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Abstract
This project focuses on investigating performance metrics and fault detection
methods in photovoltaic systems. The primary goal is to find feasible solutions
providing high accuracy and reliability in fault detection. The solution should
be simple yet robust enough for commercial applicability. For this reason, only
the minimum essential measurements are utilized for the detection algorithm.
These include the output voltage and current of the installation as well as
irradiation and temperature from a dedicated sensor. Various existing works in
scientific literature are investigated and a viable method is selected for further
analysis.

The final approach involves a time-series analysis of normalized parameters,
providing an overview of the daily performance of a given photovoltaic string.
Although the solution is capable of differentiating between three designated
fault types: global shading, line-to-line faults and partial shading, it was found
that there are numerous limitations that must be overcome before commercial
viability, most of which are not directly technical difficulties. The report
ends with a conclusive list of shortcomings that need additional thought for
future works in this area. Overall, the thesis demonstrates the difficulty of
fault detection for photovoltaic systems when applied outside of controlled
laboratory conditions.
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Sammanfattning
Detta projekt fokuserar på prestandamätning och metoder för felkarakterisering
av solcellsanläggningar. Projektets huvudsakliga mål är att komma fram till
en noggrann och tillförlitlig metod för att detektera olika typer av fel. Lös-
ningen skall vara enkel och samtidigt tillräckligt robust för att vara praktiskt
användbar. Med anledning av detta används endast ett minimum av mätvärden
i algoritmerna, detta inkluderar spänning och ström för solcellssträngarna samt
solinstrålning och temperatur från en separat sensor. Tidigare arbeten i litte-
raturen har undersöks och en lovande metod valdes för det fortsatta arbetet i
detta projekt.

Den valda lösningen använder en tidsserieanalys av normaliserade mät-
värden och ger därmed en översikt av den dagliga prestandan hos en given
solcellssträng. Även om lösningen kan skilja mellan tre typer av fel; global
skuggning, kortslutningar inom strängen och partiell skuggning, så visar pro-
jektet att flera utmaningar måste lösas för att metoden skall kunna användas
praktiskt. De flesta av dess utmaningar är dock inte av teknisk karaktär. Rap-
porten avslutas med en lista av utmaningar som behöver ytterligare arbete
inom detta område. Sammanfattningsvis visar projektet på de svårigheter som
uppkommer vid feldetektering utanför kontrollerade laboratorieförhållanden.
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Chapter 1

Introduction

This chapter introduces the core ideas of the thesis, providing a brief overview
of photovoltaic (PV) power generation and the importance and development of
fault detection.

1.1 Photovoltaic Power Generation
The concept of photovoltaic power generation is based on the principal of
converting light, i.e. solar radiation, into electricity with the help of semicon-
ductor materials exhibiting photovoltaic properties. A major selling point of
photovoltaic power generation is that throughout its life cycle, it does not pro-
duce any greenhouse gases outside of what manufacturing and breaking them
down requires, as such avoiding significant pollution. In addition, they require
very little maintenance and have negligible operation costs. Thus providing a
clean source of energy with a relatively long life cycle of about 20 years. [1]
Furthermore, its scalability and ease of use makes it a favorable alternative for
remote and off-grid applications in combination with other renewable energy
sources and battery storage applications.

Significant breakthroughs in materials science and photovoltaic cell tech-
nologies have led to a considerable increase in efficiency and consequent
decrease in price per kiloWatt capacity, giving way for a rapidly expanding
market. Under laboratory conditions the peak efficiency achieved is marked at
46%, while typical consumer panels have seen an improvement from about 12%
to 17-21% in the past ten years. [2] Given such advancements, energy payback
periods for PV installations can be as low as one year under ideal conditions,
but rarely exceeding 5 years, depending on the location of the site. In addition
to technological advancements, government subsidy programs and national

1



2 CHAPTER 1. INTRODUCTION

projects have been key incentives for PV investments. Notably, the introduction
of feed-in tariffs helped PV power generation become widespread not only as
large-scale power generation but as something accessible to homeowners, small
businesses and private investors, providing them with payment in proportion
to the energy fed into the grid by privately owned PV generators.

As such, photovoltaic applications have seen increasing use since the late
20th century, showing a near exponential growth since. According to the
International Energy Agency’s (IEA) latest report, 2018 marked the year when
the total installed PV capacity exceeded the 500GW mark. [3]

Figure 1.1: Evolution of Annually Installed PV Capacity [3]

Figures 1.1 and 1.2 show the IEA reported PV capacity installed annually
as well as the global installed capacity respectively.

Given such a rapidly expanding market, with some predictions estimating
a doubling of PV capacity by 2022 [4], it remains highly important to ensure
that as a source of clean energy, it is both safe and reliable to use.

1.2 Faults and Consequences
Although photovoltaic power generation is inherently safe and simple to use,
requiring little maintenance overall, there are instances where due to manu-
facturing errors or environmental circumstances, fault conditions can arise.
Generally speaking, there are numerous sources of faults for PV installations,
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Figure 1.2: Globally Installed PV Capacity [3]

ranging from module defects such as: delamination, cracked cells, broken
panels, to faults occurring during installation, for example: clamping, faulty
connectors, to ambient environmental effects like soiling, snow and dirt cover-
age or shading whether occurring naturally or artificially. While the effect of
these faults in most cases is a direct loss of performance, occasionally they may
result in local thermal hot spots or arcing which can in turn lead to electrical
hazards and carry a risk of fire. [5] [6] While many of these conditions cannot
directly be treated, maintenance can be highly useful to determine and remove
environmental faults affecting performance, such as partial shade coverage and
soiling. The effect of such faults is twofold. First is a loss of power generation,
and second is an increase in the degradation rate of the photovoltaic panel as
will be discussed in further detail in section 2.

While an extensive analysis of fault conditions at any given site using
thermal imaging, visual inspection and I-V trace analysis can give an accurate
picture of the status of the photovoltaic generators, it can also become an
expensive and time consuming procedure, particularly considering a 20 year
life cycle. On the other hand, using more commonplace performance metrics
for fault analysis yields too little information to assess necessary maintenance
procedures. Therefore, an in-between method is investigated to determine the
level of detail and complexity in fault detection that is achievable using readily
available electrical and temperature measurements and incident irradiation
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metrics.

1.3 Thesis Goals
This thesis is carried out at KTH Royal Institute of Technology, Sweden in
collaboration with Ferroamp Elektronik AB. Latter provides access to the
equipment and various PV resources and databases necessary to conduct this
project.

The primary goal of this thesis is to investigate the scientific literature on
photovoltaic faults and classification methods, as well as explore the tools
available for the automation of such tasks and propose a feasible solution for
fault detection. Throughout the course of the literature review, fault detection
and classification using machine learning techniques were found to be a highly
popular approach, therefore the thesis’s primary focus will be on examining
the effectiveness and commercial feasibility of such methods.

In order to achieve the goal of the thesis, a performance ratio algorithm is
first developed to provide an overview of PV installations using on-site irradi-
ance and temperature data. Using this information along with the voltage and
current measurements available for a PV installation, I-V fault characteristics
are analyzed and a suitable application is developed to assess real-time mea-
surement data and provide a method of characteristic feature analysis using
time-series visualization to show the effect certain fault conditions have on
photovoltaic performance.

A short summary of the work is as follows:

• Investigate the availability of irradiance sensors and integrate with Fer-
roamp system and database.

• Derive and implement a performance ratio algorithm that can calcu-
late performance indexes based on solar irradiation and temperature
measurements and any user configuration of PV installations.

• Conduct a literature review on photovoltaic fault analysis and detection
methods.

• Model a photovoltaic system in order to generate fault data to explore the
possibility of training an application without ready access to labeled mea-
surements of real-world fault scenarios, which are difficult and expensive
to obtain.
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• Cross-check the application with artificial faults induced on the PV
system located at Ferroamp’s office and test the accuracy of the fault
detection achieved.

The thesis report is organized in the following way:

• Section 2 - Background, is divided into four subsections providing a
detailed description of the technical background of the thesis. These
include the following:

1. Description of the standardized method for photovoltaic power
comparison using the performance ratio.

2. A short overview of the theoretical background of photovoltaic
power generation, mainly featuring information regarding the I-V
curve and characteristic features present on a datasheet.

3. Effects of faults on aforementioned characteristic features, detailing
how certain fault conditions can be detected usingminimal available
information.

4. Summary of the literature review and a list of investigated methods
and approaches and their strengths and weaknesses.

• Section 3 - Methods, is a detailed technical description of the experi-
mental and simulation setup used to conduct this project, as well as the
approach taken with photovoltaic fault detection and classification.

• Section 4 - Results, evaluates the performance of the fault detection
algorithm and presents the results and how to interpret them for further
analysis. This segment contains important comparisons to existing meth-
ods and highlights some of the strengths and weaknesses of the approach
taken in this thesis.

• Section 5 - Conclusions, is the final part of the thesis. It contains a
thorough evaluation of the performance of the fault detection algorithm,
highlighting areas for improvement and plans for future work concerning
improved robustness, scalability and commercial viability.



Chapter 2

Background

This chapter provides the technical background necessary to understand the
fundamental ideas and solutions introduced in later sections of the thesis report.
It is assumed, however, that the reader has basic background knowledge in the
field of electrical engineering.

2.1 Performance Ratio
The performance ratio (PR) is one of the most important metrics in evaluat-
ing photovoltaic efficiency. It is commonly defined as the ratio between the
measured power generation by the photovoltaic installation and the theoretical
maximum output at given incident solar irradiation values. This metric is
independent from all physical attributes of an examined installation as well as
their location, thus providing a way of comparing distinct photovoltaic modules
for performance. [7] As expected, a performance ratio of 100% would indi-
cate that the photovoltaic panel is generating at maximum efficiency. This of
course is an impossible scenario as thermal and electrical losses occur outside
of the modules themselves and, if present, the inverter’s losses are typically
included in the calculations. There are various methods of analysis applied to
performance ratio metrics. Specifically, it is important to distinguish whether
the performance ratio is provided as a single number indicating global perfor-
mance, perhaps measured over a period of multiple days, perhaps weeks. Or if
it is provided as a time-series metric indicating the change in the calculated
performance ratio over time, similarly varying if it is provided as the change
within a single day or over the course of years.

