiance. This device can
measure irradiance in both, tilted plane and in the horizontal plane. These three components are
optional but they were used on the PV plant in study in order to get the data we needed for our
simulations.
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Usually, bi-directional meters are needed in grid connected PV systems in order to get the return
credits from the energy companies because of the energy fees. Thus, a bi-directional meter records and
measure the electricity flowing two ways, i.e. both the electricity drawn from the grid and the excess
electricity the PV system feeds back into the grid [17].

Isolation transformers can be optionally placed at the inverter output depending on the type of inverter
used in the PV system. Some inverters already include transformers of this type incorporated inside
while others do not. An isolation transformer is preferably installed on the AC side of the PV inverter
to eliminate the possibility of PV system injecting direct current into the power grid [18]. Some
national regulations require an isolation transformer for connection to grids of medium, high or very
high voltage. In most countries this is not required for low voltage connection [14].

Finally, in order to monitor all the data given by the sensors present in the system we need a
monitoring device. In the PV plant in study, an Agilent 34970A was used for the data acquisition and
then the data is sent to a PC via GPIB.

1.8 Common faults and degradation factors

While PV systems have no moving parts (compared to wind and micro-hydro systems) and can be
extremely reliable, it does not mean they do not have potential performance problems [19]. Field
surveys and inspections, like the survey of residential PV systems in Australia [20] and in Japan [3],
show that a significant percentage of PV systems experience faults. For this analysis it is convenient to
divide a PV system in three different parts: AC side, DC side and the inverter.

If a failure is registered on the AC side, the possible cause might be grid instability or a problem on
the connections between inverter, load and grid. The grid failure is highly related and dependent to the
location considered. The probability of grid fault is higher in rural areas while it has lower probability
of happening in urban and more industrialized countries with a more stable grid.

Internal errors of the inverter are a common fault in PV systems and they increase with the aging of
the component. They can be related with the components of the inverter itself such as switches, the
MPPT, the fan or the varistors. However, the inverter has been improved considerably in the last few
years in order to increase his reliability.

The DC side usually represents the lower amount of faults but this is the part of the system that raises
more difficulties for fault detection and diagnosis of faults [12].

Based on several scientific papers [21], it was possible then to identify the most common faults in a
PV system, displayed here from the one with higher probability to the one with the lower:

o Internal error of the inverter: Internal errors can be generated for different reasons and the
fault detection system of the own inverter is normally able to identify them and send an error
code. The probability of faults related to the inverter is decreasing significantly because they
have been improved a lot in the last few years.

o Failures of the data acquisition system: Happens due to problems with the wires and
wireless connection, damage of measurement components like the reference cell or the
pyranometer.

e Grid instability: This kind of fault is dependent on the grid quality of the location where the
PV system is installed. This fault has higher probability of happening in rural areas. This fault
might cause unintentional Islanding that causes a continued energizing of the load after the
disconnection from the grid and might be dangerous for the O&M technicians.

e Short circuit with the Ground: This happens when there is a short circuit evolving the
system and the ground.

e Broken cells: This might occurs due to the accidental impact of objects on PV modules or due
to hot spot.
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e Aging of PV modules: PV modules are the most durable components in a PV system but they
get older as every other component. The average annual degradation of a crystalline silicon
module is approximately 0.2% per year, having an impact on the I and then on the output
power [3].

e Shading: Periodic shading cannot be considered a fault but is a cause of the decrease of
generated energy. Modules affected by shadows get further deterioration due the hot spots as
explained before.

Therefore, we can divide failures by their effect in terms of energy loss:

e Constant energy loss type of failure:

Degradation of the cell;
Short-circuited PV module;
Module defect;

Soiling.

o O O O

Fig. 1.19- Cleaning the soiling in a PV array

e Changing energy loss type of failure:

Shading;

Grid failure;
MPPT errors;
Snow cover;
Data acquisition.

O O O O O
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Fig. 1.20- Snow covering PV modules

Fig. 1.21- Partial shading

1.9 O&M practice

Usually, PV companies offer a monitoring system but none is able to provide a fault detection system.
Therefore, O&M practices are mainly based on the professional experience of the operator and the
installer companies. The location of the PV system strongly affects the O&M because of the weather
conditions and the cost of the maintenance.

The O&M practices can be divided mainly in 3 categories [22]:

e Preventive maintenance;
e Corrective maintenance;
e Condition-based maintenance.

The preventive maintenance is based on preventive intervention in order to check the PV system and
clean the power plant. However, in certain weather conditions the cleaning operations is not cost-
effective, i.e. it is cheaper to lose a small percentage of the energy generated than to pay for the
cleaning service.

The preventive maintenance should perform the following operations:

e Panel cleaning;
e Vegetation management;
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Wildlife prevention (variable);

Check switches, fuses and wiring;

Calibration of sensors (reference cell and pyranometer);

Inverter (check the presence of dust which could damage the ventilation);
MPPT checks for errors.

Corrective maintenance is mainly the reactive repairing of some problem of the PV system after it is
detected. Finally, a condition-based maintenance relies on monitoring and fault detection of the PV
system. This kind of maintenance allows the recognizing the presence of a fault that might cause a
decrease of the final energy production of the system. The practice of this check varies accordingly to
the software used for fault detection, but usually is around every 15 days or 1 month.
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2. State of the art

2.1 Monitoring systems

System monitoring is very important in order to know how the PV system is performing under
determinate conditions. Monitoring is basically the comparing of the actual and simulated power
generation.

Most PV inverter manufacturers offer hardware and software to create a monitoring system to display
the functioning of a system. Remote displays are easier to site, and may be provided with data from
the inverter itself. A significant cost to the installing is the routing of the cabling to the display, but
there already are instruments on the market that avoid this by utilizing short-range radio transmission
[23].

The data acquisition uses data-loggers or computers to gather the data. Usually, the loggers are already
incorporated in the inverters and used when the data is to be viewed in real time. On the other hand,
the computers may be slower to gather the data but have more custom settings and the cost may be
lower. For the data acquisition itself, is common to use sensors as inputs in the PV systems. Table 2.1
shows the typical monitoring variables:

Table 2.1- Typical monitoring inputs in a common PV system [23]

Parameter Sensor Accuracy
Solar radiation Reference cell 3%
Pyranometer 2%
DC current Usually the Inverter 1%
AC current Usually the Inverter 1%
Energy Meter 1%
Ambient Temperature Thermocouple 1°C
PRT 0.2°C
Thermistor 1°C
Module Temperature Thermocouple 1°C
PRT 0.2°C
Thermistor 1°C
Power AC meter 1%
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2.2 Fault detection & diagnosis

The monitoring and regular performance supervision on the functioning of grid-connected
photovoltaic (PV) systems is necessary to ensure an optimal energy harvesting and reliable power
production. The development of diagnostic methods for fault detection in the PV systems behavior is
particularly important nowadays due to the expansion degree of grid connected PV systems and the
need to optimize their reliability and performance. Based on the results of precise diagnoses, a fault
detection system can offer quick and proper maintenance advice that greatly simplifies the servicing
and maintenance of PV systems [24].

Several researches [25-27] have been carried out, using climate data from satellites observation to
generate the necessary climate data at the desired location. This is a cost-effective approach, since no
climate sensors are needed on the plant, although it provides low accuracy in estimation of expected
energy Yield in some specific climatic conditions [27].

Other studies used meteorological data measured by local sensors on the plants to estimate energy
production, together with soft computing techniques. An example can be found in Chao, Hob and
Wang work [28], where a method based on the extended correlation function and the matter-element
model is proposed to identify faults in a small PV plant. Furthermore, in another Chao work [29] the
matter-element model is combined with a neural network to build an intelligent fault diagnosis system.
Both proposals use a PV system simulator to collect power generation data of photovoltaic modules
during normal and faulty operations.

Another interesting technique is proposed by the works of Silvestre, Chouder and Karapete [4-6] and
Chine, Mellit, Pavan and Kalogirou [30] where authors proposed an automatic monitoring and fault
detection system based on power losses analysis. The fault detection procedure presented in this thesis
is based on those previous works that evaluate the power losses presented in PV systems and it will be
explained in the next section. Furthermore, some works have been carried out using artificial
intelligent techniques [31-33] and statistical data analysis for supervision of PV systems [34], but
these techniques have not been yet optimized for fault detection analysis and clear identification of the
kind of fault present in the system. For example, Vergura proposed a methodology [35] that allows
detecting fault conditions in a PV system, by comparing output energy of six sub-systems that form
the plant. To this aim, descriptive and inferential statistics are exploited and two steps are performed:
an offline supervision, in order to set performance benchmarks of the considered PV plant, and a real-
time monitoring, in order to check if the PV plant operation complies with the benchmarks. In a
proposed method by Mellit [36] an Adaptive Neuro-Fuzzy Inference System (ANFIS) is used to model
a stand-alone PV system. The ANFIS model is trained by using different signals recorded from a data
acquisition system, in order to control the output current and voltage delivered from the overall PV
system to the load. In some cases new techniques have been introduced, to detect the presence of
faults in PV systems without the necessity of using climate data [3].
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2.3 Review of Chouder’s procedure

The important growth of installed PV systems has not been accompanied by important improvements
in the field of PV system diagnosis, supervision and fault detection. Most PV systems, in use
nowadays, are working without any supervision mechanism, especially PV systems with output power
levels below 25 kWp. Maybe the reason has been that monitoring systems have only been
implemented in big PV generators, where it represents a small cost increment respect to the whole
system cost. Without the help of a minimal monitoring system it is not possible to develop any
effective supervision, diagnosis or control of the PV system.

In this review we will focus only in the part of Chouder’s work — “Analysis, Diagnosis and Fault
Detection in Photovoltaic Systems” [2] — related to supervision and fault detection of PV systems.
This work presents the supervision and fault detection procedure for grid connected PV systems based
on power losses analysis. The procedure analyses the output power losses in the DC side of the PV
generator. Processing certain power losses indicators such as Thermal capture losses and
Miscellaneous capture losses allow the supervision procedure to generate a faulty signal as indicator of
fault detection in the PV system. The procedure has been successfully tested experimentally and was
carried out on Centre de Développement des Energies Renouvelables (CDER), Algeria.

The work proposed in the current thesis was based on the current and voltage indicators previous
proposed on Chouder’s work and it has the objective to be an improvement of that work.

2.3.1 Description of the PV system installed at CDER and the monitoring
system

The procedure of fault detection in grid connected PV systems based on the current and voltage
indicators described in this review was tested in a grid connected PV system located in the Centre de
Développement des Energies Renouvelables (CDER), Algeria. This PV system of 9.6 kWp is divided
in three sub-arrays of 3.2 kWp each one, which are connected to 2.5 kW (1G30 Fronius) single phase
inverters. Each sub-array is formed by 30 PV modules (Isofoton 106W-12V) in a configuration of two
parallel strings, Np=2, of 15 PV modules in series, Ns=15.
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Fig. 2.1- General Scheme of the PV system installed in CDER

This PV system includes a monitoring system using an Agilent 34970A for the data acquisition as well
as two pyranometers (Kipp & Zonen CM 11 type) and a reference solar cell to measure irradiance at
different planes. One of the pyranometers and the reference cell are installed at two different places of
the PV plant to measure irradiance in the tilted plane. A second pyranometer measures the irradiance
in the horizontal plane. On our work in this thesis we use the measurement from the second
pyranometer correspondent to the horizontal irradiance. For the measurement of the temperatures the
monitoring system includes k type thermocouples.
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Fig. 2.2- Monitoring system installed at CDER
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2.3.2 PV module Parameters extraction

In order to find the main five parameters of the PV module, Isofoton 106/12, the well know “Five
parameter” model was used. In this method, the relationship between output current and voltage is
given by the following nonlinear implicit equation:

I'=Ipy — Io[exp (V;—ZS’) - 1] - (B2 2.1)

Rsh

Where the five parameters are: cell photocurrent (Ip4); diode reverse saturation current (lo); ideality
factor (n); series resistance (Rs) and shunt resistance (Rsn). | and V are the output PV cell current and
voltage, V: is the thermal voltage. The effect of temperature in output voltage and current are also
incorporated into the model. A nonlinear regression algorithm has been applied to both data sets;
measured I-V data from the PV system and data generated by the previous model, in order to minimize
the following quadratic function [37-39]:

S0) = N[ —1(V,, )2 (22)
where: 8 = (IPHJ Iy, m, Rs,Rsh)

This model has been tested using the operational data from the grid connected branch of 3.2 kWp of
the CDER PV system. For the simulation of the branch, the environmental conditions of irradiance
and cell temperature had to be linked to the simulation model. Figure 2.3 compares the measured and
simulated power at DC side, of this branch (Array of the main PV system) with the real data between
8:33 and 17:47 of that day.

