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ABSTRACT

Abstract

The construction of utility-scale PV plants has rapidly increased in recent years due to a rising
demand for clean energy and a severe decrease in system costs. To remain competitive, PV
asset owners and managers are under a lot of pressure to optimize PV plant operation and reduce
energy losses. Daily automated post-processing of monitoring data is crucial for swift fault
detection resulting in targeted prescriptive measures. The objective of this master thesis is to
detect and diagnose the most common PV operation faults at string, combiner box and inverter
levels and derive generally applicable fault patterns. This information is then used to develop
required measures for future fault prevention. A large volume of monitoring data from a sample
of nine different utility-scale PV plants is used to study the various fault patterns. The evaluated
cases include faults in data logging, structural losses, module damage, shading and soiling
conditions, module degradation, and inverter failures. Performance as well as weather data is
visualized, producing characteristic (deformed) curves for each loss type. Deviations from the
normal pattern signal early warnings. In the long run, the objective will be to facilitate

automated error detection with a standardized method which relies on typical patterns.
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1. Introduction

1.1 Relevance of the topic

Photovoltaics (PV) has experienced exponential growth in recent years. Rising demand for
clean energy has caused a severe decrease in system costs and has, as a result, increased its
economic competitiveness (Rosvold, 2017). PV has become the cheapest technology for
producing electricity in many countries. Levelized cost of electricity (LCOE) for utility-scale
PV plants decreased by 73% between 2010 and 2017 and now averages 0.10 USD/kWh
(IRENA, 2018).

Not only became PV commercially available in private households, also the construction of
utility-scale PV plants rapidly increased. Especially in poor regions around the equator where
solar irradiation is abundant and which face extreme growth rates in population, PV constitutes
a cheap and clean way to meet rising energy demands (Rosvold, 2017). The PV market has
become appealing to a large number of investors due to its numerous advantages (Ali et al.,

2017).

In a mature PV industry the framework for utility-scale PV is changing. Feed-in tariffs and
other incentives for PV are expiring in many parts of Europe which has caused a consolidation
of the industry. Large companies own and manage hundreds of PV plants with slim in-house
teams. PV asset owners and managers are under a lot of pressure to optimize PV plant operation
and reduce operational expenditures (OPEX) (Maier, 2018). The first of these aspects calls for
an increase in system performance and a reduction in energy losses. “Even a small increase of
0,1-1% today would increase performance and power production by 5-50 GW” (Rosvold, 2017,
p. 2). Losses can occur in different parts of grid-connected PV plants during operation (Kumar
and Sudhakar, 2015). Locating these losses and describing the faults is inevitable in order to
understand their effects and impacts on the PV plants and take the right actions in order to limit
and avoid those power losses in the future (Ali et al., 2017; Nehme et al., 2017). Timely
reactions on this front lead to a reduction in OPEX which will help to achieve highest
performance at lowest costs, a more effective set-up as well as higher returns on investment

(ROT) (Maier, 2018).

Today, monitoring systems detect performance and report system behavior and have thus

become an important tool for utility-scale PV systems.
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INTRODUCTION

Advanced data analysis using artificial intelligence (AI) technology is being integrated into PV
asset management structures and should enable qualitative analysis for fast fault detection and
diagnosis. An abundance of detailed monitoring data is created every minute. The challenge is
to extract valuable information from this wealth of data and derive targeted improvement
measures and actionable recommendations (Beyer, 2010; Ali ef al., 2017; Maier, 2018; Kumar

and Sudhakar, 2015; Rosvold, 2017; Chang et al., 2019).

1.2 Objectives of the thesis

For the abovementioned reasons, the goal of this master thesis is to

e conduct research in PV system performance and its improvement

e detect and diagnose faults during PV operation

e find actual plants and devices with already detected fault conditions

¢ find an appropriate methodology to isolate the most remarkable fault types

e visualize the data to highlight faults at string, combiner box and inverter level

e find and derive generally applicable fault patterns (with respect to location and outer
influences) and describe them

e describe limiting factors for exact fault classification and

e derive required measures in order to prevent such faults in the future.