In order to ensure common methods for comparing PV installations, there
are standardized approaches to performance ratio calculation. The IEC-61724

6
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standard includes detailed descriptions of all the steps necessary to conduct
performance ratio measurements. [8] [9]

For basic performance ratio calculations the following values are needed:

• Epv,out - the output power yield of a photovoltaic module or string, ideally
measured after AC conversion if applicable. This value is usually derived
from current and voltage measurements in the inverter.

• Ppv,0 - the nameplate power output of a photovoltaic panel at Standard
Test Conditions (STC). STC is an industry standard definition of test
conditions, currently defined as:

– 1000 W
m2 - incident irradiation on photovoltaic panel

– 25 ◦C - cell temperature during operation

– AM1.5 - AM (Air Mass), a coefficient defining the direct path
length that solar irradiation must take through Earth’s atmosphere

• GPOA - Incident irradiation measured in the Plane of Array (POA) of
the photovoltaic panels

• GPOA,STC - STC irradiation as presented above, 1000 W
m2

• Nmodules - The number of PV panels connected in series in the examined
string

Given the datasheet values for the nameplate power output of a single pv
panel, the number of modules in a connected string and the known values
for STC conditions, as well as the measurements for incident irradiation and
corresponding power output, the performance ratio of a given PV string can be
calculated using the following equation:

PR =

Epv,out

Nmodules∗Ppv,0

GPOA

GPOA,STC

(2.1)

Notice, that there is no reference to temperature in the equation above. This
is not an issue if the performance ratio is calculated during similar ambient
conditions, since module temperature and incident irradiance are correlated.
This will, however, lead to seasonal variation in performance ratio calculations
as module temperatures during colder seasons will be lower than during warmer
seasons. This has a direct effect on module performance, therefore the IEC
standard defines a temperature correction for equation 2.1 using the following
variables:
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• αPn - Temperature coefficient for nominal power output as commonly
specified in the datasheet for pv modules

• Tpv - Measured temperature of the photovoltaic panel

• TSTC - STC defined temperature as seen above, 25 ◦C

• Ck - Temperature correction factor

This latter variable, Ck, defined as the temperature correction factor is
calculated using the following equation:

Ck = 1 + αPn ∗ (Tpv − TSTC) (2.2)

Using the newly calculated temperature coefficient from equation 2.2, we
may now adjust the nominal power output of the PV string from equation
2.1 for any given temperature, thus the finalized equation for calculating the
performance ratio becomes:

PR =

Epv,out

Ck∗(Nmodules∗Ppv,0)

GPOA

GPOA,STC

(2.3)

This method of calculating the performance ratio is dependent on having
access to the plane of array irradiance. For typical PV installations, this can be
achieved by placing additional irradiance sensors in the plane of the strings. In
instances where this is not directly possible, or where there are multiple strings
with varying orientations, the situation becomes more complex. The detailed
analysis of adjusting irradiance measurements for different planes of interest
exceeds the scope of this thesis. However, it is worth mentioning that there
are various experimentally verified methods of adjusting such measurements
available in literature. Namely, a model for extracting the diffuse and direct
irradiation from tilted measurements is identified. [10] These calculations
are based on the Perez-model for irradiance conversions. [11] [12] In the
spirit of the thesis goals in evaluating the commercial viability of examined
applications, it is mentioned here that there are well developed libraries for
applications working with models based on these papers, such as the pvlib
library developed for the Python programming language. [13] The performance
ratio is a powerful tool for providing a quick summary of the performance of
a given PV installation, however it lacks sufficient detail for more in-depth
evaluation. Therefore, the performance ratio is used as a basic analysis tool only.
In the following sections, a more detailed look at the technical background of
photovoltaics is included.
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2.2 Photovoltaic Power Basics
This section will go into detail on the principals behind electric power genera-
tion using photovoltaic panels and their characteristic features. The underlying
concepts of the electricity generation mechanism involving semiconductor
materials and their properties in relation to solar irradiation are excluded from
this discussion. Instead, focus shall be placed on the behavior of photovoltaic
panels with respect to changing conditions in solar irradiation and temperature.
In tandem with section 2.3, it should give a clear picture on how the electrical
properties of PV panels and strings change based on environmental conditions.

First, a short discussion on basic photovoltaic terminology that will be used
throughout this report.

Figure 2.1: Terminology of PV systems [14]

On figure 2.1 above, the typical designations for elements of a photovoltaic
system can be seen.

The basic building block is the solar cell. This is the singular component
responsible for converting sunlight into electricity via the photovoltaic effect.
A PV module, or sometimes referred to as a PV panel (in this thesis the two are
used interchangeably), is a set of solar cells connected in series in an electrical
sense. By connecting the cells in such a manner, their individual open circuit
voltages add up, see figure 2.2. In a modern PV panel, it is not uncommon to
see modules with 60 cells connected in such a way.

In most, if not all, modern panels, the cells in a PV module will be divided
into smaller subsets of cell strings, connected in parallel with a reverse biased
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Figure 2.2: PV cell connections [15]

bypass diode. For reference, see figure 2.3 which shows a sample electrical con-
nection of a PV panel with 60 cells connected with 3 bypass diode connections.
The cells are grouped into 3x20 clusters, all connected in series. In-between
each cell-string of 20 cells is a bypass diode. Under normal circumstances,
the diodes are reverse-biased, their presence becomes more important during
fault conditions when they can activate. This is to mitigate the effects of partial
shading and limit the occurrence and severity of hot spots on the panels. This
will be discussed in further detail in section 2.3.

Most installations, however, will feature multiple PV panels. These are
then connected again in series to form a photovoltaic string, or series string as
shown on figure 2.1. The effect of this, in an electrical sense, is no different
than connecting individual cells in series, in that the open circuit voltages are
summed up, while the current in the series circuit stays constant. For even
larger installations, multiple PV strings can be connected in parallel, forming
photovoltaic arrays. In the context of this thesis, however, this structural level
of PV systems is not of interest, as for the existing implementation, the voltage
and current of each individual string is measured and they are assumed to be
electrically separated.

2.2.1 PV Parameters
As one of the main goals of the thesis is to provide commercially viable ap-
proaches to photovoltaic fault detection, it is important to consider what in-
formation and parameters are readily accessible without any further testing or
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Figure 2.3: Bypass diode connection example

experimental validation. For a sample datasheet of a photovoltaic panel, see
appendix A. Most modern commercial PV panels will likely be supplied with
the following parameters, among many others, characterizing the panel itself:

• Ppv,0 - as introduced in section 2.1, the nominal power output of the PV
panel

• Uoc - the open circuit voltage of the PV panel

• Isc - the short circuit current of the PV panel

• Umpp - the maximum power point (MPP) voltage, for more information
on what the MPP parameter is, see section 2.2.2

• Impp - the MPP current

• αUoc - the temperature coefficient of the open circuit voltage
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• αIsc - the temperature coefficient of the short circuit current

These parameters are going to be the most important in the upcoming fault
analysis. The power, voltage and current parameters are typically specified for
two conditions. The previously discussed standard test condition, and what
is called the normal operating cell temperature (NOCT) condition. Latter is
usually measured at a slightly lower value of irradiation, 800W/m2, as well as a
panel dependent temperature value as specified in the datasheet.

Together, these parameters given at specified operating conditions can
sufficiently characterize a PV panel.

2.2.2 PV Characteristics
In order to gain a better understanding of what is meant by PV characterization
in this thesis, a typical way of representing a particular photovoltaic panel’s
behavior is shown by using an I-V curve. Figure 2.4 below shows the I-V curve
for the panel specified in appendix A.

Figure 2.4: Standard I-V curve of a PV panel

A visual representation of the panel behavior, as on figure 2.4, shows the
output current with respect to the voltage between the positive and negative
terminals of the PV panel. The zero crossings on the x and y axis are equal to
the Uoc - open circuit voltage - and the Isc - short circuit current - respectively.
Given that a PV system outputs direct current (DC), we can say that the power
output is directly equal to the output voltage multiplied by the corresponding
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output current. Plotting this on the above graph, figure 2.5 shows the resulting
characteristics.

Figure 2.5: P-V curve of a PV panel

The blue colored plot is the same as in figure 2.4, whereas the orange plot is
the added curve representing the output power with respect to voltage. As seen
on the graph, there is a global maximum on the P-V curve that represents what
was previously mentioned as the maximum power point (MPP). The data points
indicate this maximum on both I-V and P-V curves. As the primary purpose
of PV panels is power generation, it is important that the output voltage of the
panels are kept at the global MPP of the system. This is typically achieved
through maximum power point tracking or MPPT algorithms implemented in
the inverters connected to PV systems. [16] The study of maximum power
point tracking is a field of its own, as such a detailed discussion is not included
in this thesis. However, it is assumed during the development of this algorithm
that the inverters connected to the PV system being analyzed possess a suitable
method for MPPT.

The output of a PV system is not only dependent on the control of voltage,
but on ambient conditions as well. Namely, the temperature and the solar
irradiance. Both of these environmental parameters affect a panel’s current and
voltage response. Figure 2.6 shows how the characteristic I-V curve changes
based on varying irradiance values. The temperature is kept constant at the STC
defined 25 ◦C. Notice how both the short circuit current and the open circuit
voltage vary with changing irradiance. The current can be said to change in a
roughly linear fashion, whereas the voltage follows a logarithmic profile. In
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reality, both electrical parameters follow a complex profile best approximated
with a logarithmic approach. [17] [18]

Figure 2.6: PV Irradiance dependency

A similar condition may be observed for temperature dependency. Figure
2.7 shows the corresponding behavior with changing temperatures. For these
graphs the irradiation ismaintained constant at the STC defined 1000 W

m2 . Notice,
that changing the temperature has a minimal effect on the current response,
but has a significant impact on the open circuit voltage. As a side note, it is
worth mentioning that this is the reason why PV panels generally have better
performance in lower temperatures.