Measured
— Simulated

2200 ~
2000 —
1800 ~
1600 —
1400 —

1200

Power [W]

1000
800 +

600

9 10 11 12 13 14 15 16 17
t[h]

Fig. 2.3- PV system output Power, DC side — measured and simulated
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As can be seen, there is a good agreement between simulation results and monitored data for the time
evolution of the main PV system parameters.

2.3.3 Fault Diagnosis based on energy yields, current and voltage indicators

This approach is based mainly on the observation of the measured performance ratio (PR). Although
this parameter gives a global idea of the system behavior, its practical use for the identification of
malfunctioning components is limited. The PR for a particular system during certain period is not
suitable quantity to indicate in which way the PV system can be improved due to the following
reasons:

e Performance ratio gives no intuition in different component losses;

e There is no way to identify improperly functioning components;

e The numerical simulation must be based on reliable simulation tools and models validated
experimentally.

2.3.4 Power loss factors in PV systems

2.34.1 Quantifying power losses

International Energy Agency (IEA) Photovoltaic Power System Program established four performance
parameters that define the overall system performance with respect to the energy production, solar
resources, rated power and overall effect of system losses. These performance parameters are the
reference yield (), array yield (Y.), final yield (Yr) and the performance ratio (PR) which is defined
as a ratio of the measured system efficiency and the nominal efficiency of the PV modules. A detailed
explanation of each one of the parameters will be explained in detail:

e Reference yield (Yr)

The reference yield is the total in-plane irradiance (Hi) divided by the reference irradiance (Grer). It
represents the equivalent amount of hours necessary for the array to receive the reference irradiance.
This reference yield defines the solar radiation resource for the PV system. The value of the reference
yield () is calculated in Equation 2.3:

H;
Y, = Grer (2.3)

where:

Hi= Total in-plane irradiance [Wh/m?]

Grei= reference irradiation at STC (1000 W/m?)
Y [Hours]
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e Array Yield (Ya)

The array yield is the energy generated by the PV array (Wh) divided by the rated output power of the
PV array (Wp). It gives the number of hours where the installed PV system produces its rated output
DC power. The value of the array yield (Y,) is calculated in Equation 2.4:

y, = Zdc (2.4)

where:

Eq= energy generated by the PV array [Wh]

Prer= maximum power output of the PV array [Wp]
Ya [Hours]

e Final Yield (Y%)

The final yield is the AC energy output (consumed energy) divided by the rated DC power (Prs) of the
installed PV array. It represents the number of hours that the PV array operates at its rated power to
produce that amount of AC energy. The value of the final yield (Y5) is calculated by Equation 2.5:

(2.5)

where:

Eac= consumed PV energy [Wh]
Prer= System rated power [Wp]
Y+ [Hours]

e Performance Ratio (PR)

The performance ratio (PR) quantifies the overall effect of losses on the rated DC output due to
inverter efficiency, wiring mismatch and other losses when converting from DC to AC power; PV
module temperature; incomplete use of irradiance by reflection from the module front surface; soiling
or snow; system down-time; and component failures [2]. The value of the performance ratio (PR) is
calculated by Equation 2.6:

PR=2Z (2.6)
Ya

Therefore, the performance ratio gives a global idea of the system behavior and the overall
system performance but it is not a good indicator for the identification of improperly functions of the
PV system.

Mario Filipe Aires da Silva 25



Analysis of new indicators for fault detection in grid connected PV systems for BIPV applications

2.34.2 Power loss factors

This topic was already described in more detail in a previous section but in order to better understand
this review, here is a quick overview of the loss factors in a PV system. Overall losses in PV systems
happen in both DC and AC sides and are influenced by a number of factors. Figure 2.4 shows the main
factors of power losses in PV systems:

Input energy :
Solar irradiance

Module conversion Inverter efficeincy

efficiency

Received
Energy

outnnt

-Inverter losses

-Incident dngle -r_,putlul mismatch
-shading - Temperature
asine - MPPT error

b

-dirt -others

Fig. 2.4- Loss mechanisms in PV systems

The main loss factors are the following [40]:

e Capture losses

This kind of losses occur mainly at the DC side of the PV system and they are attributed to operating
temperature, PV efficiency temperature dependency, dependency on solar irradiance level, shading
and losses when sunlight is at a high angle of incidence (AQI).

e System Losses

They are mainly referred to the power conditioning units, which in our case are the DC-DC converter
(MPPT) responsible to extract the maximum available power from the PV plant and the DC-AC
converter. These two parts are usually presented by their efficiencies due to the ohmic power losses in
the static switches forming part of both converters. In this previous work, the investigation was
focused on the losses and malfunctions at DC side because until then and now there is no common
way to prevent excessive losses or components breakdown at this part of the PV system contrary to the
AC side where the inverters are well protected against improperly functions.
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2.3.4.3 The capture losses — AC side

The capture losses can be divided into two kinds of losses [41]:

e Thermal capture losses (Lct)

The crystalline PV modules have a temperature coefficient for the maximum power point of -
0.0044/°K. Also, the module efficiency at standard test conditions (STC) is defined at 25°C.
Depending on the wind speed and the type of mounting of the PV modules, free-standing or roof
integrated, there is a temperature rise of the modules with respect to the ambient of 20°C to 40°C at
1000 W/m?. The corrected temperature at real working irradiance and a standard temperature of 25°C
can be obtained by the simulation model where the input are the monitored irradiance and a fixed
temperature of 25°C. The normalized capture losses can be determined by the following Equation:

Letgim = Yagim (G, 25°C) — Yagim (G, Tc) 2.7

where:

Lctsim are the simulated thermal losses, Yasim(G,25°C) is the normalized energy yield at real working
irradiance and 25°C of temperature, and Yasim(G,Tc) is the array yield at real working irradiance and
real module temperature, Tc. Normalized thermal losses can give us the amount of power losses due
the rise of temperature above 25°C. For temperatures below 25°C the Lctim will be negative
representing a gain on the final performance of the system.

e Miscellaneous capture losses (Lcm)

In this kind of losses we gather all the other losses such as wiring, low irradiance, dirt accumulation,
MPPT errors, and losses caused by faulty operation at the DC side such as faulty strings, faulty
modules, partial shadowing, short circuit of modules, etc.

In this previous work the inputs of the simulations of the PV plant were the effective irradiance and
the module temperature. Therefore, the simulated capture losses can be calculated with the following
Equation:

Lesim = Yr(G,Tc) —Yagm(G,Tc) (2.8)

where Lcsim are the capture losses and Y.(G,Tc) is the measured reference yield. Then the simulated
reference miscellaneous capture losses are given by:

Lemgjy, = Legim — Letgim (2.9

A daily comparison between measured capture losses and simulated capture losses was performed by
the system diagnosis and failure detection procedure. The main idea of this method of system
diagnosis and fault detection on the DC side of a PV system was based on the continuous check of the
measured capture losses. For this purpose, were established theoretical boundaries in which the
measured capture losses do not exceed any of them, otherwise the system is considered in faulty
operation. The upper and lower boundaries of the inherent capture losses are evaluated by the
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introduction of clear sky in-plane irradiance data to the simulation model [42]. Thus, the upper and
lower boundaries are calculated by means of statistical approach and in case of PV system under
normal operation. The measured capture losses remain the theoretical boundaries as given by the
following equation:

Legim — 26 < Lepes < Legim + 26 (2.10)

where § is the standard deviation, calculated in daily basis of simulated capture losses given in case of
clear sky conditions.

An example of how these boundaries work is presented on the following figures:
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Fig. 2.5- Capture losses evolution on free fault operation of the PV system
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Fig. 2.6- Capture losses evolution on faulty string operation of the PV system

These capture losses indicators at AC side, were used in this previous work in order to simulate and
predict capture losses based on the energy yields [2]. With the simulations of the capture losses
indicators based on energy yields it was possible to define and predict the system performance with
respect to the energy production, solar resources, rated power and overall effect of system losses. In
order to know the effect of the system losses on the PV system we compared the DC output power
measured in real time with the simulated DC output power.

2.3.5 Indicators for failure detection

The diagnosis procedure described above allows determining whether the actual capture losses are
inside or outside the predetermined boundaries. In order to isolate the improperly function detected
and determining the failure type, were defined two indicators of the deviation of the DC variables

respect to the simulated ones. These indicators are the current and voltage ratios given by the
following expressions [2]:

Rc = —Y=tm (2.11)
I PV _meas
V )
Ry = = (2.12)
VPV __meas
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where lpv meas @nd Vev meas are the current and voltage measured at the DC output of the PV array
respectively, and lpv sim , Vv sim are the results obtained for those parameters in the simulation of the
PV system behaviour by using real irradiance and temperature monitored profiles.

Analysing the ratios, the most probable failure or malfunction is found following the flowchart
at Figure 2.7 bellow:

Possible faults :

1 : partial shadow
a1 e 2. aci
Possible faults : " Possible faults : ; aging .
1 : Faulty modules False alarm 1 : Faulty string 3. MPPT error

in a string

Fig. 2.7- Most probable faults present in the PV system

Mario Filipe Aires da Silva 30



Analysis of new indicators for fault detection in grid connected PV systems for BIPV applications

3. New Indicators for Fault Detection and Diagnosis of PV Systems

It is true that in the last 20 years photovoltaic panels show really low failure rates but it is important to
keep always in mind that a PV panel it is fragile. Therefore when a PV module has a failure it
compromises and has a big impact in the output power of the PV array. Moreover, although
photovoltaic systems generally operate without problems, when faults or breakdowns do occur, these
may not be detected for several months if no effective operation and monitoring system is in place.
Therefore, this thesis work proposes a new method for detection and diagnosis of faults.

This section represents the core of this thesis. It starts describing the software used in this thesis.
Afterwards, the new indicators, NRc and NRv, proposed for fault detection and diagnosis of PV
systems are defined, and also the equations used to get these indicators and the validation of these
same equations, comparing our results with manufacturer’s PV modules data, in order to prove their
validity. After this we present the simulations and results which prove their functionality. Then we
show how the new parameters o and B can be very useful and the both ways to calculate them.
Afterwards we have the impacts of faults on the behaviour of a PV system showing different results.
Finally there is a study on how short-circuited PV modules and string faults may impact the output
power of a PV system.

3.1 Soft environment & MatLab

The rapid growth of the PV industry over the years has expanded interest and the need for education
and training worldwide at all levels of photovoltaic, but especially at the system level where more
people are involved. This growth needed solutions and that’s why engineers and technicians started to
look for software that helps them with PV design, sizing and analysis. Today’s engineers,
professionals working in the field and students know how to use computers and are familiar with
running specialized software. This section explains the software used for our simulations and work in
this thesis.

PVSOL is an advanced design tool for sizing of grid-connected PV systems. This software is the
choice for most of the installers and engineers who want performance prediction with improved detail
and optimal grid-connected battery storage. We have used PVSOL to design different PV systems for
our simulations. These PV systems had the objective of having different Power installed, PV modules,
inverters, and systems configuration (Ns and Np). Therefore, with this software we were able to
compare and size different PV systems and obtain detailed information about the different PV modules
used in our simulations.

Photovoltaic engineering is a multidisciplinary specialty deeply rooted in semiconductor physics for
solar cell theory and technology, and heavily relying on electrical and electronic engineering.
Therefore, PSpice is a good choice of simulator for PV modeling because of its worldwide use in
electric and electronic circuit simulation and its widespread availability [9]. It can be used to learn
about photovoltaic systems or to solve technical problems of design, sizing and analysis.

Then we have MatLab that is a high-level and interactive environment for numerical computation,
visualization and programming. MatLab can be used for a range of applications, including signal
processing and communication, image and video processing, control systems, test and measurement,
computational finance, and computational biology.

For our simulations we had to choose between PSpice and MatLab. Finally we chose MatLab because
this software is very good for built-in graphs for visualizing data and tools for creating custom plots
and also because the MatLab simulations were carried out by using models of PV modules based on
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the five parameters models developed by Daniel Guasch [1] that have been adapted to the work
developed in this thesis in order to achieve a proper detection of main faults present in grid connected
PV system applications. In annex are some examples of the MatLab scripts used for the simulations
done in this work.

3.2 New 1&V indicators

Most diagnostic methods for fault detection of PV systems already known are time consuming and
need expensive hardware. Therefore we propose a new method of fault detection, based in the
previous work reviewed in the section 2.3 that evaluates the power losses present in the PV system for
fault detection. This new method is based on new current and voltage indicators of the DC side of the
inverter.

3.2.1 New Indicators, NRc and NRv

Chouder presented a diagnosis method for PV systems based in the evaluation of the power losses
present in the PV system. In this previous work the fault detection procedure is also based in the
current and voltage ratios as can be seen in Equation 2.11 and 2.12, respectively. The same parameters
of Isofoton 106/12 were used on the method proposed by the present thesis work. In our work we did
not used the energy yields method.