In summary, the objective is to facilitate an automated error detection with a standardized
method which relies on typical patterns. It will be desirable for the future to use machine
learning and implement algorithms to gain precise actionable information for plant

improvement and to prevent losses in the future.

1.3 Structure of the thesis

This master thesis is structured as follows: Chapter 2 gives an overview of the basics of
photovoltaic technology, major components of a utility-scale PV plant as well as its influence
factors for performance related faults and losses at string and inverter level. A description of
the chosen methodical approach and the steps of investigation can be found in chapter 3, along

with a description of the required literature and data, which is used for the results in chapter 4.
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INTRODUCTION

A comparative discussion of the major findings, providing a broader context, is also included

in chapter 4. The major conclusions as well as a future outlook in chapter 5 complete this work.



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M You

BACKGROUND INFORMATION

2. Background Information

2.1. Principles of PV and major components

Photovoltaic technology converts the unlimited energy potential of the sunlight into direct-
current electricity. A PV system consists of cell, wafer, module, and balance-of-system (BoS),
which includes structural and electrical components, like inverters, mounting structures, cables
and connectors (Pearsall, 2017). The smallest unit within the PV system is the solar cell. It is
usually made either from crystalline silicon or thin film. Crystalline silicon cells can be
classified into mono crystalline silicon (mono-Si) and poly crystalline silicon (poly-Si). The
former are made by slicing wafers from ingots, while the latter are sliced from blocks of cast
silicon. Solar cell efficiency is defined by the quotient of the power output of the cell and the
incoming solar radiation (Fechner, 2018). Poly-Si modules are usually less efficient
(Fraunhofer ISE, 2018), but also less expensive. Thin film solar cells consist of extremely thin
layers on a low-cost backing and usually have lower efficiency rates than conventional
crystalline silicon cells. However, this is expected to improve in the near future. The most
common and commercially available thin film cell types include amorphous silicon (a-Si),
copper indium diselenide (CIS, CIGS) and cadmium telluride (CdTe) (Fechner, 2018). The
power of a typical crystalline semiconductor PV cell is not more than 2 W at 0.5 V, and the
individual solar cells combined form a solar module to increase the total power (Salem and
Awadallah, 2016). The wafers are protected by a thin coating of glass or transparent plastic and
framed with aluminum. The modules are either connected in parallel to increase the current, or
in series creating additional voltage. The modules are interconnected, forming an array (Fonash
et al., 2018). PV systems are mostly grid-connected using an inverter to convert the produced
direct current into the required alternating current of the local low-voltage grid. Therefore,
inverters play a crucial role when it comes to energy efficiency and reliability of the PV
installations (Fechner, 2018). Inverter efficiencies nowadays are 98% and higher. The most
common types of inverters include string and central inverters, with the former usually being
installed in small- and medium-scale residential and commercial applications and the latter
more commonly in large commercial and utility-scale systems (Fraunhofer ISE, 2018). To
ensure the optimum operating point of the module based on the prevalent conditions - at a given
incident solar radiation and module temperature or shadowing impact - maximum power point

trackers (MPPTs) are used (Fechner, 2018).
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BACKGROUND INFORMATION
2.2 Influence factors for performance

A value which helps to explain and quantify the performance of a PV plant is the Performance
Ratio (PR). The performance ratio is characterized by the ratio of the actual electrical output
and the theoretical maximum, the reference yield. The latter is characterized by the output under
standard testing conditions (STD): solar irradiation of 1 kW/m?, cell temperature of 25 °C and
air mass of 1.5 (Rosvold, 2017). The difference between the actual yield and the reference yield
is caused by energetic losses (Fouad, Shihata and Morgan, 2017).