One important observation of the characteristic dependencies is that while
both the current and voltage have a logarithmic profile with respect to both irra-
diance and temperature, manufacturers typically follow a simplified approach
in representing this in the panel’s datasheet. The irradiance dependency of the
open circuit voltage is usually neglected and the temperature dependencies of
the current and voltage are approximated in a linear fashion. The most common
method used for representing the temperature dependency is a change in each
electrical parameter measured in %/K or another common method for the open
circuit voltage being measured in mV/K, see appendix A.

Despite the fact that manufacturers list both STC and NOCT measurements,
since neither the temperature nor the irradiance is kept constant throughout,
extrapolating accurate irradiation and temperature dependency values for the
electrical characteristics becomes a difficult task. This lack of detail in the
panel specifications will be important later on.
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Figure 2.7: PV Temperature dependency

2.3 Photovoltaic Faults
In the previous section the behavior of photovoltaic panels with respect to
temperature and irradiance has been discussed. This section will now focus on
introducing photovoltaic fault types and illustrating the effects various faults
have on the I-V curve of a given panel. Throughout this section all values and
simulations used to illustrate PV behavior are based on the panel included in
appendix A.

I-V characteristic analysis is a common method of fault diagnosis for PV
panels. The reason is that the most common faults have unique, distinct traces
on the I-V curve, thus allowing accurate distinction between faults. [19] Before
going into the details of I-V fault characteristics, a short review will follow
about the various faults plaguing photovoltaic systems.

2.3.1 PV Faults: Types
A fault in a PV system is understood as one or a set of conditions that, when
occurring, cause a detectable loss of power output. This thesis recognizes two
major types of faults present on PV arrays. Persistent faults are those which
are consistently present on the system, i.e. their effect is measurable regardless
of when it is observed. Whereas intermittent faults are those whose effects
depend on the time of measurement. [20]

Examples for persistent faults can be the following:
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• Installation faults, primarily caused by faulty installation of the equip-
ment, these can result in loose connections or in some cases damages
to the frame or in junction boxes for too tight connections. These are
mainly mechanical faults and, as such, fault detection using electrical
methods does not apply.

• Line to line faults and line to ground faults occur when some part of
the PV system is short circuited. An example of this could be faulty
insulation on the cables resulting in one or more panels shorting to ground
or causing a short circuit between multiple sections of the electrical
system. Occasionally, these faults may result in arcing occurring at such
connection points which are a primary fire hazard in PV systems.

• Bypass diode faults, which may be considered to be a subset of line to
line faults, is a failure most commonly cause by a short circuit of the
bypass diodes resulting in a direct power loss.

On the other hand, intermittent faults would include:

• Partial shading, this is the most common source of intermittent fault
recognized. When a subsection of a PV panel is shaded due to an obstacle
regardless of whether it is artificial such as a chimney or natural such as
tree branches or bird droppings.

• Global shading in comparison to partial shading is when the entire PV
string is subject to roughly the same level of shading resulting in a
global loss of power as opposed to local hot spots as is the case for partial
shading. Causes for global shading can be for example dust accumulation
or snow coverage.

A special case of faults is recognized in system degradation. Over the
course of a PV array’s lifetime its power output is slowly declining. Manu-
facturers will typically supply a warranty period and a rate of degradation for
their panels, however its effects on PV characteristics are far more difficult to
quantify. There are numerous causes for PV degradation including, but not
limited to, delamination, water penetration over the years and radiation induced
degradation of the material. Environmental exposures, such as humidity and
temperature can all affect the rate of aging, as such it becomes difficult without
controlled tests to discern the level of degradation the examined panels are
subject to. Furthermore, both intermittent and persistent faults accelerate the
aging process. All these result in fluctuating degradation rates for installed
panels. [21]



CHAPTER 2. BACKGROUND 17

It has been mentioned before that bypass diodes serve an important purpose
in the function of a PV panel. They are closely related to the effects of partial
shading and understanding their function is important as one of the main topics
covered by this thesis is the detection of partial shading. This section will
provide a simplified overview and the following section, 2.3.2, will give a more
detailed look on its effects on the electrical characteristics of a PV panel.

Partial shading results in what is commonly referred to as a mismatch loss.
[15] In order for a PV array to function at maximum efficiency it is important
that all cells in the array are subject to the same environmental conditions,
namely irradiation and temperature. When the electrical parameters of one cell
in a series string is significantly different it can hinder the power generation
of the entire array. This is where partial shading has a significant effect. If we
refer back to figure 2.6 we can see that if a PV panel or in this case a single
cell is subject to lower levels of irradiation, i.e. it is partially shaded, it will
limit the current output. Since all the cells are connected in series this will
affect the current and subsequently the power output of the entire string. Even
if only one cell is completely shaded, the power output of an entire PV string
is reduced to zero. This in and of itself is a significant issue, however we must
consider where all the power generated by the remaining cells goes. In reality,
the extra power generated by the good cells will reverse bias the faulty cell
making it dissipate at the fault location, that is in the shaded cell. Depending
on the size of the PV string, this can be a significantly large amount of power
that can cause local thermal hot spots, that not only accelerate the degradation
of that and the surrounding cells, but can also cause mechanical damage, for
example by cracking the protective glass above it caused by the thermal stress
or even melting the local soldering joints.

In order to circumvent this problem, bypass diodes are installed in a PV
panel effectively limiting the number of cells that are directly connected in
series, so that in case of partial shading, the power generated by the good
cells dissipating in a faulty cell within one cell string is not enough to cause
permanent damage. Figure 2.8 shows the flow of current during a shaded
condition. Bypass diodes are connected in reverse bias, meaning that under
normal operating conditions they are blocking any reverse current flow. When
a subset of cells is subject to shade, however, that cell string becomes reverse
biased by the other two strings operating at a higher open circuit voltage. This
leads to the connected bypass diode becoming forward biased allowing a free
path for the current to flow from the other cell strings not affected by the shade.

Ideally, a bypass diode would be present parallel to each individual cell
in a PV panel. However, this would be rather expensive. As such, like in
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Figure 2.8: Bypass diode current flow during shading conditions

figure 2.8, bypass diodes are installed over groups of cells, previously referred
to as cell strings. This has the benefit that a single group of cells subject to
partial shading will not hinder the performance of the entire panel, and in
addition avoid the formation of local hot spots. However, if we take the figure
above into consideration, then a single fully shaded panel would still cause an
approximately 33% power loss in the PV panel. This warrants the detection of
partial shading, as more often than not, the maintenance required to clear the
source of the shade is insignificant in comparison to the power loss accumulated
over the course of days, weeks or perhaps months as long as it persists.

2.3.2 PV Faults: Characteristics
When discussing PV fault analysis in the context of this thesis, options for
determining the root cause of a fault are limited. As seen in the previous section,
there are a large variety of faults that can occur in a PV system. In order to
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fully evaluate the performance of any particular installation, extensive manual
inspection and thermal imaging is required on top of a full I-V characteristic
analysis. The goal here is to extract as much information on potential causes for
faults as possible using only instantaneous electrical measurements of a given
system, thus requiring no additional maintenance steps. In this section a list
will follow on the effect various faults have on the electrical characteristics to
gain a better understanding of what is realistically possible without additional
metadata on a PV system. The curves are generated by modeling a PV string
consisting of three panels connected in series of the type in appendix A.

The first fault type examined shall be line-to-line faults. All variations are
included here, meaning that disconnected panels, short circuited panels, faulty
bypass diodes etc... are grouped into one fault category as their overall effect
on the electrical characteristics are more-or-less the same. The first graph,
figure 2.9, is a reference of the string output during a nominal, no fault scenario
under STC conditions. Notice, that the current is the same as in the case of
only one string present, as shown in figure 2.4, however the voltage levels are
now multiplied by the number of strings, or in this case, three.

Figure 2.9: Reference characteristic of new PV string

Figure 2.10 shows the I-V characteristic change during a line to line fault.
Next to the reference curve, the one marked as "x1" indicates that one panel is
short circuited, whereas "x2" indicates that two out of the three panels are short
circuited. Observe, that the current is unaffected by this change as opposed to
the voltage, which decreases proportionally to the fraction of the total number
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of cells short circuited. Figure 2.11 shows the P-V characteristic of the same
fault.

Figure 2.10: Line-to-line I-V characteristics

Figure 2.11: Line-to-line P-V characteristics

To visualize that the effect of a short circuit failure of a bypass diode is
highly similar, the following graph on figure 2.12 depicts the case of one bypass
diode short circuited in the PV string compared to the reference graph. This is
expected, since as detailed earlier a short circuit of the bypass diode effectively
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short circuits a smaller segment of a panel, which in turn is a small part of a
set of PV cells connected in series. In this particular model, since there are
three panels with three bypass diodes each, this results in effectively excluding
one-ninth of the cells from generating power.

Figure 2.12: Line-to-line I-V characteristics - bypass diode short circuit

The next fault type examined is global shading or global coverage. From
this point on this is also referred to as persistent coverage. This includes the
effects of dust accumulation on the panels, snow coverage during winter seasons
or any environmental or artificial conditions that result in a relatively uniform
coverage of all the panels in a given string. The reason for the designation,
persistent coverage, is due to the fact that it results in a loss of performance
regardless of what time of day it is measured. This is a simple fault to detect as
essentially a global coverage is equivalent to a decrease in the irradiation level
on the panels. As such the characteristic curves are similar to those of figure
2.6. Figures 2.13 and 2.14 show the I-V characteristics and P-V characteristics
of increasing levels of global coverage respectively. Same conditions apply as
for the modelling for line-to-line faults. It is observable that the main effect this
has on a PV strings production is a loss of current as compared to the nominal
output. In this thesis, the change in current is assumed linear and the change in
voltage is neglected, in reality however, both exhibit logarithmic behavior as
previously mentioned.