This method was successfully experimentally evaluated and allows identifying main faults in grid
connected PV systems. However, this method requires the use of simulation tools that imply important
computational effort to evaluate the losses in the PV system and also to calculate the current and
voltage ratios. In order to completely avoid the use of modeling and simulation of the PV system in
the fault detection procedure we defined two new current, NRc, and voltage, NRyv, ratio indicators as
follow:

I
NRc = I_m (3.1

sC

V
NRv = T (3.2

oc

where Vi, and I, are the voltage and current of the maximum power point (MPP) at the PV array DC
output respectively, I is the short circuit current of the PV array and V. the open circuit voltage of
the PV array. On the later simulations using the Equations 3.1 and 3.2, the values of lsc and V. are
always referred to the free fault operation of the PV system while V, and I may vary accordingly to
the operation conditions of the system. The operation of the system may be fault free or a faulty
operation.

3.2.2 Calculation of lscm and Voecm (PV Module)

For an arbitrary value of the irradiance and temperature, the short circuit current of a PV module, lscm,
is given by Equation 3.3 [9]:

Iscmr dlscm
Iscm = G+

= cell -Tr
1000 dT j(T )

(3.3)
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where lsemr and Tr are the short circuit current of the PV module and the temperature at for standard
test conditions (STC: G = 1000 W/m? and T = 25 °C) respectively, G is the actual irradiance on the PV
module and Tcell is the real operating cell temperature. The open circuit voltage of the PV module,
Voem, Can be written as [9]:

dVocm

Vocm =Vocmr +( j(TceII -Tr)+V; In( Iscm j (3.4)

Iscmr

where Vo IS the open circuit voltage of the PV module at STC and Vr the thermal voltage. The
values of lscm and Voem can be easily estimated for any condition of temperature and irradiance, by
using Equations 3.3 and 3.4 taking into account the PV module parameters given by manufacturers at
STC. Thus, we do not need to monitor these values because we can simulate them with high accuracy.

Afterwards, we will use the equations 3.3 and 3.4 to estimate both parameters, lsem and Voem, for a set
of commercial PV modules and then a comparison was made with values given by the manufacturers.
Table 3.1 describes the commercial PV modules considered as well as main PV module parameters.
The parameters of the Isofoton are resulting from the five parameter extraction model and the
parameters of the other three PV models, BP, Helios and Siemens are from literature [50].

Table 3.1- Commercial PV modules used on this work

Model Isofoton BP Helios Siemens
Parameter 106W-12 5160S 1500 SP150
n 1.14 1.12 1.2 1.13
lo (A) 3x1010 1.56x10°0° 2.83x10°8 2.6x10%°
Rs (©) 0.33 0.587 0.182 0.932
Rsh (QQ) 199 1946 39.21 348.2
Isc (A) 6.54 4.7 7.88 4.8
Solar cells (Ns x Np) 36 x2 72x1 36x1 72x1
Ve (V) 21.6 44 21 43.4
P (W) 106 150 120 150
V coeff. (MV/K) -144.7 -160 -90 =77
I coeff. (MA/K) 2.5 3.05 0.2 2.06

In order to test if the estimations of Vo and lsem, Using Equations 3.3 and 3.4 agreed with the data
presented in the PV module manufacturer sheets, we traced the I-V curve for two of the PV modules
used and then we compared our I-V curves with the curves provided by the manufacturers. On the next
figures are shown the respective I-V curves simulated:
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Fig. 3.1- I-V curves with G=1000 W/m?, BP 5160S
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Fig. 3.2- I-V curves with G=1000 W/m?2, Helios 1500

After analyzing these I-V curves we gathered the results in the Table 3.2 that show us the estimation
of the Isc and V. respectively, on STC, for the commercial PV modules in comparison with values
given by its manufacturers:
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Table 3.2- Isc and Vo results from manufacturer and simulated data

BP5160S Helios 1500
STC Manufacturer Simulated Manufacturer Simulated
I [A] 470 4.70 7.88 7.85
Vo [V] 44.00 43.92 21.00 20.88

As can be seen, the values given by the PV module manufacturers agree with our estimations obtained
by using Equations 3.3 and 3.4. The simulations of Table 3.2 have an error of about 3% as the
simulations already done in previous works using the same simulation models [37,48]. Furthermore,
we can compare the I-V curves with the manufacturer sheets shown in the annex section.

3.2.3 Calculation of lmm and Vimm (PV Module)

The coordinates of the MPP for the PV array, In and Vn, are available at the inverter input,
considering that the inverter includes maximum power point tracking (MPPT), which is the case of
most inverters used in grid connected applications. This is also the case of the inverter used in our
actual PV system in study, the grid connected PV system located in the Centre de Développement des
Energies Renouvelables (CDER), Algeria. Therefore, for the applications in real systems we will have
actual values of I and Vi, available at the DC input of the inverter.

After we dealt with the actual system we had to simulate more systems we did not had real data of I,
and Vi, from the inverters, even though they include a MPPT. The solution was to simulate the current
and voltage at MPP for the PV modules, where Inn is given by Equation 3.5 and Vum is given by
Equation 3.6 [9]:

Immr discm
mm_( 1000 G +( T j(TceII —Tr)} (3.5)

Vocm

Iscm —Imm o Nar
Iscm

Vmm=| N_V; In|1+ —1/|—Imm Rsm (3.6)

Afterwards, Imm and Vmm, are going to be used to calculate In and Vn for the whole array of the
different PV systems simulated. The configurations of these systems are described on a later section of
this thesis.

In order to test the estimations of Vmm and lnm with the data presented in the PV module manufacturer
sheets, we analyzed the evolution of Imm and Vmm at STC, using Equations 3.5 and 3.6. For two of the
PV modules used on our simulated systems, we traced the Power curve as can be seen in the following
figures:
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After analyzing these Power curves we were able to calculate the Power at the maximum power point
(Pmpp), Imm and the Vimm. The maximum power point (MPP) is marked in the Figures 3.3 and 3.4 for
each PV module. Therefore, we gathered the results in the Table 3.3 that show us the estimation of the
Pmpp, Vmm and Imm, respectively at STC, for the commercial PV modules in comparison with values
given by its manufacturers:
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Table 3.3- Vimpp, Impp @and Pmpp results from manufacturer and simulated data

BP5160S Helios 1500
STC Manufacturer Simulated Manufacturer Simulated
Ve [V] 36.0 355 17 16.6
Impp  [A] 4.44 4.40 7.06 6.96
Pmpp [W] 160 156 120 115

where Vimm is the Vmpp of @ PV modules and the Imnm is the Impp of @ PV module. As can be seen, the
values given by the PV module manufacturers agree with the estimations obtained by Equations 3.5
and 3.6. On the simulations of the PV arrays presented in this section we scaled the Equations 3.5 and
3.6 in order to have the I, and Vi, of the entire array. This can be seen in the scripts presented in the
annex section. The simulations of Table 3.3 have an error of about 3% as the simulations already done
in previous works using the same models [37,48].

3.2.4 Calculation of Isc and Voc (Array)

Considering a PV array composed of Np parallel branches of PV modules, including a number of Ns
PV modules in series per branch, Equations 3.3 and 3.4 can be scaled to calculate the Vo and I of the
entire PV array as follows [9]:

Iscmr discm
Isc=N G cell =Tr 3.7
p( 1000 J{ dT j(T )J S

Voc = Ns[Vocmr +(d\;c3rcm )(I’cell =Tr)+V; In[ Iscm D

Iscmr (3.8)

Then the ratios NRc and NRv defined by Equations 3.1 and 3.2 can be estimated.

3.2.5 Indicators in Fault-Free operation

On the other hand, we defined the ratios NRco and NRvo as the expected values of NRc and NRv, in
normal operation of the PV system (fault-free). These indicators are given by:

NRco = e
e (3.9)
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NRvo = Vo
oc (3.10)

where Ime and Vmo are the output current and voltage at the maximum power point of the output of the
PV array in absence of faults.

The values of Im, and Vm for a PV array of arbitrary series-parallel (Ns x Np) connection of PV
modules can be calculated for any condition of G and Tcell by using the following equations that
include parameters of the PV modules forming the PV array [9]:

Mo — Np(Im mr GJr(dlscm

1000 e j(l’ cell —Tr)j (3.11)

Vocm
Iscm—Imm
Vmo=Ns| NV, In|1+ —————|e™" —1||-Imm Rsm

Iscm

(3.12)

where a value of n=1 is used for the diode ideality factor, Immr and Tr are the current of the PV
module at the maximum power point and the temperature at standard test conditions respectively, Nsc
is the number of solar cells in series forming the PV module, Rsm is the series resistance of the PV
module, Iscmand Voem are the short circuit current and open circuit voltage of the PV module given by
Equations 3.3 and 3.4, and Imm is the maximum current of the PV module given by Equation 3.5.

In normal operation of the PV system, fault-free operation, the values of the indicators NRc and NRv
should be very similar to the values of NRco and NRvo given by Equations 3.9 and 3.10 and maintain
values over specific thresholds.

3.3 Faults on PV systems

Due to the important negative impact of a PV module failure on the final energy production, we
developed a method to detect and diagnose faults on PV systems based on the DC side of the inverter.
The developed procedure provides us information about when the system is in a constant energy loss.
The most common failures of this kind are: String problems, short-circuited modules, total black-out
and Soiling.

In the proposed method the main focus of our work is on string problems and short-circuited modules,
yet we can detect grid faults and shading effects but these faults on the system need a bigger effort to
detect and diagnose and for now could not directly apply the method using the thresholds.
Nevertheless, shading effect and grid faults will be also analyzed.

3.3.1 Fault detection

Firstly, the thresholds that confirm a fault-free operation of the system must be fixed depending on the
specific characteristics of the PV array, mainly the configuration of series and parallel connection of
the PV modules forming part of the array. When one of the values of the indicators, NRc or NRv, is
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below the threshold, a fault is detected in the PV system. Table 3.4 shows the most probable faults
present in the PV system based on the values of the ratios NRc and NRv.

Table 3.4- Constant Energy Loss Faults in a PV system based on the new indicators

Possible Faults NRc NRv

No Fault OK OK

String Fault Below Threshold OK
Short-Circuited Modules OK Below Threshold
Short-Circuited Modules & Below Threshold Below Threshold
String Fault

When a fault is detected in the PV system an internal data logger interface of the inverter can be used
for the transmission of the measured data and the alarm event to a server or a local network through a
standard RS485, an Ethernet connection or optionally with a GSM Modem.

On the other hand, the inverter requires a minimum input voltage (start-up voltage) to start working. A
minimum level of irradiance on the PV array is necessary to enable the proper operation of the
inverter. Taking into account this fact we considered a minimum level of G= 200 W/m? to start the
fault detection evaluation procedure in the PV system and to calculate the corresponding current and
voltage indicators. Therefore, our study and simulations are based on the time period of the day where
we have irradiance values above 200 W/m?. That period of the day is the same on the three different
days, when the data of the three different conditions of work (fault-free, short-circuited modules and
string fault) of the PV system were extracted. On the other hand, the period of the day of the extracted
data during the conditions of shading and grid-fault were slightly different.

3.3.2 Analysis of the thresholds for indicators of voltage and current

Two of the most common faults in PV systems are due to the appearance of short circuits and open
circuits in PV modules forming part of the strings. When an open circuit appears in one string of the
PV array the whole string is disconnected and then the output current of the PV array is reduced. On
the other hand, when a short-circuit appears in one PV module of a string of the PV array, that PV
module is disconnected and the output voltage of the PV array is reduced [43]. The thresholds for
current and voltage indicators can be fixed attending to these two situations: A faulty string in the PV
array and one PV module short-circuited in a string.

3.3.2.1 Faulty string

A PV array is formed by connection of a number of Np strings of PV modules and having a number of
Ns PV modules connected in series per string. In fault-free operation the output current of the PV
array at the MPP, I, is the product of Np and the maximum output current of one of the PV modules,
Imm. SO, Equation 3.9 can be rewritten as follows:

Np I,

SC

NRco =

(3.13)
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When an open circuit is present in one of the strings, the reduction in the output current of the PV
array is equal to the output current of the faulty string, Imm. Then, in case of a faulty string the value of
the ratio of current, NRcfs (new ratio of current for faulty string), will be lower than its value in free
fault operation mode NRco, and can be calculated as the following equation shows:

Np-1) | Np |
NRefs = P=D) bo pl

lse sc (3.14)

where o is the relation between the ratios of current in faulty string, NRcfs, and fault-free operation,
NRco, given by:

o — NRcfs (3.15)
NRco
a=1__1
Np (3.16)

Taking into account the above Equations 3.14-3.16, the threshold for the ratio of current in case of
fault string, TNRcfs, can be evaluated. When one or more faulty strings are present in the PV system
the value of NRc must be below the value indicated by TNRcfs to allow the identification of this kind
of fault.