The most important factors which influence PV panel performance and subsequently also the
performance of the system as a whole are outlined below. Some of them are external and
environmental and therefore often remain unalterable, while others relate to internal
components of the PV system and can be altered or designed accordingly in advance. However,
all these factors have an impact on design, installation and O&M (operations and maintenance)

of the facility (Chine et al., 2014; Mani and Pillai, 2010).
e Irradiation

The energy output of the module is strongly dependent on the power coming from the sun,
which again depends on the location of the PV plant and varies according to the weather as
well as the altitude of the sun and the azimuth angle. Less than 20% of the solar energy can
be converted into electricity, with the majority being turned into heat. Despite direct
radiation, which makes up the largest proportion of the solar energy reaching the module,
also diffuse and reflected radiation have an influence on power production (Fouad, Shihata
and Morgan, 2017). The total solar radiation on a horizontal surface is called global
irradiance and is the sum of the incident diffuse radiation plus the direct normal irradiance
projected onto the horizontal surface (Balafas ef al., 2010, p. 58 f). The highest yields can
be achieved when the PV modules are aligned perpendicular to the direct solar irradiation.
In addition to module power production increasing in line with rising irradiation, module
current also increases almost linearly with an increase in solar irradiation (Fouad, Shihata

and Morgan, 2017).
e Module temperature

Another crucial influence factor for PV performance is module temperature. A linear
relationship between the PR and module temperature can be observed, with every degree

rise in Celsius above the standard temperature conditions of 25°C ambient temperature, the
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BACKGROUND INFORMATION

efficiency of the crystalline silicon module is reduced (Rosvold, 2017) (IFC, 2015). A
correlation between module temperature and voltage exists, as with rising cell temperatures
the cell voltage decreases linearly. It drops by about 2.2 mV for each rising degree in
temperature, causing a decline in system efficiency by 0.38-0.45% in mono-crystalline PV
cells. Therefore, the temperature coefficients for this technology typically lies between 0.38

and 0.45%/°C (Fouad, Shihata and Morgan, 2017).
e Soiling and shading

Dust and dirt accumulation as well as shading are major causes for considerable loss in
power production. Their explicit impact on system performance are discussed more

thoroughly in chapter 2.3.
e Inverter efficiency

PV system performance strongly depends on power conversion efficiency. In general, a
decrease in efficiency with rising solar energy levels can be observed (Fouad, Shihata and
Morgan, 2017). Typically, inverter conversion losses lie in the range of 1-3%. Losses due

to inverter issues are discussed in more detail in the following chapters.

e PV panel characteristics

The choice of material for PV panel production, their atomic structure as well as band-gap
energy greatly affect overall panel efficiency (Fouad, Shihata and Morgan, 2017).
Maximum theoretical efficiency of the crystalline silicon cell is 30%, under lab conditions
they reach 20%. The research mono-Si cell achieves 26.7% efficiencies (Fraunhofer ISE,
2018) while commercial mono-Si modules reach efficiencies of 18% (Fechner, 2018).
Multi-Si modules are usually less efficient, with record lab cell efficiencies of 22.3%
(Fraunhofer ISE, 2018), but also less expensive. For thin-film solar cells, usually also
efficiency rates are lower than for conventional crystalline silicon cells but are expected to
improve in the near future. The most common and commercially available thin film cell
types include a-Si, CIS, CIGS and CdTe (Fechner, 2018). Within the thin film technology,
CIGS cells reach the highest lab cell efficiency of 22.9%, CdTe solar cells hold at 21.0%
(Fraunhofer ISE, 2018).
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BACKGROUND INFORMATION

e Module orientation

Angle of inclination and orientation of the PV panels determine the angle of incidence of
solar radiation and hence the power output of the system. Solar tracking systems usually
increase the energy yield, when compared to the fixed mechanism (Fouad, Shihata and

Morgan, 2017).
e Maximum power point tracker (MPPT)