The final, and most complex fault type discussed is partial shading. While
the previous two fault types are uniquely distinct in their overall effect, partial
shading can exhibit behavior mimicking both line to line faults i.e. a loss of
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Figure 2.13: Persistent coverage I-V characteristics

Figure 2.14: Persistent coverage P-V characteristics

voltage and persistent shading, i.e. a loss of current. Despite this, partial shading
has its own unique signature I-V curve. Figure 2.15 shows this characteristic.
The result can be explained if we consider the effect of partial shading on the
cells. In this model we have 9 cell strings as segmented by the bypass diodes,
where eight of them perform nominally. One cell string however will generate
a lower current output compared to its neighbours as dictated by the level of
shading it is subjected to. In this case, the breaking point on the graph occurs at
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roughly the same point as in figure 2.12 as expected, and as the ratio of partial
shading introduced is at 10% coverage, the output current is consequently lower
as was the case on figure 2.13.

Figure 2.15: Partial shading I-V characteristic

The added complexity from partial shading is apparent when considering
the P-V characteristic curve. Figure 2.16 shows how the P-V characteristic of
the given string changes in the case of a partial shading as seen above. Now,
the MPP values are also shown on the graphs. A slight change in the MPP
voltage is observed. However, we must consider what happens when the degree
of partial shading increases. Figure 2.17 shows what happens when the level
of partial shading is further increased. One may observe, that until a certain
degree of partial shading, which depends on the entire system configuration and
levels of shading present throughout, the MPP voltage slowly increases, while
the corresponding MPP current decreases. Figure 2.18 shows the matching
I-V characteristic to aid in the visualization. The primary reason for this has to
do with the bypass diode configuration. At a certain level of shading the cell
string affected is essentially dropped out of power generation, leaving only the
unshaded cells functioning. [22]

At this point the reader might be wondering why does this warrant so
much detail if the traces are uniquely different from line to line faults and
persistent coverage? The answer to this question lies in the method selected
for fault detection. In order to access these full I-V and P-V traces of a given
photovoltaic string, either the inverter connected needs the ability to perform a
full I-V trace, during which production is halted, or a person needs to perform
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Figure 2.16: Partial shading P-V characteristic

Figure 2.17: Partial shading P-V characteristic

the measurement manually, which is both time consuming and expensive.
Furthermore, an I-V trace gives information on the PV response at only the given
time of the measurement, thus to get a full picture of the behavior throughout
the day, multiple measurements need to be conducted. In order to avoid this
issue, this thesis uses only instantaneous measurements of voltage and current.
Thus, the only information available for use would be the singular MPP values
at any given time. In this case, differentiating between partial shading and
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Figure 2.18: Partial shading I-V characteristic

either persistent coverage or line to line faults poses a unique challenge.
In the following section a short list of approaches used in literature will be

examined to get a picture of the methods used previously in this field.

2.4 Literature on Fault Detection in PV Sys-
tems

In the scientific literature regarding PV fault detection there are a wide range
of approaches and methods used for system analysis. This section aims to
provide an overview so as to show what approaches have been investigated
previously and if the reader is interested, where they can find further material
on the subject. Several review papers on fault detection and monitoring systems
serves as the basis for this section, see [23] and [24] for added details and a list
of reference material. These papers consider a large number of potential faults
for an entire PV system, including grid connection, whereas in this thesis, the
focus is on only the PV string itself, and within that limited to faults directly
affecting the output.

There is a great variety of approaches used for PV performance monitoring,
either focusing on using local on-site inspections and measurements, or remote,
automated methods that utilize available electrical and environmental data
metrics. The general aim of such monitoring solutions is to reduce the cost of
photovoltaic operation and maintenance, which in turn leads to better efficiency
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for a photovoltaic installation. Depending on the complexity of the method,
some solutions require significant equipment and manual labor resulting in
a trade-off between the level of detail for the fault detection and monitoring
system and the necessary investment. Regardless of the methods used, there
are several parameters that are almost always measured for any degree of
fault detection and monitoring. These can be divided into environmental
and electrical measurements. The environmental parameters are the solar
irradiance and the ambient temperature, or the module temperature. The
electrical parameters are the current and voltage output of the modules. In
addition to these, added data acquisition can occur, for example, wind speed,
separate AC and DC measurements, load connection measurements etc., all of
which can be used for further analysis. The following is a list of several distinct
methods and approaches commonly investigated.

2.4.1 I-V Trace Analysis
Perhaps the most common method one might encounter is one that has been
briefly touched on before and is called I-V trace analysis. [19] As detailed in
section 2.3 certain fault conditions arising in PV systems have unique traces
on their corresponding I-V curves. By employing simpler statistical methods
such as a decision tree as used in the reference above, or by performing a more
complex analysis of a given panels I-V trace it is possible to distinguish between
simple fault conditions. A more complex approach using this method is detailed
in [25] using machine learning methods based on principal component analysis.
The core concept is similar, but using a more detailed approach with machine
learning leads to a more robust and accurate fault detection algorithm. This
allows the identification of basic faults previously discussed, such as line-line
faults, global coverage and partial shading, with the added option to measure
panel degradation over its lifetime. However, this method is not suitable for a
more detailed analysis that aims to identify the root cause of these electrical
faults.

In the opinion of the author, one of the biggest drawbacks of such methods
is that an I-V curve needs to be extracted from the panel or string to conduct
the analysis. This typically means that a maintenance crew must visit the site
locally to do so. In the case of more advanced inverters being used in the system
it is possible to remotely do a full I-V sweep of the system, however production
is still halted during this operation, and an I-V sweep only results in information
at the time of the measurement. To get a clear picture of the behavior of a
PV system throughout the day/year, a great number of I-V traces need to be
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measured and consequently analyzed which can be quite cumbersome. A
potential solution to this could be to continuously evaluate the performance
ratio of a given PV installation and trigger an I-V trace analysis under a given
threshold for loss of production. While this approach eliminates the issue of
the I-V sweep giving only an instantaneous overview of the system, the added
communication and system management overhead necessary to run this comes
with its own unique set of difficulties. Furthermore, from a commercial aspect
this requires consent from a customer that the PV system might interrupt power
generation momentarily without external control or input.

2.4.2 Artificial Neural Networks and PV prediction
Another common approach as of late has been employing machine learning
methods such as support vector machines and artificial neural networks to
perform a statistical analysis of PV performance. One typical use-case is by
using artificial neural networks to predict the performance of a given photo-
voltaic array as seen in [26]. It gathers irradiance, temperature and the electrical
measurements of a given PV unit and trains a neural network to predict the
output of the same PV system given only the irradiance and the temperature.
Following this, it compares the predictions with the actual output and draws its
conclusions based on that result. Similarly to the I-V trace analysis method it
aims to detect the same electrical faults without providing further information
as to what the root cause might be. While this method does lead to a fairly
accurate forecast of the PV system and in turn accurately detects deviations
from nominal performance, it has several significant drawbacks.

Namely, acquiring sufficient training data for a PV installation can be
both time-consuming and expensive. Measurements with temperature and
irradiation at both extremes are necessary in order to properly train the neural
network. In addition it is assumed that the training data set is generated under a
controlled environment, meaning that neither the sensors nor the PV installation
is subject to any faults or temporal/permanent shading while collecting the
necessary data, otherwise the neural network will inadvertently assume that
that is a nominal state of the installation. Furthermore, such approaches rarely
include any method of scaling thus a neural network needs to be trained for
each individual installation one might employ this method on, which can be
highly expensive and impractical considering commercial applications. Finally,
considering the added technical complexity of such methods it does not result in
a significant improvement of detection and classification accuracy as opposed
to conventional I-V trace analysis as only the same electrical parameters are
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subject to observations. Given the above, it is the author’s opinion that while
under academic conditions these methods are highly accurate, given the current
state of research on the topic they are not yet commercially feasible approaches
and at least until 2017 there have been no commercial applications using such
a method. [27]

2.4.3 Conventional Methods
Conventional methods are less related to automated fault detection and moni-
toring but are rather a set of steps and guidelines for photovoltaic maintenance.
As such, information on recommended methods is discussed less in research
papers and more in publications related to PV maintenance. [28] These are
conclusive steps including, but not limited to, infrared/thermal imaging of the
PV panels, visual inspection of the various components, manual electrical mea-
surements, usually with greater detail than automated measurement systems
and so on. It is apparent then that this requires a trained maintenance crew to
visit an installation and perform a manual assessment of the potential faults
present in the system. This of course provides precise information on the source
of faults and a conclusive list of maintenance steps necessary to take in order
to rectify any persistent issue. Such maintenance steps are highly detailed and
collections of best-practices are available online to follow. While the level of
detail this type of system analysis, or rather maintenance yields is incomparable
to automated methods as discussed thus far, it is by far the most expensive and
time-consuming operation without any real-time assessment of potential faults.
It is included in this section of the thesis to provide some insight as to how one
might proceed with evaluating the results of automated methods.

2.4.4 Summary
While only a few specific articles were mentioned in the literature review, it
can be said that regardless of the method used for fault detection, due to the
inherent simplicity of the system and the limited number of variables present,
most works are limited to recognizing similar types of faults using the same
subset of features. In particular, any fault pattern that cannot be recognized
from electrical characteristics (current, voltage) considering environmental
conditions (irradiance, temperature) is excluded from such analysis and relies
on manual maintenance.

One particular observation for researched methods is that they sparingly
consider adapting their algorithms to work for different configurations of PV
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installations or different panel types. While this is not an issue for academic
research, in terms of robustness for commercial applicability it becomes a
severe obstacle if the algorithm needs to be manually adjusted based on system
configuration and in the case of machine learning, needs to be retrained for
each individual installation. Overcoming this issue is paramount for developing
a viable solution for real-life applications.