In order to avoid false fault detections we have fixed an offset of a 2% respect the NRco value. Then,
the threshold for the ratio of current can be written as follows:

TNRcfs =1.02 o NRco (3.17)

3.3.2.2 Short-Circuited PV module

In fault-free operation the output voltage of the PV array at the MPP, V, is the product of Ns and the
maximum output voltage of one of the PV modules, Vmm. Then, Equation 3.10 can be rewritten as
follows:

NsV

NRvo = il (3.18)

oc

When a PV module is short-circuited in one of the strings the new value of the voltage ratio, NRvbm
(new ratio of voltage for short-circuited module), will be lower than its value in fault-free operation
mode, NRvo. The expected value of NRvbm in that situation can be calculated using the following
equation:
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(Ns-1) V. Ns V..

Voe (3.19)

NRvbm =

oc

where B is the relation between the voltage ratios in case of one short-circuited PV module and free
fault operation, given by :

NRvbm
_ 3.20
P NRvo ( )
po1- L
Ns (3.21)

The threshold for the voltage ratio in case of one short-circuited PV module in a string, TNRvbm, can
be evaluated following the same criteria that we used in the previous case of faulty string as follows:

TNRvbm=1.02 g NRvo (3.22)

When one or more PV modules are short-circuited in some of the strings of the PV system, the value
of NRvbm will be below the value indicated by TNRvbm given by Equation 3.22, allowing the
identification of this kind of fault.

The expressions obtained for o and B in Equations 3.16 and 3.21 respectively, show that both
parameters do not depend on the PV module parameters neither on the total power of the PV array.
Both parameters depend only on the array configuration, Ns and Np. If the PV array configuration is
known, o and B can be evaluated and then the thresholds for the current, TNRcfs, and voltage,
TNRvbm, indicators that evidence the presence of faults in the PV system can be fixed by using
Equations 3.17 and 3.22.

3.3.2.3 Short-circuited PV Module & String Fault

Both short-circuited PV modules and faulty strings can impact a PV system at the same time. In order
to detect both faults at the same time, new indicators were developed using previous ones already
developed in this work. This was done with the purpose to have a better and more complete fault
detection and diagnosis fault system. The new indicators are: a0, ay, aNp and b0, bx, bNs.

As the indicators a0, ay and aNp are referred to faulty strings, they can be defined by the following
Equations:

a0 = NRco (3.23)
ay =TNRcfs—(y—1)(1 —a) (3.24)
aNp =0 (3.25)
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where a0 is always equal to NRco, ay is the threshold for y number of faulty strings (y>0), and finally
aNp is always equal to 0 because it’s when all strings are in fault. For example, following the Equation
3.24, the thresholds for one faulty string and two faulty strings are calculated by Equations 3.26 and
3.27, respectively:

al = TNRcf's (3.26)
a2 =TNRcfs—1(1 —a) (3.27)

As the indicators b0, bx and bNs are referred to short-circuited PV modules, they can be defined by
the following Equations:

b0 = NRvo (3.28)
bx = TNRvbm — (x — 1)(1 - B) (3.29)
bNs =0 (3.30)

where b0 is always equal to NRvo, bx is the threshold for x number of short-circuited modules (x>0),
and finally bNs is always equal to 0 because it’s when all modules are short-circuited. For example,
following the Equation 3.29, the thresholds for one short-circuited module and two short-circuited
modules are calculated by Equations 3.31 and 3.32, respectively:

bl = TNRvbm (3.31)
b2 = TNRvbm — 1(1 - ) (3.32)
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Fig. 3.5- Model for detection of both faults: short-circuited modules and faulty strings
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Figure 3.5 shows how we can use these new indicators in order to detect both faults at the same time.
The axis of this graph changes with the different system configuration. For example, for a PV system
with Ns= 10 and Np= 14, the x axis will start with b0 and then we will have b1, b2, b3, b4, (...), until
it ends with bNs. The y axis will start with a0 and then we will have al, a2, a3, a4, a5, (...), until it
ends with aNp. It is important to understand that the value of b0>bl1>b2>(...)>bNs and that
a0>al>a2>(...)>aNp, where bNs and aNp are always equal to zero.

Therefore, for example, if:
Case 1.
b2 > NRv > b3 and al > NRc > a2

It will be detected two short-circuited PV modules and one string fault.

Case 2:
b0 > NRv > b1 and a3 > NRc > a4

It will be detected zero short-circuited modules and three faulty strings in that PV system.

3.4 Simulation Study using the new indicators and thresholds

3.4.1 Introduction

A simulation study was carried out to analyse the potential of the new current and voltage indicators in
fault detection as well as the effectiveness of the values estimated in the above section for parameters
o, B, TNRvbm and TNRcfs.

The simulation of the PV systems is based in the well-known five parameter model for the solar cell
already described in a previous section. The simulation of PV systems using this base model has been
implemented in different software environments as: MatLab [4, 44-45], Pspice [30, 43, 46-47] or
LabView [48, 49], and experimentally validated. In this study we have selected the MatLab
environment for the simulations set. The inputs for the simulation of the PV system are the main
parameters of the solar cell model: The cell photocurrent (lpn), the diode saturation current (lo), the
ideality factor of the diode (n), the series resistance (Rs) and the shunt resistance (Rsn). Other
parameters included as inputs are: The number of solar cells per PV module (Ns, Npc), the
configuration of the PV array: Ns and Np and the data corresponding to the irradiance (G) and
temperature profiles.

3.4.2 Simulated systems

As seen before, Table 3.1 shows the commercial PV modules selected in this simulation study and
their main parameters at STC. The PV modules: Isofoton 106W-12 and Helios 1500 have open circuit
voltages around 21 V and short circuit currents over 6 A, while PV modules: BP 5160S and Siemens
SP150 have higher open circuit voltages, around 44 V, and lower short circuit currents, around 4.7 A.
These differences in open circuit voltage and short circuit current were selected to study the influence
of the PV module parameters in the thresholds of the current and voltage indicators when a fault
appears in the PV array.
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Table 3.5- Systems of study configuration

System of PV module Ns Np P [kWp]
Study
0 Isofoton 106W-12 5 2 1.06
1 Helios 1500 15 2 3.3
2 BP5160S 15 2 4.5
3 Helios 1500 22 2 5.28
4 BP5160S 15 3 7.2
5 Isofoton 106W-12 11 9 10.5
6 SP150 15 6 15
7 Helios 1500 40 4 19.2
8 BP5160S 10 14 21

On the other hand PV arrays with DC output powers ranging from 1 kW up to 21 kW, including
different types of the selected PV modules and different configurations of PV modules in series per
branch (Ns) and number of parallel branches (Np), were studied to analyse if the size of the PV array
affects the values of the thresholds for the current and voltage indicators when a fault appears in the
PV array. Table 3.5 describes the different PV arrays included in the simulation study as well as the
PV modules forming part of the array and the configuration of the PV array: Ns x Np in each of the
case studies.

P! it
P fiel}
module™ [ ] ] ] = [—~
ring
irvetter
string
module ring

Fig. 3.6- Common scheme of a grid connected PV system

These PV arrays have been simulated, considering a set of real irradiance and temperature profiles in
three cases: Normal operation (no faults present in the PV system), faulty string (one string in open
circuit) and short-circuited module (one PV module short-circuited in one string). The irradiance and
temperature profiles for each of the three cases were taken in three different days.
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3.4.3 Indicators values for the simulations of all systems

The evolutions of the indicators: NRco, NRvo, NRcfs and NRvbm have been calculated in each one of
the simulations carried out as well as mean values and standard deviations. Table 3.6 shows the
average values obtained for those indicators and their standard deviations. The values of the thresholds
TNRcfs and TNRvbm calculated by using Equations 3.17 and 3.22 are also given.

As can be seen in Table 3.6, in case of normal operation the values obtained for the voltage ratio,
NRvo, vary from 77.89% to 81.05%, while for the ratio of current, NRco, these values vary from
85.20% to 92.23%.

Table 3.6- Results from all the system simulations

System Normal Operation Faulty String Short-Circuited PV module
of (No faults)

Study NRco o NRvo o} NRcfs o} TNRcfs | NRvbm c TNRvbm

(%0) NRco (%0) NRvo (%0) NRcfs (%) NRvbm

0 90.78 | 4.70x10% | 81.05 | 1.12x10% | 45.39 | 2.31x10% | 46.29 64.80 | 8.41x10°® 66.13
1 85.20 | 2.21x102 | 77.95 | 1.46x102% | 42.60 | 1.04x102 | 43.45 72.80 1.31x1072 74.20
2 92.23 | 2.99x10° | 80.03 | 1.30x10% | 46.11 | 1.44x10% | 47.03 74.70 1.30%x1072 76.18
3 85.20 | 2.05x102 | 77.95 | 1.47x10% | 42.60 | 1.03x102 | 43.45 74.40 1.30%x1072 75.89
4 92.23 | 2.99x10° | 80.03 | 1.38x10% | 61.48 | 1.39x10% | 62.71 74.69 1.31x1072 76.18
5 90.78 | 4.63x10° | 81.05 | 1.05x10% | 80.69 | 4.11x10° | 82.30 73.68 | 9.56x10°° 75.15
6 92.23 | 2.93x10% | 79.63 | 1.45x10% | 76.86 | 2.43x10° | 78.39 74.76 1.35%x1072 75.80
7 85.46 | 1.90x102 | 77.89 | 1.49x102 | 64.09 | 1.43x10? 65.37 75.94 1.41x102 77.46
8 92.23 | 2.92x10% | 79.98 | 1.44x10% | 85.64 | 2.72x10% | 87.35 71.98 1.30x1072 73.42

In case of a faulty string in the PV system the values obtained of the ratio of current, NRcfs, are lower
than the values of NRco and below the thresholds given by TNRcfs in all cases.

When a PV module is short-circuited in one string the results obtained for the voltage indicator,
NRvbm, are also lower than the values obtained for NRvo and below the thresholds, TNRvbm, in all
cases.

3.4.4 Obtaining a and B by using both procedures

We have calculated the values of parameters o and B in all cases included in this simulation study.
Firstly, the values of both parameters were evaluated using Equations 3.16 and 3.21 using the values
of Ns and Np shown in Table 3.5 then we used Equations 3.15 and 3.20 using the results shown in
Table 3.6 for: NRco, NRvo, NRvbm and NRcfs. A comparison of the set of values obtained for o and
B by using both procedures is shown in Table 3.7.
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Table 3.7- Values obtained for o and 8

System of o [%] B [%]
Study 1-(1/Np) | NRcfs/NRco | 1-(1/Ns) | NRvbm/NRvo
0 50.00 50.00 80.00 79.95
1 50.00 50.00 93.33 93.33
2 50.00 49.99 93.33 93.33
3 50.00 50.00 95.45 95.44
4 66.66 66.66 93.33 92.32
5 88.88 88.89 90.90 90.90
6 83.33 83.34 93.33 93.88
7 75.00 74.99 97.50 97.49
8 92.85 92.85 90.00 89.99

As can be seen in Table 3.7, a good agreement between values obtained from the two procedures for
both parameters is achieved. These results are in accordance with the assumption that those parameters
depend only on the array configuration, Ns and Np, and can be evaluated by using Equations 3.16 and
3.21.
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Fig. 3.7- a parameter values as a function of Np

Figure 3.7 shows the values obtained for the parameter o as a function of Np. As can be seen in the
figure the values of o vary from 50% in case of a PV array having 2 strings to 92.85% for a PV array
formed by 14 strings.
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Fig. 3.8- B parameter values as a function of Ns

On the other hand, Figure 3.8 shows the values obtained for the parameter 3, the minimum threshold
as a function of Ns. The values obtained for  are ranging from 80 % for a PV system formed by
strings of 15 PV modules connected in series to 97.5% for a PV system formed by strings containing
40 PV modules in series.

Therefore, with the previous two figures we have the first evidence of the impact of a fault accordingly
to the size of the PV system.

3.5 Impacts of string faults and short-circuited modules

3.5.1 Impacts of faulty strings

In this section will be shown how different string faults in a system impact the output Power, Current
and Voltage at MPP. Then we will see how the ratios react to these variations. This study of the
impact of the faults on the behavior of a PV system was done on every system of the Table 3.5. As a
model of a PV system, we chose to show the results of the system of study number 8, as can be seen in
Table 3.5, because of the high number of strings presented on the configuration of that system.