In order for the system to operate at the maximum power point, and to shift inverter voltage
to the MPP Voltage, MPP Trackers are used (IFC, 2015). This maxima on the P-V-curve
fluctuates, according to a certain voltage and current, which again depend on the prevalent

weather conditions and the I-V-curve of the panel (Fouad, Shihata and Morgan, 2017).

e Miscellaneous factors
Other miscellaneous factors which influence power output include

o degradation of PV panels. Natural degradation at a certain degradation rate
occurs according to manufacturer specifications (IFC, 2015). Other kinds of
degradation can appear due to prolonged exposure of the modules to light (light
induced degradation, LID), or “high voltage stress between framing/glass
surface and solar cells” (performance induced degradation, PID). Also glass
breakage or degradation of interconnects and other parts of the PV system fall

into this category and produce losses (Fouad, Shihata and Morgan, 2017).

o the characteristic resistance of PV panels when tracking the maximum power
point of the panel. It has to be equal to the resistance of the load (Fouad,
Shihata and Morgan, 2017).

o AC and DC cable losses due to electrical resistance in the cable. These ohmic

losses can be decreased by correctly sizing the cables (IFC, 2015).

o preventive maintenance and cleaning of the PV panels which are necessary to
keep the performance of the PV plant at high level (Fouad, Shihata and
Morgan, 2017).
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2.3 Fault detection at string and inverter level

Energy yield losses can be caused by various factors, depending on the location of the plant and
its characteristics. Their origin is either on the DC side of the system (= capture losses),
indicating module breakdown, degradation, soiling or shading effects, wiring and mismatch
losses, or on the AC side, suggesting inverter failures, transformer failures or AC-wiring losses.
Some errors are related to environmental issues, like temperature or irradiation, while others

are linked to the components of the system itself (Chine ef al., 2014).

Throughout the lifetime of a PV system, failures can be grouped into three stages — infant
mortality failures, midlife failures and wear out failures. Failures at early stages of PV operation
can be attributed to flawed or damaged PV modules through improper manufacturing and
transportation. Typical failures here include junction box failure, glass breakdown, defective
connectors, loose frame or delamination. Midlife failures and losses are mainly due to
degradation and random failures like defective module interconnections, broken module glass,
burned cables, junction box and encapsulant failure. Towards the end of the PV lifetime,
prevalent fault types are delamination, cracked cell isolation and corrosion of cell and

interconnect or inverter wear out failures (IEA, 2013).

Local breakdowns

Cell cracking and module breakdowns can occur due to exposure to high stress during the

e manufacturing,
e packaging and transportation,
e installation or

e operation

process (Triki-Lahiani, Abdelghani and Slama-Belkhodja, 2018). They are caused by
vibrations, mishandling or mechanical pressure and can lead to open circuit voltage decrease
resulting in significant power reductions (Cristaldi ez al., 2014). Once a cell is cracked, the
damage might easily spread through the whole module due to mechanical stress like strong
winds or snow loads or thermo mechanical stress, which the modules are exposed to (IEA,
2013). The cracks can be either diagonal, parallel or perpendicular to the busbar’s crack or
multiple directional. The former and the latter usually cause the highest power losses (Dhimish

et al., 2017). In the long run, glass breakage can result in hot spots or corrosion due to the
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BACKGROUND INFORMATION

diffusion of oxygen and water vapor into the PV module (Fouad, Shihata and Morgan, 2017).

Figure 1 shows one module that was damaged by a tractor during the grass-cutting process.

Figure 1: Glass breakage of a PV module at string 42.06.13 in PV plant F

Shading

Besides affecting the current flow in the shaded cells, local shadowing effects also alter the
current flow of the whole panel, as cells are usually interconnected in series. And one impacted
panel results in an underperformance of the whole string. That is why even small shadows can
generate huge losses in the energy output. For obscure obstacles like leaves, cell current

decreases proportionally to the area of the shaded cell (pveducation, 2019).

Sources of shadows can be dynamic and caused by vegetation, or static and caused by poles,

buildings, or other cross-shading by other modules (Fouad, Shihata and Morgan, 2017).