This thesis thus aims to provide an alternate approach to fault detection
that overcomes these obstacles. While the end result is not yet fully fleshed
out, it is hoped that it might inspire others to consider such an approach for
further investigation. To provide a comparison with the methods mentioned
previously, this thesis approaches the problem of fault detection without the
need for an I-V trace analysis or complex machine learning methods requiring
large quantities of controlled training data. The goal is to develop a method
that is robust enough to be applicable for any configuration and panel type, and
to accurately distinguish between the three primary faults detailed in this thesis,
that is, persistent coverage, temporal/partial shading and line-line faults.

In this context, one research paper is of particular interest using semi-
supervised machine learning to identify faults, introducing a feature normal-
ization that can be used as a first step to adapt such a solution for a variety of
different panels and configurations. [29] The details of feature normalization
will be discussed in section 3. It uses instantaneous electrical parameters and
normalizes them resulting in a single point on a normalized I-V plot. Deviations
from a nominal operating point on this plot are subsequently characterized as
faults. Detection of such deviations is left to a machine learning approach. In
the opinion of the author however, its scope is limited by considering entire
PV arrays only, losing some commercial viability and fault detection accuracy.
Furthermore, it fails to distinguish between the cause of certain faults or any
combination of faults. For example, what it classifies as line-to-line faults could
potentially be the result of partial shading. While these are essentially caused by
the same underlying physical mechanism, from an electrical point of view, see
section 2.3.2, their root cause and consequent maintenance action is radically
different. This however serves to highlight the difficulties of distinguishing
between such faults when the analysis is performed without a complete I-V
characteristic trace available.
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Methods

This section introduces the experimental setup used to collect data and to
validate the performance of the fault detection algorithm. Visual representation
of the collected data is supplied and the methods for processing said data is
detailed, including the aforementioned normalization methods. Finally, the
fault classificator is presented and its current output is explained with emphasis
on interpreting the results and how to improve it for commercial purposes.

3.1 Experimental Setup

3.1.1 Irradiation Sensor
There are several types of irradiation sensors available. The most commonly
used for meteorological measurements are so-called pyranometers. These
provide the most detailed and accurate measurements, however for the thesis
work a simple solar irradiance reference cell sensor was selected, partly because
these were already available for testing and partly since they are cheaper and
more suitable for widespread commercial use. [30] There are a couple of
key differences between the two, however the exact details are not of much
significance. Solar reference cells are essentially small photovoltaic generators
that measure the incident solar irradiation and the cell temperature. One such
sensor was placed at the Ferroamp PV installation for testing and analysis, see
figure 3.1 for a reference image of the sensor.

The information from the sensor is logged locally. Measurements are taken
every two seconds containing a time-stamped value for both irradiance and cell
temperature. These are then averaged over a one minute period to smooth out
the results, as sudden changes in irradiance will not be accurately reflected due

30
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Figure 3.1: Irradiation sensor used [31]

to the sensor having some latency in the measurements.
There are a few notable constraints regarding the thesis work related to the

sensors that will be mentioned here. Some of these are quite significant and
need careful consideration when analyzing the results.

• First and foremost, it is assumed that the irradiation sensor’s installation is
perfect, meaning that the sensor is not subjected to any faults or shading.
This is one of the major constraints as this cannot be guaranteed in
commercial applications. If the sensor’s measurements are affected by
shading, then the classification algorithm will provide erroneous results.

• Second, the sensor’s measurements are also assumed to be perfect, i.e.
any errors in the sensor are considered negligible and the measurements
are expected to accurately reflect the actual irradiance and cell tempera-
ture. In reality, these may affect the outcome of the analysis, however
the extent of this is not investigated.

• Third, the measured cell temperature of the sensor is assumed to match
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the cell temperature of the PV installation and in addition that their respec-
tive temperature profiles are matching, in other words their temperatures
change at the same rate. As before, this is not the case in reality and
it may skew the results, however it is again assumed to be a negligible
effect.

• Finally, as the sensor is itself a miniature PV cell, the same faults and
degradation over time affect it. Investigation of this and how it affects the
outcome is not investigated in this thesis, however it should be considered
in the future for potential applications.

Although this project work does not explore the possibility of foregoing
the usage of sensors entirely, it does recommend investigating this option for
future research. Given a large enough PV installation, it could be possible
to interpolate irradiation data from the entire array and use that to determine
any outlying behavior among the panels. While this may result in a loss of
detection accuracy, the trade-off of not requiring an external tool to conduct
the analysis might prove to be worth the effort.

3.1.2 PV Array
As mentioned in the previous section, the test setup is a PV array situated at
the Ferroamp office. Figure 3.2 shows the PV modules. The notation on the
image marks the bottom row of panels as "String 1" and the top row as "String
2". This is important to keep in mind as this notation will persist throughout
the rest of the thesis. These strings are considered to be electrically separated
as they are connected to separate inverters. The inverters perform maximum
power point tracking, however they are not designed to find the global optimum,
they merely track a local maximum power point.

Each string consists of 12 panels of the type shown in appendix A. The
measurements taken from each panel are time-stamped and consist of the
total string voltage and the output current. The data resolution is quite high
consisting of data points every 5 seconds. For the fault detection algorithm
only these parameters are used. The panels themselves are several years old,
however since the effect of aging is not yet considered in the fault classification
algorithm this is neglected from further analysis. Some sample figures are
included to show how a PV string behaves under normal circumstances.

To summarize the measurements, we have one minute interval data from the
sensor and five second resolution data from the PV string. When considering
how to analyze the two data-sets, it was determined that a one minute resolution
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Figure 3.2: Ferroamp PV Array

is unnecessarily high, therefore the current implementation matches the two
data-sets based on their timestamps and yields a final data resolution of one
data point every five minutes with averaged measurement values. It was found
that this eliminates errors stemming from sudden changes in irradiance from
cloud coverage.

Figure 3.3 shows the power generated by the PV panels compared to the
measured irradiance. The figure shows the output power of string 2. Short
disclaimer, if one were to observe the power levels they may notice that they are
slightly lower than could be expected. This is due to the fact that only 10 panels
are connected! During these measurements two panels were disconnected
from the series, this, however does not affect the overall behavior meant to be
presented in this section. For now, let us assume that the PV string 2 consists of
only 10 panels instead of 12. It will be mentioned again when this assumption
is no longer valid. The figure plots the data with a resolution of five minute
intervals. As can be seen the generated power matches the irradiation curve
quite closely with negligible differences in the early morning and late evening.

Figures 3.4 and 3.5 show the output voltage and current for the same day
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Figure 3.3: Sample output power of PV string 2

for string 2 respectively. Observe that the voltage level throughout the day
when the panel is generating significant power remains more-or-less constant.
The dip during the day can be explained by the temperature dependency of the
voltage as detailed in section 2.2.2. As the temperature increases during the
day, the output voltage of the PV panels will drop slightly. On the other hand,
the current profile closely follows the daily irradiation.

Figure 3.4: Sample output voltage of PV string 2
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Figure 3.5: Sample output current of PV string 2

3.2 PV Characteristics Normalization
A key component of this thesis work is the characteristic normalization of the
PV parameters for system analysis. In order to show the effects of this, the
measurement data used in the previous section will be considered for further
analysis. As a first step, the time-series representation of the measurement
data will be replaced with the characteristic I-V curve. Figure 3.6 shows the
distribution of data points throughout the day. Note, that there are numerous
measurement points where the current is 0, these are taken when there is little
to no irradiance measured. Therefore, for all future calculations, data points
where the measured irradiance value from the sensor was lower than 100W/m2

are excluded. This is an arbitrary selection, however it was found to maintain a
good balance in terms of measurement significance and fault detection accuracy.
Figure 3.7 shows the data points as adjusted using this new constraint.

It was mentioned before that without some form of normalization, it can be
difficult to account for varying panel types in terms of fault detection. Since this
thesis focuses on commercial applicability, this in and of itself is motivation
enough to explore characteristic normalization. Yet disregarding this aspect,
only from these figures several difficulties of fault detection may already be
apparent. However, in order to provide an even clearer picture, controlled
simulations performed in Matlab/Simulink will be used to show the effect
of various faults on the I-V distribution of data points. The simulation uses
Simulink’s built-in PV module that represents the well established one-diode
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Figure 3.6: I-V distribution of string 2

Figure 3.7: I-V distribution of string 2, excluded low irradiance

model for PV panels. The modelled string consists of three series connected
panels as seen on figure 3.8. The simulation performs a voltage sweep of
the entire string and that raw output data is then used for further calculations.
Each module is modelled using three separate array models with bypass diodes
connecting them, see figure 3.9.

For each PV string condition a set of simulations is performed with varying
irradiation and temperature values. The irradiation data set varies between
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Figure 3.8: PV string model

100W/m2 to 1000W/m2 in 100W/m2 increments, whereas the temperature goes
from −10 ◦C to 45 ◦C with 5 ◦C increments. As the simulation performs a
voltage sweep, the MPP must be extracted as it is assumed that the PV string
operates at that point. This is done manually using the simulation data. Under
nominal circumstances, i.e. no fault conditions present on the string, the output
distribution of the maximum power points on the I-V curve can be seen on
figure 3.10.

The effects of both the temperature and irradiance dependence can be
observed. When compared to figure 3.7, a similar pattern presents itself, albeit
the actual current and voltage values will differ as the Simulink model is not an
exact model of the real system. Consider now the effects of global shading and
line-line faults on the system. Figure 3.11 adds two new sets of measurements
to the previous graph. These show the MPP distribution of measurement points
under 25% global shading and a line-to-line fault affecting roughly 20% of the
entire string, respectively. Notice, that due to the dependency on environmental
parameters, i.e. temperature and irradiance, the measurements are spread out
over a relatively large region on the I-V plane. In the case of line-to-line faults,
there is some overlap, albeit minimal, whereas for global shading it becomes
near impossible to distinguish between nominal and faulty measurements using
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Figure 3.9: PV panel model

Figure 3.10: Simulated I-V Distribution
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only the available measurements due to the overlap between measurement
points.

Figure 3.11: Simulated I-V Distribution w/ faults

In order to circumvent the problem of overlapping measurement points,
equations 3.1 and 3.2 are used to calculate the adjusted values for open-circuit
voltage and short-circuit current at any given temperature and irradiance, re-
spectively.