This system uses a configuration of Ns=10 and Np=14. The PV module is a BP5160S and the total
array power is 21 KWp. The irradiance and temperature used in this simulation are real data.
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Fig. 3.9- Output Current profile with different number of faulty strings

As can be seen in Fig. 3.9, a fault in a string has a direct impact on the output current of the DC side of
the PV system. The green line is related to the maximum output current at DC side, Im, on free fault
operation and the grey lines below are the output current profiles related to the system working with
different cases of string faults. The first grey line, the one right below the green one, is the minimum
number of strings in fault, 1 string in fault and 13 working strings, and the last grey line represents 13
strings in fault and only 1 working string, making a total of 14 strings that composes de PV system.
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Fig. 3.10- NRc: Current ratio profiles
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Figures 3.10 show the evolution of the ratio NRc during the tested period of time for the system
number 8. The green line is the NRco. The Figure 3.10 follows the same concept of the Figure 3.9 and
NRc have a variation of the same order of the output current. This variation between a line and the
other one above (Lc), referring to one less string in fault, can be measured with the Equations 3.33 and
3.34:

1

Le=1-(1-(5)) (3.33)

Np
Lc=1-a (3.34)

And this difference will be always the same.

The voltage ratio (NRv) in free fault and string fault, with the same data of irradiance and temperature,
has the same behavior in both operation conditions.
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Fig. 3.11- Power profile with different number of faulty strings

With the Figure 3.11 we can see the impact of the different number of faulty strings on the output
power of the PV system and this will translate on losses of generated energy.
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3.5.2 Impacts of short-circuited PV modules

Now will be shown how different short-circuited modules in a string of a system impact the output
power, current and voltage at MPP. As a model of a PV system, we chose again the system of study
number 8, as can be seen in Table 3.5, because of the high number of modules connected in series of
this system. We could have chosen the system number 7 because of the high number of PV modules
connected in series, Ns= 40, but it would take a large amount of time to simulate all the cases of short-
circuited modules and yet the system number 8 has the necessary amount of PV modules in series in
order to have good results to show.

—— Fault Free
Short-Circuited Modules,

350

300 -W

250

200

V V]

150

100 —

50

t[h]

Fig. 3.12 Voltage profile with different number of short-circuited modules

As can be seen in Figure 3.12, a short-circuited module has a direct impact on the voltage of the PV
system. The blue line is related to the maximum voltage at DC side, Vi, on free fault operation and the
grey lines below are the voltages related to the system working with different numbers of short-
circuited modules. The first grey line, the one right below the blue one, is the minimum number of
short-circuited modules, 1 short-circuited module and 9 properly working modules, and the last grey
line represents 9 short-circuited modules and only 1 properly working module, making a total of 10
PV modules that composes one string of the PV system.
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Fig. 3.13- NRv: Voltage ratio profile

Figure 3.13 show the evolution of the ratio, NRv, during the tested period of time for the system
number 8. The blue line is the NRvo. The Fig. 3.13 follows the same concept as before and the NRv
have a variation of the same order of the voltage. This variation between a line and the other one

above (Lv), referring to one less short-circuited module respectively can be measured with the
Equations 3.35 and 3.36:

1

Lv=1-(1-() (3.35)

Ns

Lv=1-4 (3.36)

And this difference will be always the same.

The current ratio in cases of free fault and short-circuited module cases, with the same data of
irradiance and temperature, has the same behavior in both operation conditions.
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Fig. 3.14- Power profile with different number short-circuited modules

With the Figure 3.14 we can see the impact on the output power of the PV system and this will
translate on losses of generated energy.

3.5.3 Impacts on the output Power

This section will focus on PV system number 3 and number 8 in order to analyze and quantify how the
previous faults can impact different systems configurations. The configurations, Ns and Np, of these
systems are represented in Table 3.5. All these faults will severely impact the output current, voltage
and then the output power of the PV system. Following the Equation 3.37, the power losses due to
output current or voltage reduction, will impact the output power of the system:

Prax = I X Vin (3.37)
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Fig. 3.16- NRv progression — PV system number 8

Figure 3.15 and 3.16 shows the evolution of the ratio, NRv, correspondent to the short-circuited
modules for the PV system number 3 and number 8 respectively. With these figures we can have a
better view and perception of the variation of ratios when we increase the number of short-circuited
modules in a string. The y axis on the right on the graphs shows the percentage correspondent to each
ratio. The value of 100% corresponds to the free fault operation of the system and 0% corresponds to a
total black-out. The values of the x axis are between the values of 0 and Ns for the short-circuited
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modules case, where in these figures, 0 corresponds to fault free operation and Ns corresponds to all
modules short-circuited.

y=mx+b (3.38)

Following the basis Equation of a straight line (3.38), m corresponds to the slope of the line. These
graphs were done with OriginPro that is a software very useful when we need to do a lot of
modifications on the graphs, but in order to have the equations of the lines we had to use Excel from
Microsoft Office. Thus, we obtained the following equations 3.39 and 3.40 for both Figures 3.15 and
3.16, respectively:

y = -0.0354x + 0.7795 (3.39)

y = -0.08x + 0.8003 (3.40)

With one short-circuited PV module there is a reduction of about 4,5% and 10% on the output power
of the system number 3 and system number 8, respectively. Therefore, with Equation 3.39 and 3.40 we
have the slopes of the graphs of Figures 3.17 and 3.18, -0.0354 and -0.08 respectively. Comparing the
results, the slope is bigger with a lower value of Ns of a string. Thus, the bigger is the Ns, smaller is
the impact of a short-circuited module on the output power of a PV system.
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Fig. 3.17- NRc progression — PV system number 3
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Fig. 3.18- NRc progression — PV system number 8

Figure 3.17 and 3.18 shows the evolution of the ratio, NRc, correspondent to the strings fault for the
system number 3 and number 8. As before, the y axis on the right shows the percentage correspondent
to each ratio and the value of 100% corresponds to the free fault operation of the system and 0%
corresponds to a total black-out. This time, the values of the x axis are between the values of 0 and Np
for the strings fault, where in these figures, 0 corresponds to fault free operation and Np corresponds
to all strings disconnected.

The following equations 3.41 and 3.42 are for both Figures 3.17 and 3.18, respectively:

y = -0.426x + 0.852 (3.41)
y = -0.0659x + 0.9223 (3.42)

With one faulty-string there is a reduction of about 50% and 7% on the output power of the system
number 3 and system number 8, respectively. Equations 3.41 and 3.42 show the slopes of both
systems, -0.426 and -0.0659 respectively. Comparing the results of Equation 3.41 and 3.42, the slope
is bigger with the lower values of Np. Thus, the bigger is the Np, smaller is the impact of a string fault
on the output Power of a PV system.

This behavior is the same as in the case of short-circuited modules, thus the bigger the PV system,
smaller the impacts of a short-circuited module or a string fault on the output power.
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4. Experimental Validation

The procedure of fault detection in grid connected PV systems based on the current and voltage new
indicators described in the previous sections was tested in a grid connected PV system located in the
Centre de Développement des Energies Renouvelables (CDER), Algeria. This PV system of 9.6 kWp
is divided in three sub-arrays of 3.2 kWp each, which are connected to 2.5 kW (IG30 Fronius) single
phase inverters. Each sub-array is formed by 30 PV modules (Isofoton 106W-12V) in a configuration
of two parallel strings, Np=2, and 15 PV modules in series, Ns=15. The procedure and simulations
developed in this work were based on only one sub-array of this PV system.

Nowadays most inverters designed for grid connected PV applications have a wide range of interfaces,
in particular sensor inputs and communication interfaces. These sensor inputs can be used to connect
irradiance sensors as pyranometers, reference cells and PV module temperature sensors. Therefore
these inverters include monitoring capabilities for irradiance and temperature as well as for MPP
evolution because of the MPPT (Maximum Power Point Tracker) incorporated in the inverter.

The main advantage of this method of fault detection is that it can be integrated into the inverter
without using a complex software simulation avoiding the use of modeling and simulation of PV
systems. To accomplish this objective we found two new current, NRc, and voltage NRv. These
indicators are used as benchmarks and both relationships can be calculated by the inverter himself.

On this method, the internal inverter hardware and data-loggers are responsible of all needed
calculations and the storage of the measured data. The own inverter is able to detect and diagnose the
faults in real-time.

The values of parameters o and 3 for the sub-array calculated using Equations 18 and 22 are 50% and
93.33% respectively.

4.1 System Behavior

We have done specific tests on the system behavior in order to evaluate the capabilities of the
developed procedure to detect whether the system has a normal behavior or if there is an abnormality
in the output power. The PV system in study was monitored on five different days, each day for a
different case of study. The data was monitored within an interval of 1 minute between each measure.

For this purpose, we have tested different faulty cases and a free-fault case. On the following table we
remind the possible faults related to the constant behavior of the NRc and NRv respect to their
thresholds, already shown in a previous section:

Table 3.4- Constant Energy Loss Faults in a PV system based on the new indicators

Possible Faults NRc NRv
No Fault OK OK
String Fault Below Threshold | OK

Short-circuited modules

Short-circuited modules and
String Fault

OK
Below Threshold

Below Threshold
Below Threshold
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4.1.1 Case of study 1: Free Fault

A sub-array of the PV system described above was monitored in a day on fault-free operation. Figures
4.1 and 4.2 show respectively the irradiance and cell temperature profiles monitored at the PV
installation along that day:
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Fig. 4.1- Irradiance profile - Free fault day
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Fig. 4.2- Cell Temperature profile - Free fault day

The evolution of Vo and I of this PV array was calculated by using Equations 3.9 and 3.10. Then the
current, NRco, and voltage, NRvo, indicators were calculated according to Equations 3.11 and 3.12
and taking into account the monitored profiles of the output voltage and current at the maximum
power point (MPP) of the PV sub-array DC output.
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Fig. 4.4- Ratios and threshold for output voltage — Free fault

Figures 4.3 and 4.4 show the evolution of the indicators of current and voltage at DC side,
respectively, between 8:33 and 17:47 because of the minimum irradiance of 200W/m?, as already
explained in a previous section. As can be seen in the Figures 4.3 and 4.4, NRc and NRv are over the
corresponding thresholds: TNRcfs and TNRvbm, indicating that the PV system is in fault-free
operation. NRco and NRvo are the expected values for the ratios of current and voltage, simulated,
corresponding to the real irradiance and temperature profiles in this day.

Mario Filipe Aires da Silva 58



Analysis of new indicators for fault detection in grid connected PV systems for BIPV applications

Table 4.1- Ratios and thresholds values — free fault

Rati Parameter values Standard deviation
atios
(mean) c

NRvo (%) 81.05 10.51x10°
NRv (%) 82.23 17.94x103
TNRvbm 78.11 10.20x10®
NRco (%) 90.77 4.65%x10°°
NRc (%) 89.56 39.65x10°
TNRcfs 46.41 23.74x10°°

Table 4.1 shows the mean (average) values and standard deviations obtained for these parameters in
this case of fault-free operation. The mean values of the indicators of current are around 90% and 81%
in the case of voltage. As can be seen in Table 4.1, there is a good accordance between expected and
real values of NRc, (NRco ~ NRc), and NRv, (NRvo ~ NRv). In both cases the indicators — NRc and
NRv - show mean values above the corresponding thresholds, TNRcfs and TNRvbm, respectively.

4.1.2 Case of study 2: String Fault

In this case we are studying the case of a faulty string of a sub-array of the PV system. In order to fully
understand how the system and the generated energy of the system reacts to this kind of fault, one of
the strings of the sub-array was disconnected from the system and then the evolution of the MPP, the
corresponding output voltage and current, was monitored as well as the irradiance and cell
temperature. Figures 4.5 and 4.6 show the irradiance and temperature profiles monitored, respectively.
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Fig. 4.5- Irradiance profile — string fault day
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Fig. 4.6- Cell Temperature profile — String fault day

The evolution of the voltage and current indicators was calculated following the same procedure than
in the case of fault-free operation described above using monitored data.
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Fig. 4.7- Ratios and threshold for output current — String fault

Figure 4.7 shows the evolution of NRc, NRco as well as the evolution of TNRcfs that was calculated
using Equation 3.19. The values for NRco are higher than the values of NRc that is below the
threshold given by TNRcfs, as can be seen in figure 4.7 and in Table 4.2.