During non-uniform fast changes in the illumination of the cells, finding the maximum power
point becomes a challenge for the system, since the local MPPs change with the illumination.
Shading patterns can clearly be observed in the I-V curve, causing non-linearities (figure 2)
(Fialho ef al., 2014). When an increasing number of modules is shaded the voltage at MPP
decreases significantly while the short-circuit current stays indifferent (Salem and Awadallah,
2016). Figure 3 shows the P-V curves of unshaded vs shaded conditions, indicating a clear

trend here as well.
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Figure 2: I-V curves under normal and under shading conditions (Fialho et al., 2014)
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Figure 3: P-V curves under normal and under shading conditions (Fialho et al., 2014)

Soiling

Soiling refers to the accumulation of dust and dirt on a panel’s surface and can lead to significant
losses, as the dirty cells receive less solar irradiation. Those modules exposed to reduced
transmittance of solar energy also have a lower operating voltage compared to the cleaner ones
(Sayyah, Horenstein and Mazumder, 2014). In general, the soiling rate lies in the range of 1-
6%, heavily depending on the geographical location and its characteristics. Examples from
Indian parks show soiling rates of up to 15-30%, if module cleaning is not performed on a
regular basis. (Gostein, Caron and Littmann, 2014). Factors which influence the soiling rate
include wind speed, humidity, precipitation rate, atmospheric dust concentration and the tilt

angle of the modules (the lesser the inclination, the more exposed the module is to soiling)

10
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BACKGROUND INFORMATION

(Sayyah, Horenstein and Mazumder, 2014). In many regions, rainfall is enough to clean the
dirty modules (Fouad, Shihata and Morgan, 2017). In dry areas with hardly any precipitation,

module cleaning must be conducted manually.

Hot spots

Partial shading of the modules due to soiling or other obstacles can lead to the development of
hot spots. This phenomenon occurs when the operating current of the module or string is higher
than the short circuit current of the shaded cell(s). In this case, the affected cell acts as a receiver
of reverse bias current which leads to a dissipation of the power and hence a rise in temperature
of the affected cell (Cristaldi ef al., 2014; Abderrezek and Fathi, 2017). The hot spot effect can
lead to cell damage and, in the long run, be a cause of module degradation and noticeably

decrease overall plant performance (Sayyah, Horenstein and Mazumder, 2014).

Degradation

Even without any faulty conditions, PV modules degrade over time. In general, degradation
rates depend on module technology, with typically higher rates in the beginning of the operation
phase for crystalline modules. Average natural degradation rates range between 0.2 and 1% per
year (IFC, 2015). The degradation rate mainly depends on the quality of the components and

their resistance to corrosion (pveducation, 2019).

Different kinds of degradation can lower plant performance and increase power losses.
Degradation rates which are increased due to the exposure of additional stress conditions are

referred to as accelerated degradation. This can be caused by:

e Effect of environmental conditions
e Module corrosion

e Wiring degradation

e Mechanical stress

e Adhesion losses

e Cracked cells

e Performance induced degradation

e Light induced degradation (Fouad, Shihata and Morgan, 2017) (IFC, 2015).

Module corrosion occurs if water vapor gets into the module and attacks metallic

interconnections and the conductive parts of the cells. This effect causes the material electrical

11



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

know|

o
i
r

M You

BACKGROUND INFORMATION

conductivity to rise and results in leakage current and performance degradation or the PV

modules (Triki-Lahiani, Abdelghani and Slama-Belkhodja, 2018; Cristaldi et al., 2014).

Also the backsheet of a PV module, which acts as an electrical insulation and physical support,
can be prone to degradation, also referred to as module backsheet degradation (Kim ez al., 2016)
(figure 4). Mechanical degradation of the backsheets is indicated by cracking, delamination,
front side yellowing, chalking, iso-faults or bubbling issues and occurs mainly in hot and arid
climates. It can be identified through Fourier-transform infrared spectroscopy (FTIR) (Lechner
etal., 2019).