Uoc,adjusted = Uoc ∗ (1 + (
αUoc

100
) ∗ (Tpv − TSTC)) (3.1)

Isc,adjusted =
GPOA

GPOA,STC

Isc ∗ (1 + (
αIsc

100
) ∗ (Tpv − TSTC)) (3.2)

These values are then used to adjust the actual measurements using equa-
tions 3.3 and 3.4, where Unorm is the normalized voltage for any given mea-
surement and Inorm is the normalized current.

Unorm =
Upv

Nmodules ∗ Uoc,adjusted

(3.3)

Inorm =
Ipv

Isc,adjusted
(3.4)

The subsequent results for the normalization method above can be seen
on figure 3.12. By using normalization the measurement points gathered for
different fault conditions are now easily distinguishable. Multiple methods for
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estimating changes in open circuit voltage and short circuit current based on
temperature and irradiance have been investigated. The above method uses
a simple linear approach, while as discussed in section 2.2.2 they are better
approximated using a logarithmic method. However, it was found that using
more complex approaches requires additional data not typically provided by
manufacturers. Namely, in order to discern a more accurate temperature and
irradiation dependency for both voltage and current it is necessary to provide
in total three data-sets. Two of which are measured at a fix irradiation but
different temperature while the other is measured at a fixed temperature but
different irradiation. This would provide sufficient information to use more
complex methods. Given that these are not typically provided it was deemed
sufficient to use a linear approach for the irradiation dependency of the current
and neglect the irradiation dependency of the voltage, and use the supplied
temperature coefficients for temperature dependency.

Figure 3.12: Simulated I-V Distribution - Normalized

This method is similarly applicable to the measurements taken from the PV
string on Ferroamp’s office. Refer to figure 3.7 for the original measurements.
Their respective normalized values can be seen on figure 3.13. The observant
reader may notice that the normalized current values exceed 1 occasionally.
This is an unexpected result, due to the way the normalization method calculates
the normalized voltage and current their respective values should never exceed
1. This is likely the cumulative fault of various error sources in the system.
Higher-than-expected current values are calculated during the morning hours
or late evening. The end result can be explained as the effect of one or more of
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the following.

• The normalization method is imprecise, the further away the temperature
and irradiation are from STC values, the greater the calculation error.
This has an increased effect on the current, hence why lower irradiation
can skew the normalized results.

• All error sources mentioned in section 3.1.1 regarding the sensor are
also to be considered. Most likely from that list it can be the case that
the installation is not perfect and the sensor receives minimal shading in
the morning hours.

• The general approximation of datasheet values provided by the manu-
facturer might be different for the installed panels due to some minor
deviations in manufacturing.

The list can be extended, however the best solution for the correction of
such small systematic errors in the calculations would be an installation specific
calibration. This is not considered in this thesis, however it is recommended
for future work and the idea is expanded upon in section 5. Nevertheless, the
normalization method succeeds in grouping the measurement points into a
cluster. Later sections will show how various faults appear on such experimental
data.

Figure 3.13: PV I-V Distribution - Normalized
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3.3 Fault Classification
In the previous section when showing the effects of normalization only two
distinct scenarios were considered. These were line-to-line faults and global
shading. In case of a fault condition exhibiting only one of either fault types it
becomes trivial to distinguish between them. However, in reality any combina-
tion of the above faults can occur, as well as the unmentioned instance of partial
shading which can be considered the most severe fault. When line-to-line faults
occur within a string, the voltage loss is assumed proportional to the number
of modules affected, theoretically this is the case, however various other con-
ditions affecting a set of panels might interfere with this. Generally speaking,
one might consider added complexity in line-line faults if they were to occur to
ground or between strings, however those instances are outside the scope of this
thesis as the fault detection concentrates on modular PV strings only. Similarly,
when considering global shading or coverage, the decrease in current is roughly
proportional to the coverage of the panels, i.e. if 50% of a panel is covered
then the output current will decrease by approximately 50%. Again this is the
case theoretically, but under real circumstances it would be difficult to exactly
replicate this. Referring back to figure 3.12, it shows the effect of these faults on
the I-V plane. In instances of both faults occurring, any effect they might have
on one another is negligible, therefore if both global shading and a line-to-line
fault occur then the normalized values are assumed to be the superposition of
both faults occurring independently. In order to show this, simulation results
with both faults are normalized and depicted on figure 3.14. The simulation
used to generate the "Both Faults" measurements combines the previous 25%
shade and the roughly 20% line-to-line fault scenarios. To generalize, one
might assume that regardless of the normalized value’s location on the I-V
plane, any loss of current output is the result of global coverage and any loss
of voltage indicates some form of line fault. This is a rough simplification,
however it tends to fit most real faults well.

Now let us consider the effect of partial shading. For interest, the original
non-normalized measurement points are shown first for all five conditions,
these are:

1. Nominal

2. Global shade

3. Line-line fault

4. Both fault conditions
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Figure 3.14: PV I-V Distribution - Normalized

5. Partial shade

Figure 3.15 shows the original measurements and figure 3.16 shows the
normalized values for all 5 fault conditions.

Figure 3.15: PV I-V Distribution - 5 fault conditions

As can be seen, differentiating partial shading from the previously observed
faults provides a unique challenge. Referring back to section 2.3, the movement
pattern of the MPP can be observed on the normalized distribution, where
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Figure 3.16: PV I-V Distribution - 5 fault conditions - Normalized

above a certain degree of partial shading, the loss of current suddenly changes
to become a loss of voltage instead. Without the full I-V curve available for
analysis, using only instantaneous MPP measurements, distinguishing partial
shading from global coverage and line-to-line faults becomes significantly more
challenging due to the overlapping data points.

Therefore, the author recommends returning to a time-series analysis of the
original problem and instead of relying on instantaneous measurements, the
temporal evolution of the MPP should instead be considered for fault detection.
The first step in doing this is to categorize normalized measurements based on
their position on the I-V plane. Throughout this thesis a grid was drawn based
on simulated values using the K-Nearest Neighbour method. This is a well
established pattern recognition algorithm used for classification and regression
that was found to be suitable for a proof-of-concept implementation with a
great number of implementation guides available online. The I-V plane for
normalized values was shrunk to start from roughly 66% loss of either electrical
measurement, as any values below that would constitute a "severe fault". The
simulations included varying combinations of global shading and line-to-line
faults going from 2/3 of the panels shorted or covered to nominal performance.
The decision boundary achieved using the above described method is shown
on figure 3.17. Notice the rhomboid shape of the segments, this is the result of
imperfect normalization and matches the general pattern as seen on figure 3.14.
For a more functional approach, due to the near linear relation between faults
and the consequent loss in electrical output, if properly calibrated nominal
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measurements are taken from a panel, then such a decision boundary can
be generated using extrapolated measures for faulty scenarios. This would
eliminate the problem the current solution faces in which detection accuracy
for different panel types is lower, resulting in miss-classification, again due to
the imperfect normalization. This will be given more thought in section 5.

Figure 3.17: I-V Plane Decision Boundary

A short side-note is included here as a reminder of the goal of this thesis
in the context of fault detection. It is not the aim to provide a solution with
pinpoint accuracy that can detect a nominal loss of 1% power and correctly
identify the cause. Given the limited measurements available for conducting
the analysis, this would be impossible without significant miss-classification.
The aim is to provide a tool that can aid in maintenance, by hinting at the
potential cause of a loss of output power. Thus to summarize, the goal is not
to exactly quantify the scope of a fault, but rather to provide an indication of
what might be occurring.

Given this information, the decision boundary is segmented, and each
segment is given a unique identifier. For simplicity, they are numbered from
1-16. Then, labels are created containing a subset of these segments. These
labels are meant to be a simple description of the condition. Multiple segments
can then be included under a given label. Figure 3.18 shows each segment
marked with their corresponding number and the labels are present to indicate
what condition they apply to. To clarify, the following list shows which segment
is included in which label.

• Nominal - 16
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• Small Loss of Current - 9, 10, 11, 12

• Moderate Loss of Current - 5, 6, 7, 8

• Heavy Loss of Current - 1, 2, 3, 4

• Small Loss of Voltage - 3, 7, 11, 15

• Moderate Loss of Voltage - 2, 6, 10, 14

• Heavy Loss of Voltage - 1, 5, 9, 13

Figure 3.18: I-V Plane Decision Boundary w/ labels

Using this, it is now possible to assign a label to each individual measure-
ment point from a PV string. This in and of itself indicates little as to what the
fault can be, however if the results were to be visualized using a time-series ap-
proach, then a clearer picture of the behavior of a given PV string can be shown.
Now, a series of figures shows step-by-step how the end result is achieved from
a single daily output of a PV string. The data analyzed will be from the day
and string previously presented in this report. Figure 3.3 is repeated below
(figure 3.19) for convenience. Judging by the power curve, no significant fault
is expected from the system.

These data-points are then normalized according to the corresponding ir-
radiance and temperature measurements, as well as the datasheet parameters.
Figure 3.20 shows how the normalized data-points are distributed with the deci-
sion boundary present on the figure. Now it becomes apparent, that throughout
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Figure 3.19: Sample output power of PV string 2

the day there is some degree of current loss, however the cause of this can be
debated. It is most likely attributed to global shading, however as seen before,
it can also be caused by minor partial shade coverage.