Following Table 3.4, this situation indicates a fault of one string in the PV array.
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Table 4.2- Ratios and thresholds values — String fault

Rati Parameter values Standard deviation
atios
(mean) c

NRvo (%) 81.85 10.52x10®
NRv (%) 83.59 28.48x10°°
TNRvbm 77.87 10.02x103
NRco (%) 90.99 7.43x10°®
NRc (%) 45.34 2.06x10°°
TNRcfs 46.82 3.80x10°°

On the other hand the voltage indicators show a good behavior as can be seen in Figure 4.8. The
values of NRv and NRvo are of the same order and the threshold TNRvbm presents a lower value than
the voltage ratios. This behavior is similar to the fault-free case. Mean values and standard deviations
are given in Table 4.2.
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Fig. 4.8- Ratios and threshold for output voltage — String fault

Accordingly to Table 3.4, the results of the current and voltage ratios profiles result in the detection of
a faulty string in the PV array.
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4.1.3

Case of study 3: Short-circuited PV modules

In this case we are studying the short-circuited PV module of a sub-array of the PV system. In order to

fully understa

nd how the output power of the system reacts to this kind of fault, the short-circuited PV

module was simulated by manually jumping the PV module with cables. One of the PV modules
forming part of a string of the sub-array was short-circuited and then the evolution of the MPP, output

voltage and

current, was monitored as well as the irradiance and cell temperature along the

experiment. Figures 4.9 and 4.10 show the corresponding irradiance and temperature profiles
monitored in that day.
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Fig. 4.9- Irradiance profile — Short-circuited module day
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Fig. 4.10- Cell Temperature profile — Short-circuited module day

The evolution of the current and voltage was calculated following the same procedure described in

previous secti

ons from the monitored data. Figure 4.11 shows the evolution of NRv as well as the
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evolution of NRvo and TNRvbm. The evolution of the ratios of current NRc and NRco as well as the
threshold TNRcfs are given in Figure 4.12. Mean values obtained for current and voltage indicators,
thresholds, and standard deviations are given in Table 4.3.
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Fig. 4.11- Ratios and threshold for output Voltage — Short-circuited PV module
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Fig. 4.12- Ratios and threshold for output Current — Short-circuited PV module
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As can be seen in Figure 4.11 the values of NRv are below the threshold indicated by TNRvbm
showing a fault present in the PV array. The main values obtained for these parameters are shown in
Table 4.3.

On the other hand, the evolution of the indicator of current NRc shows a similar behavior to the case
of fault-free operation and remains over the threshold TNRcfs. This behavior of NRc is explained
because the short-circuited modules of this experimental case is not caused by shading. This means
that the irradiance (G) and cell temperature (Tcell) will be similar to the free fault day.

Main values around 91% have been obtained for NRc and NRco while the mean value of TNRcfs is
46.55%, as can be seen in Table 4.3.

Table 4.3- Ratios and thresholds values — one Short-circuited PV module

) Parameter values Standard deviation
Ratios
(mean) c
NRvo (%) 81.81 10.61x10®
NRv (%) 74.65 12.02x10°®
TNRvbm 77.88 10.1x10°
NRco (%) 91.28 4.81x1073
NRc (%) 90.15 37.77x1073
TNRcfs 46.55 2.45x10°®

From the results obtained for NRc and NRv the fault detected in this experiment corresponds to one
short-circuited module in a string of the sub-array as expected and as Table 3.4 shows.

4.2 Detection and diagnose of changing energy loss type of failures

Using these new current and voltage indicators, NRc and NRv respectively, we are able to detect and
diagnosis more kinds of faults, although we cannot use exactly the same method as before. For these
new faults the behavior of the temporal evolution of NRc and NRv will be different than in case of
string fault and short-circuited PV modules. These faults are: Shading and grid faults.

4.2.1 Partial Shadowing

In this case we are studying the case of shadowing of a sub-array of the PV system. The PV plant
under study suffers an irregular shade over both strings in winter season because of a nearby
telecommunication’s pylon, especially at morning times, from 10:00 until 12:30. Another shade is
observed at the end of the day due to nearby trees that also hide the reference cell. The shadows may
get some PV modules short-circuited or only partial short-circuited due bypass diodes activation.

Output power, voltage and current at DC side were monitored as well as the irradiance and cell
temperature along the experiment. Figs. 4.13 and 4.14 show the corresponding irradiance and
temperature profiles monitored.
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Fig. 4.13- Irradiance profile with Shading
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Fig. 4.14- Cell Temperature profile with Shading

Figures 4.13 and 4.14 are data measured by the pyranometer and a thermocouple located at the same
place of the PV system. The irradiance profile of the 4.13 is related to the horizontal plane and it
shows some shading at the beginning of the day, between 8:30 and 9:30, and at the end of the day,
between 17h and 18h. The temperature profile follows the irradiance profile because when the
pyranometer is shaded the thermocouple is shaded too, decreasing its temperature.
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Fig. 4.15- Current profile at DC side of the PV system with Shading
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Fig. 4.16- Voltage profile at DC side of the PV system with Shading

The profiles of output voltage, current and power were analyzed between 8:38 and 18:19 because it
was the time of the day that the irradiance started to be higher than 200 W/m?. Figure 4.15 and 4.16
present us the current and voltage profiles at DC side, respectively. As can be seen, the shading has
bigger impact on the output current than on output voltage. The measured profile of the output current
indicate the presence of partial shadows on the PV array that is not reflected in the irradiance profile
because the pyranometer was not shaded in the same way that the whole PV array. Even so, there are a
slightly impact on voltage until 17:00. Between 17:00 and 18:00 there is a quick decrease in voltage
that make us think that there is a shadow covering almost all the PV system, therefore starting to
completely bypass the PV modules some time before the night comes.
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Accordingly to Figure 4.13 there should not be shading between 9:30 and 17:15 but seeing Figure 4.15
we see shadow effects between 11:00 and 12:00 and between 12:45 and 14:20. This happens because
the irradiance profile was taken by only 1 pyranometer that could not be shaded while there were
shadows covering some PV modules away from that pyranometer. This also explains the missing
shadow effects on simulated current in Figure 4.15.
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Fig. 4.17- Power profile at the DC side with Shading

Figure 4.17 show that there is a big impact on the output power of the system when it is covered by
partial shadows.
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Fig. 4.18- NRc profile with Shading
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Fig. 4.19- NRv profile with Shading

Figure 4.18 shows that there is a decrease in current at the DC side when some PV modules are
shadowed. Between 16:30 and 17:00 there is a decrease in the current output of the PV system because
of high shading effects in that period of time. After 17:00 the NRc starts to increase towards infinite
because still exists some output current when no irradiance is available which means that at this time
Is.=0. The NRc does not have big variations enough to decrease to a value below the threshold TNRcfs
and then to automatically detect shadow effects but nevertheless seeing and analyzing the temporal
profile of NRc we are able to detect them. The reason because NRc remains over the threshold
TNRcfs most of the time is because of the PV system configuration. The PV system is formed by just
two parallel strings, so the value of TNRcfs is about 50%. In case of PV systems containing more
strings in parallel connection the effect of the shadows will make the NRc indicator go below the
threshold.

On the other hand, Figure 4.19 shows some variations on the voltage at DC side and after 17:00 the
NRuv starts to increase towards infinite values because there is no irradiance resulting in Vo.=0. With
figure 4.19 we can conclude that with the fault detection method presented in this thesis we can
automatically detect shading effects because when shadows cover parts of the array the NRv goes
below the threshold TNRvbm during that period of time.

Therefore, we are able to detect shading effects with this method but instead of a constant behavior of
the indicators, NRc and NRv, below the thresholds during all day as in case of string faults and short-
circuited PV modules, we have a changing behavior of the indicators during certain periods of time.

4.2.2 Grid Fault

In this case we are studying the case of grid fault impact for a sub-array of the PV system. In order to
get this data it was needed to wait for a day with high grid inconsistency and then the monitored data
was saved [2]. That same day was very cloudy and that is why there are shadows over the PV system
in the first half of the monitored day. Output power, voltage and current were monitored as well as the
irradiance and cell temperature along the experiment. Figs. 4.20 and 4.21 show the corresponding
irradiance and cell temperature profiles monitored.
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Fig. 4.20- Irradiance profile with Shading
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Fig. 4.21- Cell Temperature profile with Shading

Figures 4.20 and 4.21 are data measured by the pyranometer and a thermocouple located at the same
place of the PV system. As we can see, the variations on the irradiance, due to the weather conditions,
greatly impact the cell temperature.
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Fig. 4.22- Current profile at DC side of the PV system with Shading and Grid faults
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Fig. 4.23- Voltage profile at DC side of the PV system with Shading and Grid Faults

The profiles of output voltage, current and power were analyzed between 8:37 and 18:03 because it
was the time of the day that the irradiance started to be higher than 200 W/m?. Figure 4.22 and 4.23
present us the current and voltage profiles at DC side, respectively. As can be seen, the grid faults and
shading effects have bigger impact on the output current than on output voltage. When shading is
present, there is a somehow constant decrease in current at the DC side but the voltage at the same side
of the inverter, is somehow stable.

When blackouts or a similar fault occur on the grid at AC side, there are some changes on the behavior
of the output current and voltage profile of the PV system at DC side. What happens on the output
current profile is that at the moment when a grid fault occurs, the current at DC side instantly drops to
zero because the inverter switches off as a safety measure to prevent islanding. That can be seen in
Figure 4.22 when there appear some spikes of current going to zero values. On the other hand,
analyzing Figure 4.23, the voltage profile at DC side, we may see similar effects at the same time of
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the day when grid fault occur. When those grid faults occur there are some “positive” spikes on the
voltage profile at DC side that mean that for an instant the voltage greatly increases due to a response
of the inverter.
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Fig. 4.24- Power profile at DC side of the PV system with Shading and Grid Faults

Figure 4.24 shows a big impact on the output power of the system even when it is covered by partial
shadows. It also shows that when faults occur on the grid and the inverter switches off, there is no

output power.
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Fig. 4.25- NRc profile with Shading and Grid Faults
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Fig. 4.26- NRv profile with Shading and Grid Faults

Figure 4.25 and 4.26 show the new ratios behavior for current and voltage, NRc and NRv respectively.
The explanation for the spikes on the ratios profiles is the same as before on the output current and
voltage profiles in Figures 4.22 and 4.23, respectively. Accordingly to figure 4.25, when there is a grid
fault we can automatically detect it because the NRc goes to zero for an instant of time and thus below
the threshold TNRcfs.

With figure 4.26, NRv profile, we cannot automatically detect grid faults but if we analyze its
temporal profile we may be able to detect grid faults because we can see that with a grid fault not only
the output current goes to zero but when the inverter switches on and the system start to properly work
again, there is a great increase on the output current, a spike on the graph, just after that happens.
Therefore, we are able to detect grid faults with this method but instead of a constant behavior of the
indicators, NRc and NRv, below the thresholds during all day as in case of string faults and short-
circuited PV modules, we have a changing behavior of the indicators during very shorts periods of
time. In this case the PV system configuration is not a limitation for the detection; despite we have just
two parallel strings, as in the previous section related to shadowing effects. This fact is easy to be
understood taking into account that in case of grid failure the input current of the inverter is zero.
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5. Conclusions

In this work we have presented a new procedure for automatic detection and diagnosis of main faults
in PV systems. The method is based on the evaluation of current and voltage indicators and in the
definition of thresholds for both parameters that can help to identify the system faults. The definition
of the thresholds is determined by the number of PV modules forming the PV array and its
configuration in parallel and series connection.

Firstly, the simulations of the 1-V curves, Power curves and MPP using the MatLab matched very well
the measured values provided by the manufacturers and then we were able to continue the actual work
of fault detection. These simulations also covered output current, voltage and power at DC side.

Afterwards, an intense simulation study was done to verify the definition of the current, NRc, and
voltage, NRv, indicators as well as the definition of the corresponding thresholds for short-circuited
PV modules and faulty strings. With this study we were able to diagnose the operation conditions of
the PV system accordingly to the results of these previous simulations. The thresholds are dependent
of the free-fault operation expected ratio values, NRco, NRvo and two new variables, o and B. Initially
for the thresholds definition in Equations 3.17 and 3.22, we were going to use the standard deviation
of the NRco and NRvo but these deviations were too small and the fault detection method would not
properly work as we expected. Thus, we chose to use the 2% value instead of the standard deviations.
As explained in a previous section, for the definition of a and B, there are two ways to define them,
one using simulations and the other only using the connection configuration of the PV system. It was
concluded that we only need the PV system connection configuration in order to define them, thus not
needing any kind simulation results to achieve them.

Therefore, this means that the presented method for diagnosis and fault detection does not need
extensive simulations. With these simulations we also concluded that the bigger the PV system, the
lower is the impact of a fault on the output power of the PV system. Moreover the analysis of the
values of both indicators, NRc and NRv, can be useful to identify the number of short-circuited
modules and faulty strings present in a PV array as well as its effect on the total output power.