Figure 4: Cracked backsheet after hot-spot induced glass breakage (Lechner et al., 2019)

Potential induced degradation (PID) is a phenomenon which can be observed in crystalline
silicon modules and describes a gradual deterioration of the panels. The cause for this decrease
in module efficiency lies in the high voltage potential between the frames and the solar cells.
The current leaking into the frame causes the Shunt Resistance of the cell to decrease and thus
a negative voltage in the string. This effect is accelerated by certain environmental conditions
like humidity, high temperatures and high system voltages. PV facilities with many modules
connected in series are more prone to PID due to high differences in the electric potential
between the two ends of the string (Hylsky ef al., 2018). The PID effect is recoverable in many
cases, by installing anti-PID devices which apply positive voltage to the modules (Ivashchenko

and Vallavanti, 2017).
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Light induced degradation (LID) is caused by prolonged exposure of the wafer to light, induced
by the presence of boron or oxygen left behind during cell manufacturing. It results in a decrease
in the short circuit current and open circuit voltage of the solar cell (Triki-Lahiani, Abdelghani
and Slama-Belkhodja, 2018). It is usually between 0.2-1% varying according to wafer and cell
quality (IFC, 2015).

Inverter wear out and failure

The lifetime of a PV system inevitably depends on the reliability of the inverters. Inverters are
often the most vulnerable components in a PV plant and their reliability depends on the
characteristics of their components. Important factors determining the lifetime of an inverter
are ambient temperature at the installed location, operating hours and operational/nominal
power. Wear out mechanisms of inverter components, especially capacitors and switches,
which are exposed to stress factors like the operating temperature or inadequate protection,

must be considered (Koutroulis and Blaabjerg, 2013).

Despite inverter wear out mechanisms, inverter reliability can be impeded by certain failures.

These can include:

e Inadequate design of the inverter or manufacturing problems which include thermal
management and heat extraction processes.

e Control flaws which refer to the interaction of the inverter between the strings on the
DC side and the grid on the AC side

e Failures in electrical components of the inverter, like converter module (IGBT) fault or
faults in the electrolytic capacitors due to thermal and electrical stress during operation

(Cristaldi et al., 2014)

In cases where the operational power of the strings exceeds the nominal power of the inverter,
so-called peak-shaving losses occur. In other words, when the irradiation levels exceed a certain
level, the actual array power is limited by the maximum power of the inverter, and it thus cuts
the peak. This effect takes place when the nominal power of the inverter is adjusted to the
nominal output power of the PV array. It should rather be designed according to the operational
power of the array (Van Der Borg and Burgers, 2003). However, inverter undersizing allows
for a more constant peak production during fluctuating weather situations and reduces the
impact of soiling, or (natural) module degradation effects. The potential energy production

during peak times is ‘sacrificed’ for this reason.
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3. Methodical Approach and Information Retrieval

3.1 Literature review

A comprehensive literature review was conducted for the chapter on background information.
Primarily, scientific papers from online databases like science direct and google scholar were
used. As the PV sector is facing a fast transition and rapid development year by year, the focus
lies on the latest available literature and up-to-date numbers and figures. Information on the
basics of PV was primarily taken from the presentation of Mr. Hubert Fechner, professor at the
FH Technikum Vienna and lecturer at TU Vienna, as well as from the Fraunhofer Institute for
Solar Energy Systems, which specializes on R&D in new technologies. The descriptions of the
influence factors for performance in PV were fundamentally taken from Fouad et al. (2017) and
build a conceptual framework for this thesis. In addition, Rosvold (2017) provides important
information on PV monitoring and fault detection. Concerning the effect of shading in
particular, especially Fialho et al. (2014) and Salem and Awadallah (2016) were studied in more
detail. The most important papers on soiling used for this work include Abderrezek and Fathi

(2017), Gostein et al. (2014) and Sayyah (2014).