Figure 3.20: Sample normalization for PV string 2

The final figure, figure 3.21 shows the proposed visualization of the labelled
data. Interpretation of the figure is not inherently straightforward, however it
provides a clear indication of the distribution of the normalized features. Each
measurement point from the original data-set is assigned all labels that apply to
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it. For example, in the case of segment 11, both small loss of current and small
loss of voltage is assigned to the measurement. Thus, all data points will have
either one or two labels. For instances where there is no data available, due to
various reasons such as low irradiance measured, a neutral 0 label is assigned.
The result is a 7x288 logical matrix, where the rows indicate the labels and the
columns correspond to the 5 minute interval measurements throughout a 24
hour period. For each column, the row matching the subsequently assigned
label will contain a logical one, otherwise it shall be zero. Following this, all
the data is grouped into hourly time groups. For example, if a measurement
was taken at 7:45 then it will be assigned to hour group 8. This is a necessary
step in order to create a contour visualization of the label distribution, although
the hourly step is arbitrary. The end result is a 7x24 matrix where each row
indicates the number of occurrences for a specific label in a given hour. The
images in this report use interpolated data generating a 500x500 matrix from
the original 7x24 one, however, this does not alter the results it is used only to
generate smoother curves.

Figure 3.21: Classificator outcome for PV string 2

Observing the outcome, it is now much clearer what the actual fault is
that affects the PV string. Due to the state of small current loss persisting
throughout the day, it can be assumed that there is some small coverage of
the entire string, presumably in the form of dust. In reality, the age of the
panels is currently not considered, and the panels used to perform these tests
are not newly installed and are not regularly cleaned, therefore the cumulative
effects of dust and degradation can be observed. The nominal output in the
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early morning hours is the result of the errors in normalization as mentioned
previously, stemming from low irradiation values. In addition, when the nor-
malized values are near a decision boundary, the generated contour plot will
be more difficult to interpret. This current method is not recommended for
commercial applications, but rather as a visual representation of the approach.
For future applications, many tools exist to process the generated data grid,
from statistical methods to applying machine learning on the output matrix to
detect clusters. Unfortunately, a major weakness of the current implementation
is that without proper calibration of the decision boundary, there will inevitably
be some systematic classification errors. Furthermore, without more detailed
information on panel behavior from their manufacturers, more accurate nor-
malization methods can not be implemented. That being said, the following
section provides a set of examples that show how the algorithm responds to
controlled faults in the system, showing the strengths of a time-series approach.
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Results

This section will show some sample results of the classificator algorithm. The
general approach will be to show the raw power generation data, the distribution
of normalized measurements on the decision grid and finally the contour plot
of the label distribution. In the previous section, an example of global coverage
was already seen, therefore the focus this time will be on line-to-line faults and
partial shading.

4.1 Line-to-Line Faults
Previously, in this thesis, when analyzing sample PV output graphs, string 2
from the rooftop panels were used. It was then assumed that the panels consist
of 10 panels instead of 12. Now let us return to the actual state of the system.
This is essentially a line-to-line fault as some sub-part of the panels are shorted,
or in this case they are not directly connected into the system. The result is a
drop in output voltage as opposed to what the expected value would be. The
show this more clearly, figure 3.3 is repeated, however now the power output
from string 1 is added to the graph, where all 12 twelve panels are connected.
No other condition is present that would severely alter the performance of the
panels, therefore the power output should be roughly the same. Figure 4.1
shows the result, where the dotted line now corresponds to string 1. Notice the
change in the right axis scaling!

This figure shows that something is considerably affecting the performance
of PV string 2. Consider now the result of normalization for the measurements,
as shown on figure 4.2. Notice that the pattern matches that of figure 3.20,
however now there is also a loss of voltage proportional to the number of
panels affected by the line-to-line loss. The classificator algorithm makes this

50
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Figure 4.1: PV output for both strings

apparent on the corresponding visualization as shown on figure 4.3. Notice
that the small loss of current persists as it should, since the reasons for that are
unaffected by disconnected panels, however now there is a small loss of voltage
detected consistently throughout the day, indicating a line-to-line fault. The
visualization shows that in the underlying matrix, the correct labels are assigned
to the measurement points and on the figure this appears as two straight solid
lines in the appropriate rows.

Figure 4.2: Line-to-line fault on string 2 - Normalized
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Figure 4.3: Line-to-line fault on string 2 - Classificator

Another example of the same condition on a day with highly varying ir-
radiance is depicted on figure 4.4 with the subsequent normalization shown
on figure 4.5. Again, the expectation is a small loss of current and consistent
loss of voltage throughout the day to match the PV conditions, see figure 4.6.
This example shows how well the normalization handles varying irradiance
and temperature values throughout the day.

Figure 4.4: PV output for both strings
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Figure 4.5: Line-to-line fault on string 2 - Normalized

Figure 4.6: Line-to-line fault on string 2 - Classificator

The final example in this section will show how the result of the analysis
changes after reconnecting the two panels in the string. Figure 4.7 shows that
the power curve of the two strings now closely matches. Notice also that the
general irradiation throughout the day is lower, in particular around 17:00
when the irradiation dips below 100W/m2. Figure 4.8 shows the corresponding
normalized values. Now the normalized voltage is at an expected level while
the current retains a slightly lower than nominal value. Finally, the classificator
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outcome is shown on figure 4.9. The marking for voltage loss has completely
disappeared, whereas the small current loss is retained throughout the day.
However, at around 17:00 when there is little irradiation, notice that the image
shows a decreased density on the contour. This is expected as measurements
with such low irradiance are neglected from analysis.

Generally speaking, the algorithm is the most accurate under ideal irradi-
ance conditions, where the irradiance curve is smooth and irradiance levels
are as high as possible. The normalization method works perfectly under STC
conditions as the panel behavior is described at that point by the manufacturers,
however, conditions such as those seldom occur. As mentioned previously, with-
out more accurate information on a given panel’s environmental dependency,
there will inevitably be systematic errors that occur during the normalization
process.

Figure 4.7: PV output for both strings

In conclusion, line-to-line faults where the result is a direct loss of voltage
possess a distinct, recognizable pattern. Although the effects of different types
of faults need further analysis, for example, the behavior of the PV string will
slightly differ based on the impedance of the fault, and also where the fault is
located within the installation, it nevertheless provides a clear indication of
what the potential fault may be. Using these results, maintenance personnel
could on-site look for signs of shorted bypass diodes, disconnected panels or
faulty wiring that can cause short circuits withing the PV string.
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Figure 4.8: Line-to-line fault on string 2 - Normalized

Figure 4.9: Line-to-line fault on string 2 - Classificator

4.2 Partial Shading
Previously, the effects of line-to-line faults and to some extent global shading
have been observed. Now, behavior under partial shading conditions will be
monitored. Two test sets have been measured with varying degrees of partial
shading. Test set number one simulates partial shading through an artificial
chimney affecting PV string 1. Figure 4.10 shows the chimney in question,
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courtesy of Ferroamp, placed in front of the panels. The degree of partial
shading is quite small, however it will have a distinct effect on the behavior of
the electrical parameters.

Figure 4.10: Partial Shading on String 1

The resulting power output from the string is depicted on figure 4.11 together
with the power output of string 2. Notice, that the red circle highlights a time
of day when the power output of PV string 1 is lower than the corresponding
power output of string 2, even though throughout the rest of the day the opposite
can be observed. This is the direct effect of the chimney. Since the panels are
not facing true South, instead they are oriented towards a South-East direction,
shading has a greater affect on performance in the morning up to early afternoon
hours. Figure 4.12 shows the normalized response of the string. From this
image, one may discern that something is malfunction, but the exact cause is
questionable. The visualization of the temporal behavior is shown on figure
4.13. This image now presents a clearer picture of the fault. In particular, an
increasing drop of the current output is experienced around noon, and in the
early afternoon hours a temporary drop of voltage occurs. This is presumably
the indirect effect of the chimney, as it manages to shade a significant portion of
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a cell string within the affected module, that the bypass diode becomes forward
biased, thus in essence short circuiting that segment of the panel. Unfortunately,
ideal test conditions did not present themselves, as there was significant overcast
during the time of testing, however on a fully clear day the results would be
more apparent.

Figure 4.11: PV output for both strings

Figure 4.12: Partial Shading fault on string 1 - Normalized

The next set of measurements shows the panel behavior under increased
partial shading for two distinct sources. Now two chimneys are put up next to
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Figure 4.13: Partial Shade fault on string 1 - Classificator

the panels, see figure 4.14. In addition the first chimney has a slightly larger
area covered.

The point of this exercise is to see how increasing the shaded region affects
performance throughout the day as well as to introduce an additional difficulty
of the fault analysis. During the first setup, the chimney was placed at the
leftmost panel, therefore early morning hours, i.e. around 8:00-9:00 are mostly
unaffected. With the addition of the new chimney, neighbouring panels are
now affected by shading even in the early morning hours. Figure 4.15 shows
the power output given the setup.

Before proceeding with the analysis, it is important to note that there are
two dips in power at approximately 10:40 and at noon. These are not the effects
of shading, and their consequent analysis complicates the problem of fault
detection. These are instances of the inverter limiting power output. Observe
on figure 4.16 how the consequent normalization looks like. The measurement
points are far more spread out making it difficult to discern the exact cause of
the problem. Figure 4.17 shows the temporal change. The voltage losses in
the morning hours at approximately 8:00 and 10:00 as well as around 14:00
are directly caused by the chimneys, however at 11:00, the inverter clipping is
causing a heavy loss of current. As more and more sources of power losses are
considered in the analysis, it becomes apparent that with the limited information
used, it is difficult to accurately determine the cause of a power loss.

Additional metadata becomes necessary, as for example in the case of
inverter limiting, the inverter generates an error code indicating this is the case,
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Figure 4.14: Partial Shading on String 1

making automatic recognition through other means obsolete. Currently this
is not included in the fault detection program, however future work should
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Figure 4.15: PV output for both strings

consider using the currently shown algorithms as part of a larger program and
not as a standalone feature.

Figure 4.16: Partial Shading fault on string 1 - Normalized

In general, even small levels of partial shading can be detected, however
additional testing under more controlled environments would be necessary to
fully evaluate the performance of the normalization and visualization method.
In its current form the algorithm performs as expected although there are nu-
merous ways of improving the current design, as well as several flaws that need
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Figure 4.17: Partial Shade fault on string 1 - Classificator

further consideration before the implementation is considered commercially
feasible.
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Conclusions

The final chapter of this thesis includes a short summary of the work, the
achieved results and a list of drawbacks and potential future improvement
options that would turn this into a more robust application.