Finally we have verified the fault detection procedure experimentally in real conditions of work of the
grid connected PV system at CDER, Algeria. For the cases of one short-circuited module and one
faulty string, the results were the expected and the ratios and thresholds worked properly. Sadly, we
were not able to experimentally validate a case when both short-circuited module and faulty string
would occur at the same time because we did not have the actual data of that fault situation.

Afterwards, we have verified the fault detection of the shading effects and grid faults of the same PV
system. We are able to detect grid faults and shading effects with this method but instead of a constant
behavior of the indicators, NRc and NRv, below the thresholds during all day as in case of string faults
and short-circuited PV modules, we have a changing behavior of the indicators during certain periods
of time.

The definition of thresholds for voltage and current indicators must be adapted to the specific PV
system to supervise and a training period is recommended to ensure a correct diagnosis and reduce the
probability of false faults detected. Therefore, the proposed method is simple but effective detecting
the main faults of a PV system.

The results obtained in this work have been the base for a manuscript sent to the journal: Energy
conversion & management (Elsevier) to be considered for publication that is now in the review
process.
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6. Annex

In annex will be shown some examples of the code used on the many simulations done in this work
and then the manufacturer sheets of the PV modules used in this work.

The script examples shown are from the validation process where the system simulated is the PV
system, Ns=15 and Np=2, using PV module Isofoton 106/12, installed at (CDER), Algeria.

Isofoton 106/12, cell definition: (esfp_c00.m)

% Constantes fisicas

K =1.38E-23; % Constante de Boltzmann [J/K]
q =1.6E-19; % Carga fundamental doelectao [C]

% Parametros da celula solar

Areao =121.78; % Areada celulasolar [cm2]

Rs =7.78E-3; % Resistencia serie [Ohms]

Rp =11.0556; % Resistencia paralela [Ohms]

n =1.14; % Factor de idealidade do diodo []
Ego =1.16; % Energia do GAP a 0°C [eV]

agap =7E-14; % 1°Parametro que relaciona Eg e Ego [eV/K]
bgap =1100; % 2° Parametro que relaciona Eg e Ego [K]

Jsco =0.0229; % Densidade de corrente de curto-circuito [A/cm2]
Coef_Jsc = 1.47808E-5; % Coeficiente de temperatura por Jsc [A/Kcm2]
Voco =0.6; % Tensao em circuito aberto  [V]

% Parametres de precisié dels métodes numeérics
linc =0.0001; 9% Precisio dels calculs de corrent [A]
Vinc  =0.0001; 9% Precisio dels calculs de tensio  [V]

Complement script to define the PV module: (esfp_g00.m)
% Parametres de les associacions série-paral-lel

% Total Cells= 72

Nsg =36; % --Numero de cél-lules solars en serie 1]

Npg =2; % --Numero de cel-lules solars en paal-lel ]

Pmod = 1.472; % --Poténcia maxima dissipable en una cel-lula [W]
% Parametres de precisid dels métodes numeérics

linc = 0.0001; % Precisio dels calculs de corrent  [A]

Vinc = 0.0001; % Precisio dels calculs de tensio  [V]

Mario Filipe Aires da Silva 74



Analysis of new indicators for fault detection in grid connected PV systems for BIPV applications

1-VV and MPP curves: G=1000 W/m? & T=25°C script:

close all;clear all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%%%%%6%%%% %% %% %% %% %% %% %% % %% % %% % % %% %% % % %% %% % % %% %% % %% % %% % % %% %%
% Curva I-V (figura 1)
% G=1000, T=25

% Dades d'entrada

[G]=1000;

[T]=25;

[Voc]=esfgvoc (G, T);

[Isc]=esfgisc (G,T);

[Vpmp,Ipmp,Ppmp]=esfgpmp (G, T);% Funcéo para obtencéo de Vmpp, Impp, Pmpp
[V]=[0:Voc/100:Voc];

[G]=G*ones(1,length(V));

[T]=T*ones(1,length(V));

% Calcula |
[I]=esfgvai (G, T,V);

% Calcula Pmpp
Power=1.*V;

%%%%%%%%%%%%% Gréficos %%%%%%%%%%%%% %%

figure (1);%plot de I-V  %%%%%%%%%%%%%%%%%% %% %% %%
eixos =[0 22 0 6];

plot (V,1);

title ('G = 1000 [W/m2], T =25 [°C]");

axis (eixos);

xlabel('V");

ylabel('l");

grid on;

figure (2); %plot max power point  %%%%%%%%%%%%%%%%%
axis ([0 Voc*1.01 0 +100));

plot(V,Power,'r");

title ('Curva do Pmpp");

xlabel('V");

ylabel('Power [WT]);

grid on;

%%% Obter MPP values

fprintf("Vmpp a 25°C = %d V \n',Vpmp);
fprintf('lmpp a 25°C = %d A \n',Ipmp);
fprintf('Pmpp a 25°C = %d W \n',Ppmp);
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[V ()] with 1 Short-circuited Module: Validation script:

%%
clear all;close all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%0%% %% %% %% %% %% %% % %% % %% %% %% %% %% %% % %% % %% %% %% %% %% %% % %% % %% %% %% %%
% Dados de entrada

tempo_irrad_freefault_e_bypassl = 'tempo_irrad_freefault_e bypassl.xlsx’;

X= xlsread(tempo_irrad_freefault_e_bypassl,'A184:A738");% hora (h)

G= xlsread(tempo_irrad_freefault_e_bypassl,'B184:B738");% G (\W/mz2)

T= xlsread(tempo_irrad_freefault_e_bypassl,'J184:J738");%Tcell [°C] ao longo do dia

Vdc= xlsread(tempo_irrad_freefault_e_bypassl,'K184:K738");%Vdc_meas (V) ao longo do dia
fprintf('%d \n', Vdc);

%%

%graficos

figure (1);

hold on;

axis ([5 20 0 250]);
xlabel('t [h]);
ylabel('V [V]);
grid on;

i=1;
for i=1:length(G)

% tic
%output para uma celula
[Vpmp, Ipmp,Ppmp]=esfcpmp(G(i), T(i));

% valores de 1 modulo (72 celulas)
Vpmp_g=Vpmp*36; %36 celulas em serie
%  Ipmp_g=Ipmp*2; %2 celulas em paralelo

% valores de 1 array (30 modulos)

Vmpp_array =Vpmp_g*14; %15 modulos em serie
%  Impp_array =lpmp_g*2; %2 modulos em paralelo
% Pmpp_array =Impp_array.*Vmpp_array;

t=X(i);%experiencia
plot (t,Vmpp_array,'b";

%  fprintf('lter %d \n', i);%para testar o tempo
% toc

%  fprintf("Vmpp do array em i=%d = %d V \n',i,Vmpp_array);

%  fprintf('Impp do array em i=%d = %d A \n',i,Impp_array);

%  fprintf('Pmpp do array em i=%d = %d W \n',i,Pmpp_array);
fprintf('%d \n',Vmpp_array);

end

hold on
plot (X,Vdc,'r");
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[1(t)] with 1 String Fault: VValidation script:

%%
clear all;close all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%0%% %% %% %% %% %% %% % %% % %% %% %% %% %% %% % %% % %% %% %% %% %% %% % %% % %% %% %% %%
% Dados de entrada

tempo_irrad_stringfault = ‘tempo_irrad_stringfault.xlsx’;

X= xlsread(tempo_irrad_stringfault,’”A184:A738'");% hora (h)

G= xlIsread(tempo_irrad_stringfault,'B184:B738");% G (W/m2)

T= xlIsread(tempo_irrad_stringfault,'J184:J738");%Tcell [°C] ao longo do dia

Idc= xlIsread(tempo_irrad_stringfault,'H184:H738");%Idc_meas (A) ao longo do dia

fprintf('%d \n', Idc);

%%

%gréficos

figure (1);

title (" ILA] - 5am to 8pm: blue (simulated) , red (measured) :: SOSt');
hold on;

axis ([520 0 10]);

xlabel('t []");

ylabel('l [A]);

grid on;

%%
i=1;
for i=1:length(G)

% tic
%output para uma celula
[Vpmp,Ipmp,Ppmp]=esfcomp(G(i), T(i));

% valores de 1 modulo (72 celulas)
%  Vpmp_g=Vpmp*36; %36 celulas em serie
Ipmp_g=Ipmp*2; %2 celulas em paralelo

% valores de 1 array (30 modulos)

%  Vmpp_array =Vpmp_g*15; %15 modulos em serie
Impp_array =lpmp_g*1; %2 modulos em paralelo

%  Pmpp_array =Impp_array.*Vmpp_array;

t=X(i);%experiencia
plot (t,Impp_array,'b’);

%  fprintf('lter %d \n', i);%para testar o tempo

% toc

%

%  fprintf("Vmpp do array em i=%d = %d V \n',i,Vmpp_array);

%  fprintf('lmpp do array em i=%d = %d A \n',i,iImpp_array);

%  fprintf('Pmpp do array em i=%d = %d W \n',i,Pmpp_array);
fprintf('%d \n', Impp_array);

end

hold on
plot (X,1dc,'r");
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[P(1)] Free Fault: Validation script:

%%
clear all;close all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%9%%%%%%%%%% %% %% % % %% %% %% %% %% %% % % % % %% %% %% %% %% %% %% %% %% %% %% % % % %
% Dados de entrada

tempo_irrad_freefault = ‘tempo_irrad_freefault.xlsx’;

X= xlIsread(tempo_irrad_freefault,'”A184:A738");% hora (h)

G= xlsread(tempo_irrad_freefault,'B184:B738");% G (W/m2)

T= xlIsread(tempo_irrad_freefault,'J184:J738");%Tcell [°C] ao longo do dia

F= xlsread(tempo_irrad_freefault,'D184:D738");% P_meas (W) ao longo do dia

%fprintf(‘%d \n', F);

%%

%graficos

figure (2);

hold on;

axis ([8.55 17.783 0 2800]);
xlabel('t [h]);

ylabel('P [WT);

grid on;

i=1;
for i=1:length(G)

% tic
%output para uma celula
[Vpmp,Ipmp,Ppmp]=esfcpmp(G(i), T(i));

% valores de 1 modulo (72 celulas)
Vpmp_g=Vpmp*36; %36 celulas em serie
Ipmp_g=lpmp*2; %2 celulas em paralelo

% valores de 1 array (30 modulos)

Vmpp_array =Vpmp_g*15; %15 modulos em serie
Impp_array =lpmp_g*2; %2 modulos em paralelo
Pmpp_array =Impp_array.*Vmpp_array;

t=X(i);%experiencia
plot (t,Pmpp_array,'b");

%  fprintf('lter %d \n', i);%para testar o tempo

% toc

%

%  fprintf("Vmpp do array em i=%d = %d V \n',i,Vmpp_array);

%  fprintf('Impp do array em i=%d = %d A \n',i,Impp_array);

%  fprintf('Pmpp do array em i=%d = %d W \n',i,Pmpp_array);
fprintf('%d \n', Pmpp_array);

end

hold on
plot (X,F,'r);
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INRCc]: Validation script:

clear all;close all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%%

% Dados de entrada

tempo_irrad_stringfault = 'tempo_irrad_stringfault.xlsx’;

X= xlIsread(tempo_irrad_stringfault,’A184:A738");% hora (s)

G= xlsread(tempo_irrad_stringfault,'B184:B738");% G (W/m2)

T= xlsread(tempo_irrad_stringfault,'J184:J738");%Tcell [°C] ao longo do dia
I_meas= xIsread(tempo_irrad_stringfault,’H184:H738");%Impp: dc side

%gréficos

figure (1);

hold on;

axis ([8.5517.83 0 1]);
% axis auto;

xlabel('t [h]);
ylabel('Im/lsc');

grid on;

i=1;
for i=1:length(G)
% [G]=Gx*ones(1,length(Gin));
[Isc]=(esfgisc (G(i),T(i)))";
Isc_array=2*Isc; %array contem 30 modulos, Np=2
Racio(i)=I_meas(i)/Isc_array;
%  fprintf('t=%d, Im=%d, Isc_array=%d, racio=%d \n',X(i),I_meas(i),Isc_array,Racio(i));
fprintf('%d \n', Racio(i));
end

plot (X,Racio,'r);
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[INRvV]: Validation script:

clear all;close all;clc;

esfparam;% Define as variaveis do sistema
esfp_c00;% Carrega os parametros da celula solar
esfp_g00;% Carrega os parametros do modulo solar

%%

% Dados de entrada

tempo_irrad_stringfault = 'tempo_irrad_stringfault.xlsx’;

X= xlIsread(tempo_irrad_stringfault,’A184:A738");% hora (s)

G= xlsread(tempo_irrad_stringfault,'B184:B738");% G (W/m2)

T= xlsread(tempo_irrad_stringfault,'J184:J738");%Tcell [°C] ao longo do dia
V_meas= xlsread(tempo_irrad_stringfault,'K184:K738");%Vmpp: dc side

%gréficos

figure (1);

hold on;

% axis auto;

axis ([8.5517.83 0 1]);
xlabel('t [h]);
ylabel("Vm/Voc");

grid on;

i=1;
for i=1:length(G)

% [G]=Gx*ones(1,length(Gin));
[Voc]=(esfgvoc (G(i),T(i)))";
Voc_array=15*Voc; %array contem 30 modulos. Ns=15, Np=2
Racio(i)=V_meas(i)/Voc_array;

%  fprintf('t=%d, Vm=%d, Voc_array=%d, racio=%d \n',X(i),V_meas(i),Voc_array,Racio(i));
fprintf('%d \n', Racio(i));

end

plot (X,Racio,’b";
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Now the manufacturer sheets of the PV modules studied are presented:

E,E\'Rﬁ H 1 500 PHOTOVOLTAIC MODULES

NEW GENERATION PHOTOVOLTAIC MODULE
The H1500 module represents the state of the art in the PY market and is
particularly surtable to grid connection systems. It utilizes 36 HT 1685x165
mm high efficiency -MAX monocrystalline cells, developed by Helios to
meet the market need of the new millennium. The high power of the H1500
modules means that fewer units need to be left, installed and
interconnected, comparing to the smaller modules. This is especially relevant
to grid connected applications and large systems where low installation
costs are desiderable. Thanks to the -MAX technology developed by Helios
for its range of high efficiency modules, the H1500 performs an increased
current output by 10-17% at operating battery voltage when installed in a
stand alone system. High power output, compact and light weight design,
prouven reliability, make this module to provide power in virtually any
climate, under the toughest environmental and operating conditions.