3.2 Steps of investigation and data acquisition

The data used for this analysis was acquired from operational PV plants during a cooperation
with a PV consultancy company based in Vienna. A large volume of monitoring data from a
sample of nine different utility-scale PV plants was used to study the various fault patterns.
These power plants, located in Portugal, India, Spain, Ukraine, Italy and UK range in size from
1 to 80 MW nominal capacity and are anonymously labelled A, B, C, D, E, F, G, H and I. These
plants were chosen based on the fact that they cover a wide range of different loss conditions.
Table 1 gives an overview of the respective plants and their main characteristics. Monitoring
data includes performance parameters (AC power, DC power, current, voltage) as well as
climate data (solar irradiance, wind speed, rain, ambient air temperature, PV module
temperature). The measured parameters were recorded at 1-15 minutely intervals. Performance
data was measured either at inverter, combiner box or string level, each increasing in

granularity.
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Table 1: Location and characteristics of the examined plants and resolution of the extracted monitoring data

Plant
name power
65 MW
4 MW
81 MW
1MW
25 MW
5 MW
22 MW

12 MW

—"IOOTMTMmMOoOO®>

Nominal

1.7 MW

METHODICAL APPROACH AND INFORMATION RETRIEVAL

Location

Southeastern India
Portugal

Western India
Spain

Western India

UK

Ukraine
South/Central India
Italy

Module technology Tilt

Si Polycrystalline
Si Polycrystalline
Si Polycrystalline
Thin film

Si Polycrystalline
Si Polycrystalline
Si Polycrystalline
Si Polycrystalline

Si Monocrystalline

13°
30°
13°
30°
13°
20°
30°
13°
30°

Inverter
technology
Central inverter
Central inverter
Central inverter
String inverter
Central inverter
Central inverter
Central inverter
Central inverter
Central inverter

Data
resolution
1 min
10 min
10 min
5 min
10 min
15 min
1 min
1 min
15 min

Relevant data from days with unexpected values was isolated and plotted on curves in order to

show the impact over time or the development of the fault. These curves were then described

by observing their deformation and electrical signature.

In this study, the following fault types are identified:

e Fault I:
e Fault2:
e Fault3:
e Fault4:
e Fault5s:
e Fault 6:
e Fault7:
e Fault8:

Unreliable data and data loss

Design and construction mistakes

Local module breakdown

Shadowing condition

Soiling condition

Potential Induced Degradation

Backsheet degradation

Inverter peak shaving/cut-off

The following table (table 2) presents the scope of the study and attributes the fault types to the

respective plants:
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Table 2: Scope of the study

Loss type
Sensor

misalignment
Unreliable data

Structural faults

Local
breakdowns

Shading
Analysis

Soiling

PID Analysis

Backsheet
degradation

Inverter peak
shaving

Figure

9

10,11

12
13-16
18-21
22
23-25
26
27-29
30-33
34-38

40, 41

42

43,44

Plant

METHODICAL APPROACH AND INFORMATION RETRIEVAL

Input data

Irradiation sensor 1
and sensor 2
Irradiation, DC power

AC power, DC power,
irradiation, voltage,
current,
module/ambient
temperature
Irradiation, DC power

Irradiation, DC power
DC power

Irradiation, DC voltage,
DC current
Irradiation, DC power

Irradiation, DC power,
voltage, current
Device PR

Device PR

production at string
level, irradiation
Device PR

AC power, DC power,
irradiation, voltage,
current,
module/ambient
temperature
Irradiation, AC power