5.1 Summary
The original goal of the thesis was to investigate and assess existing options for
fault detection in photovoltaic systems and work on a solution that would have
commercial potential. Throughout the literature review it was found that many
existing works are limited in scope or don’t consider a full array of potential
reasons for faults. Despite performing well under laboratory conditions, their
applicability is limited and they require extensive work before they can be
used on real-life counterparts. This thesis introduced a simple approach not
commonly seen in literature. By using measurements readily available, a
temporal analysis of photovoltaic behavior is recommended, providing cheap
yet sufficient insight that can aid in maintenance procedures. Though the work
is not yet completed and there remain many obstacles before a fully fleshed out
commercial product is finished, it is hoped that this thesis manages to provide
a frame that can be expanded upon for future development.

5.2 Difficulties and Future Work
This section will summarize the drawbacks, challenges and missing elements
of the thesis work that have been mentioned throughout the report.

In its current state, the fault classifier does not actually perform a classifi-
cation, instead it relies on the visualization of the problem and that a person
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with relevant knowledge can interpret and understand what it represents. This
demands significant knowledge in electrical engineering and photovoltaics in
specific from the person reviewing the results. As such, this should be one of
the core focuses of future work, as in its current state, it does not provide a
user-friendly indication of faults affecting a PV system. On a general level, the
current visualization approach is not necessarily recommended long-term, as
the resolution of fault detection is quite low. The essence of the work lies in
the comparison of voltage and current measurements to what their expected
values should be and observing their temporal evolution. This thesis attempts
to use normalization to overcome the difficulty from a vast variety of PV con-
figurations and panel types, however it may be the case that this approach is
insufficient in terms of accuracy, and indeed installation specific configuration
and measurements are necessary to yield usable results.

In terms of fault detection, it can distinguish between three fault conditions
that have distinct effects on photovoltaic behavior. These are global coverage,
line-to-line faults and partial shading. These are relatively high levels of fault
descriptors, however the cost for achieving this level of fault detection is quite
low. In order to improve the robustness of the application a trade-off must be
made between complexity and accuracy. The author’s opinion is that added
complexity is mandatory for improved reliability of the application, as such
another key aspect to investigate in the future is what metadata already existing
in a PV system could be considered to aid in fault detection.

In terms of functionality, there is a critical issue with normalization accuracy.
Under ideal circumstances, before applying the fault detection algorithm on
a given PV installation, precise data on the PV panels are available, allowing
highly accurate prediction of electrical characteristics based on environmental
conditions. Unfortunately, this has commercial obstacles, as manufacturers
seldom provide such detailed information and manual testing at each individual
site is expensive for application providers. Without accurate calibrated data for a
given panel, the normalization process and the classifier will contain systematic
errors, that will inevitably result in miss-classification. In particular, the age-
related degradation of panels can result in considerable miss-classification.
The general idea of installation specific calibration comes up regularly. From
determining the actual parameters of a given PV panel to adjusting the decision
boundary grid to more closely resemble real conditions as opposed to Simulink
simulations, a large increase in detection accuracy could be achieved, perhaps
more importantly, less instances of false positives would occur.

Another source of error comes from the sensor itself. Unfortunately, there
is little to improve on this aspect as opposed to previously mentioned issues.
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Much of this has been detailed in earlier sections describing the sensor and its
purpose. Suffice to say, generous assumptions are made regarding the sensor
accuracy as well as the assumption that it is not subject to any faults. For larger
installations, exploring options of interpolated irradiation can be a suitable
method, where PV strings performing well outside the average can be detected,
but for smaller installations, for example the one located at the Ferroamp office
with only two strings, this becomes increasingly challenging.

Overall, throughout the course of this thesis the layers of complexity con-
tained within a seemingly simple task became more and more apparent. The
end result is still a work in progress, however it is one that introduces the idea
where instead of focusing on real-time fault detection, observed behavior over
time can yield similar results using only the most basic measurements for a
photovoltaic system.

5.3 Ethical Considerations
On a final note, some potential ethical concerns are discussed. As the intention
was to use only the bare minimum information required for fault detection,
thus using only readily available technical measurements, the potential risk
for misuse of said data is highly limited. Due to the inherent simplicity of the
system, there is no exchange of critical user-specific information and in no way
can a compromised database lead to the loss of important personal information
within the scope of this project. In contrast, the potential benefits of such an
application are highly sought after, as continuous improvements to existing
technologies lead to better efficiency, reliability and long-term sustainability.
It is a long way before the project matures to commercial viability, however, in
the personal opinion of the author, it is worth expanding on.
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SOLARWATT Service
SOLARWATT Full Coverage
optional (up to 1000 kWp)*

Simple returns policy
as per „Delivery Terms for
SOLARWATT Solar Modules“

Product-warranty
as per „Warranty Conditions for
SOLARWATT Solar Modules“

Performance-warranty
on 80 % of nominal power as per „Warranty 
Conditions for SOLARWATT Solar Modules“

Country of origin
Quality made in Germany

years
12

years
25

Made in
Germany

• Made in Dresden - SOLARWATT solar modules are exclusively

 produced in Germany. 

•  100 % protection against PID

•  Polycrystalline solar cells

•  265 Wp – 275 Wp (100 % plus sorting)

Extended warranty by purchasing SOLARWATT Full Coverage insurance

• 12 year product warranty

• All risk insurance

Subject to change | Errors excepted | 2017 SOLARWATT GmbH | AZ-TDB-PMS-0476
This data sheet fulfills the requirements listed in DIN EN 50380:2003 | REV 011 | 08/2017 | EN

Glass-Foil-Module: Blue 60P 

MADE IN DRESDEN  
BLUE 60P 

SOLARWATT Solar Modules

Product Quality
• long-lasting

• resilient

• high-yield

• innovative

• safe

• low-glare

• resistant against ammonia 

• resistant against hail

• resistant against salt mist

* in Italy up to 50 kWp

According to the „Special warranty conditions for SOLARWATT solar modules“

SOLARWATT GmbH | Maria-Reiche-Str. 2a | 01109 Dresden | Germany 
Tel. +49 351 8895-333 | Fax +49 351 8895-100 | www.solarwatt.com 
Certified acc. to DIN EN ISO 9001, 14001, 50001 | BS OHSAS 18001:2007
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DIMENSIONS

ELECTRICAL DATA (STC) CHARACTERISTIC LINES (Performance Class 265 Wp)

ELECTRICAL DATA (NOCT)

GENERAL DATA

Module technology Glass-Foil Laminate; aluminum frame

Covering material 
Encapsulation 
Backing material 

Tempered solar glass with anti-reflective finish, 3,2 mm
EVA-solar cells-EVA
Multi-layer composite film, white

Solar cells 60 polycrystalline solar cells

Cell dimensions 156 x 156 mm

L x W x H / Weight 1680± 2 x 990± 2 x 40± 0,3 mm / appr. 19 kg

Connection technology Cables 2 x 1,0 m/4 mm², TE Connectivity PV4-S connector 

Bypass diodes 3

Application class A (acc. to IEC 61730)

Max. system voltage 1000 V

Mechanical Ratings
as per IEC 61215 Ed.2

Suction load up to  2400 Pa
Applied load up to  5400 Pa

Approved stress load
as per SOLARWATT 
Installation Instructions

Applied load up to 3500 Pa (when installed crosswise1))
Test condition: sliding load of  5400 Pa (conditions take into 
account safety factors for snow overhang and ice load per 
Eurocode 1.)
1) Please refer to the specifications in the installation instructions.

Qualifications IEC 61215 Ed.2 | IEC 61730 (including Protection Class II)

Nominal power PN

Nominal voltage UMPP

Nominal current IMPP

Open circuit voltage UOC

Short circuit current ISC

Module efficiency

THERMAL FEATURES

Operating temperature range

Ambient temperature range

Temperature coefficient PN

Temperature coefficient UOC

Temperature coefficient ISC

NOCT

Nominal power PN

Nominal voltage UMPP

Open circuit voltage UOC

Short circuit current ISC

STC: Standard Test Conditions: Irradiation intensity 1000 W/m², spectral distribution AM 1,5 | Temperature 25±2 °C, in accordance to EN 60904-3

NOCT: Normal Operation Cell Temperature: Irradiation intensity 800 W/m², AM 1,5 | Temperature 20 °C, Wind speed 1m/s, open circuit operation

Technical Data | Blue 60P 

Subject to change | Errors excepted | 2017 SOLARWATT GmbH | AZ-TDB-PMS-0476
This data sheet fulfills the requirements listed in DIN EN 50380:2003 | REV 011 | 08/2017 | EN

Voltage characteristic line at different temperatures and irradiations

Frame Profile

Measurement tolerance in reference to Pmax ±5 %; 
Reduction of module efficiency when irradiance is reduced from 1000 W/m² to 200 W/m² (at 25 °C): 4 ± 2 % (relative) / –0,6 ± 0,3 % (absolute).
Reverse-current power rating IR: 20 A, operating modules with an external power source is only permissible if using a phase fuse with a tripping current of ≤ 20 A.

Grounding bore hole

265 Wp 270 Wp 275 Wp

31,1 V 31,2 V 31,3 V

8,61 A 8,73 A 8,85 A

38,1 V 38,2 V 38,3 V

9,11 A 9,23 A 9,35 A

16,1 % 16,4 % 16,7 %

195 W 198 W 202 W

28,7 V 28,8 V 28,9 V

35,7 V 35,9 V 36,0 V

7,36 A 7,46 A 7,55 A

-40 … +85 °C

-40 … +45 °C

-0,41%/K

-0,31 %/K

0,05 %/K

45 °C

30 4010 200

2

4

6

8

10

0

Is
 [A

]

0°C50°C 25°C70°C

30 4010 200

Us [V]

2

4

6

8

10

0

Is
 [A

]

1000 W/m2

800 W/m2

600 W/m2

400 W/m2

200 W/m2

Us [V]
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