Every single cell and module are tested throughout the manufacturing
process to guarantee at least 30 years effective service life.

The H1500 module is avaiable in two power output versions, to better meet
the customer's needs.

Robust construction and heavy duty anodized aluminium frame design make
thiz module suitable to all power applications.

For an easy and guick serial connection the module can be optionally
supplied equipped with multicontact connectors.

Guaranteed power = 80% 26 years

Relative hurmidity up to 100%
Dirmensions 1530 x 890 x 34 mm £ 1 mm c€ H1500 / T10W - 120W
Weight Kg. 14

Tolerance on technical data: + 5%

ELECTRICAL SPECIFICATIONS {at 100 mW/cm?®, 25°C, AM 1,5)

MODULE H1500
Peak Power (Wpl Watts 110 Watts 120
short circurt current (lsc) Amps 7122 Amps 788
Open circuit voltage (Voc] Volis ] Volts H
Voltzge at maximum powser (Vmip) Voits 17 Volts 17
Currant at maximum powear (mg) Amps 647 Amps 7.08
Typical Current at battery operating voltage [1-135V] Amps 69 Amps 15
MOCT iNominal operating cell temparatural T 4317 T 437
Change of Voo with temperature [ myfC =0 myfC =0
Wind loading or surface pressura Mim2 2400 (200 km/h agqui.) Mm2 2400 (200 km/h equiv )
Hailstone Impact Resistanca 24mm  atBOkm/h 24 mim =2t 30 km/h
Siorage and operating temperature T fromd0to +95 *C from 4010 +55
Maximum System Voltzge Volts 1000 Volts 1000
o MODULE 110W a0— MODULE 120W
8.5 5
ls¢ 50— lsg 20—
(AmEs) 75— e [Aras) 75—

70—
&5 -
D=
55—
e
a5
§ A =
2,5 -
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E 2.5 —
.6 —
E 1.5
5e—
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Intelligent module design
Al cells are slecinicaly matched to assure the

Solar module SP150

- ters

graatast power output posslbic Electrical parame 24V

" Uitra-ciear tempered giass provides excefent It [y e oo e rating Pos W' 150
mmw and protects from wind, hall, and Rated cument hee 4 4.4
Torsion ang comusionesisnt anoaze sumng | ared YORAgE Vg, M 4.0
madue frame ensures dependable performance, Short circuit cumrent lg: ] 48
even through harsh weather conditions and In Open circuit voltage Vg ] 434

marine emviranments.

= Bull-in bypass dodes (24V configuration) help Thermal parameters

H_s}:bem plgrmr'nanne during partial shadowing. NCCTS ] 4512

i ua - -

. gh'e:' r'n-::::rle s subject fo mna factory review, | Lome: costcient of the shor-cireut current 208mATC
Inspecton, and testng 1 assure complans Wi Temp. coefficient of the open-circuit voltage -0TFviItC
alectrical, mechanical, and visual citerla Gualification test parameters®

* 72 PowerMax® single-crystaline solar cells delver [ Temperature cycling range ] 40 to +85
excellent perfomancs even In reduced Igt of poor | R e o Fams heat RH] 85

. Eﬁ;ﬂ:wmmmm the Taxture Optimized M'.“imum S5 fied system voitage V] SOV e e
S p—— o generate | Mind Loading PSE  [Nime] 50 (2400)
more enargy from 3vallatie ignt Maximum distortion® 1 12
Faut toierant mult-redundant comtacts on e ot | Hailstarm [ hailstones inches [mm] 1.0 (2 25)
and back of each cell provide superior rellabilty. MFH  [mis] 52 (v=23)

Solar cells are laminated bebween a mukHayered Weight Pounds [kg] | 326 (14.8)
poiymer backsheet and layers of ethylens-viny

acefate (EVA) far environmental profection,

malsture resistance and slecirizal solation.

. |:'|1|:1m:- eh:\::tsllem pm.-ﬁ e "\{:u: ur:jerme " W, (Watt peak] - Peak power Vilirge v e
with pratection trom scra . cuts, breakage, "
and 'prm»st emiironmenta mn:gtons. i Ar Mass Abd= 1.5 IFISD (3% vot Gty

+ Laboratory tested for 3 wile range of operating Imagiance E= 1000 Wim=
condiions. Cail temparature Te=25°C 8

« Ground continulty of less than 1 ahm for all # Hormal Dperating Ceil Temperature at: w4 B
metalllc surfaces. Imadiance E = B0 Wim? |- iSO

* Manufactured In 150 5001 cenifed taclities o AmbiEnt temperare T, =20°C i: 5 \r
exacting Slemens qualty standards. Wind speed Wy 1mis a, '\-';J '..

Easy installation L

-s&mmnnmmnmhmnmmmum T RO TR B = = e =
field wiring and environmental probeciion. 4] Per IEC 61215 25t requirements g

« Light welght, Aluminum frame and pre-driled
:.“hl::"mg mm: ml?dﬂt In::laﬂm. Module dimensions Sp J box

. uizs may be wirzd together In series or Pl ]
parallel o atiain required power levels. Z 1 :::::Tm

Options T g :

+ The module Is supplied from the factory In @ * ; Degree of
standand 24 voit configuration. "u%! 1 I protection: IP54

= Modified verslons of the soiar module are also paE ;.t.i-. i 1
avallable, g as frameless |laminats. Please contact) 1 - 1:

YOur Slemens Soiar dealer for further Information. i i four address for photovoitalcs from Slemens

Performance warranty 'EHT' —! batar:

= 25 Year [Imited Waanty on POWET output. i 3

Furiar informafion on solar produnts, sysiems, principles, E T

an applioation: k avalisbis In fa Ssmanc Solar produat ——— sE.

= 2

oatalog. r B
Hole dlameser 026 Inch [5.6 mm)
Hole dimensloning refesed to hoie center

-y

- ; ©Semens Soar 2000 Stehe 100— Eubjed o modficions
Siemens Solar GmbH Siemens Solar Industries Siemens Showa Solar Pte. Ltd.
A Joit veniure of P.O. Box 6032 186 Kallang Way
Siemens AG and E. ON Energle AG Camarille, CA 83011, US.A. Singapore 340249
Postiach 46 07 05 Tel: ED5-4B2-6800 Tel: E5-B42-3886
C-B0015 Miinc Fax B05-368-0385 Fax: 85-B42-3387 n
German e Web site: www.siemenssolar.com e-mail- ssspuiisolar. siemens. com sg ey

¥ E-mail: ssi_sales@solar siemens. com Prived inULE.A,
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Typical Electrical Characteristics” BP 51605 BP 51705
Maximum Power Pmay) 160W 170W
Voltage at Prya, Vigp) 36.0V 36,0V
Current at Pmay (Imp) 4 444 4724
Warranted minimum P,-. 150W 160W
Short-circuit current (Lo} 4.7A 5.0A
Open-circuit voltage (Vge) 4400 442V
Temperature coefficient of I, (0.065+0.015)%"C
Temperature coefficient of Vg —(160£10ymVi*C
Temperature coefficient of Power —{(0.5+0.05)%5C
NOCT? 47:2°C
Maximum System Voltage® 600V

Notes BP 51705 |-V Curves
1. Thesz data represent the performance of typical BP 51605 and BP _

51705 modules as measured at their cutput torminaks. The dats are

based on measurements made in accordance with ASTM E1036-85

comrected to SRE (3tandard Reporting Conditions, also known as =01
STC or Standard Test Conditions), which are:

= illumination of 1 & (1 sun) at spectral distribution of AM 1.5

(ASTM E232.87 global spectral irradiance); =

= cell termparature of 25°C.

% U5, MEC rating.

3. The calls in an illuminated module operata hatter than the ambient s+
temperature. NOCT (Mominal Operating Cell Ternperature) is an
indicator of this temperature differential, and is the cell temperature -
under Standard Operating Conditions: ambient temperature of 20°C, Z
solar irradiation of 0.E km®, and wind speod of 1 més. g
-1.]

4. During the stabilization process whidh ocours during the first fow
rmonths of deployment, module power may decroase approximately
3% From typical P T

(=17 3

o
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Monokristalllnes Solarmodul ’SOF o TON

ISOFOTON 1-106/12 und 1-110M2

Nes monokrstelline Sclarmodul ISOFOTON | - 108M2 und | - 190/12 bistet Ihnen sine qualitatv hochwertige Kemponente
fur Ihre Photovoiteskentagen. Die langjihrge Erfahrung von ISOFOTON auf dem Geblel der Modulherstelung garantiart
ein hervomagendas Prels — Leistungsverhaiinis und das bei einem rein suroplischen Produlkt.

Die Module bestehen aus 72 monokristaiinen quadratischen Solarzellen, dia in zwei Lagen EVA eingebettet sind. Die
Frontseite aus Solarsicherheitsglas mit hichster Lichidurchilissighelt sowie die Solarzellen mit reflesionsarmer Obarfische
garantioren einen hohen Wirkkungegrad bei unterschiediicheten Strahiungsbedingungen. Die Rickseite der Module ist mit
weiBam Tediar ausgefithd {auf Anfrage sind andere Farben mbglich). Ein stabiler Rehmen aus sloxiertem Aluminium bietst
neben der hohen machanischen Stabilitidt auch eine einfache Montagemdglichicelt.

Dia Solarzeflen des Moduls sind 2 x 38 Zallan in Halhe verschaltet ( Neanspanmung 17,4V ). Dwel getrennie AnschiuBdo-
gen mil intégriarien Bypassdicden ermiglichen einen alrfachan Anschiusa,

Qualitdtsmerkmale

ISOFOTON Standard-Garantie

= 25 Jahre Leigtungegarante

= 10 Jahre Produkigarantic

* Jades Modul wird siner 100 %igen Endkontrolle untarzogen

= Das ISOFOTON Solarmedul | - 10842 und | - 110/12 Ubertrif die imternational fesigelegten Normwede und erfilit
Schutzklasse Il und ISPRA - Zertfkat IEC 1215

Technische Daten |-106/12 1-110112
Nennleistung P mrp, (Leistungsabweichiing) 108W, (5%) | 110W, (10%)
Kurzgchiuse-Strom | 5C 654 A I BTBA
Leeraufapannung U oc 218V I MBY
Strom bei Nennleistung | smc 810 A I BAZA
Spannung bel Nennlelstung Ul stc 174V i 174V
Zellenoberfitche 103,6 orm®
NOCT { B0 mniformd, AM 1.5, 20°C ) 47C

als Laminat
Léngs 1340 mm 1305 mm
Breite B52 mm 547 mm
Héshe {Rahmen) 34 mm 34 mm
Hithe (mit Anschiussdose) 57 mm 5T mm
Gewicht 11 kg 105 kg
Montagebohrungen & ¥ mm -

Elekiriache Warte unior Standand Testbedingungen: 1000 Wim*, Zellentemperatur 25 "G, Spektrum AM 1.5
Technische Anderungen, dis dam Forschrit disnan, behaken wir uns vor.

. 610 .

. _F_Jk 57 . —
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—————pm
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840
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