Checked
period

14 January
2019

01-02 March
2019
December
2018

01-02 March
2019
January-April
2018

May 2018-
February 2019
23 April 2019

01-02 March

01-31 March
2019
01Jan-12
March 2019
01 Nov-28 Feb
2019

01Jan 2017-18
Apr 2019
January-
November
2017

01-12 Dec 2018

05-28 Jan 2019

Data
granularity
pyranometer

string

inverter

string
string
string
string
string
string
combiner
inverter
string

string

inverter

inverter

Data
resulution
5 min

10 min

1 min

10 min

15 min

15 min

1 min

10 min

10 min

1 min

1 min

15 min

1 min

5 min

More specifically, the following chapters (chapters 3.4 and 3.5) provide a detailed description

of the methodical approach for the shading, soiling, inverter peak shaving and PID analysis in

Excel.
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METHODICAL APPROACH AND INFORMATION RETRIEVAL
3.3 Shadowing model

Morning and evening shadow conditions as well as object shadowing was illustrated by
applying string power values with a 10 minutes resolution from PV plant C from 07:00-18:00
for two days respectively. Actual losses for each string were then calculated by the deviation of
a certain string power from the average of all strings during a certain period (morning = 07:00-

10:00, peak hour = 10:00-15:00 and evening = 15:00-18:00).

For the visualization of row shadowing, string values for all strings in PV plant F have been
used. DC power data for every 15 minutes was used for comparing shaded with unshaded
strings. Overall plant-level losses due to row shadowing were calculated by deducting the
effective production from the theoretical maximum production. The former was calculated by
the sum of all actual string production values larger than zero. The latter is the product of the
sum of all values with an irradiation higher than 100 W/m? with the average specific production
on a sunny day. Average specific production on a sunny day results from the sum of power of
all strings greater than 90% (= the threshold) of the maximum producing string divided by the

sum of strings greater than the threshold.

3.4 Soiling and PID model

Soiling and PID maps were created to visualize and gain an overview of the fault characteristic
of the plant and facilitate the isolation of days and devices which produce a loss condition. By
plotting the parameters for optimum conditions against parameters for loss conditions, the loss

patterns can be identified and differentiated.

For the assessment of the soiling rate, local performance ratios (PR) at every timeframe, based
on monitoring data, were imported for every device. The local PR shows the average specific
production [kWh/kW;] for each inverter or combiner with respect to the average irradiation
[W/m?]. As a first step, all values with obvious other reasons for deviations were filtered out,
in order to avoid impacts from row shadowing, unreliable data or losses identified from other
checks. The irradiation threshold was set to 250 W/m?, all values below were excluded. Average
PR were levelized on plant-level to exclude weather effects. The data was compressed to daily
averages for every device for reference situations and the local PR during that period evaluated.
This method of deriving the “filtered and levelized local performance ratio” has been developed

to hide short-term effects as well as the effects of nominal and effective capacity to make
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medium- and long-term losses visible. The soiling loss for a device was then calculated with
the soiling rate as a percentage of deviation to the best value of this respective device. The

results for the detailed soiling analysis can be found in chapter 4.6.

For visualizing the PID effect, a European plant already revealing on plant-level visual PID
impact has been chosen. The method is similar to the soiling method. This is based on string
values and daily performance ratios for all timeframes over 300 W/m? irradiation. Again, both
the daily average as well as the device average were calculated, in order to equalize weather
effects and capacity differences and consequently reduce the impact of outliers. The loss
distribution shows the deviation of the worst performing string over the best string in the plant.
Average PID losses of the worst performing (max, 1%, 2% and 5%) strings were calculated
separately. For the worst performing string in the plant, the 2" worst string is selected in order
to avoid possible single outliers. The average losses take a comparative basis against the
maximum possible production at irradiation >300W/m?. The 2017-2019 PID development
characteristic was then visualized through different charts at plant-level as well as in more detail
via some isolated strings. By plotting the deviation of all strings, the linear regression indicates
the performance development over an extended period of time. The results for the detailed PID

analysis can be found in chapter 4.7.

Limitations derive from the dependency on data quality. Some devices and days show
unexpected patterns which are caused by a large number of unreliable values, especially when
the sum of irradiation on valid data records is low. These must be filtered out and excluded in
order not to distort the result. Besides, for an accurate classification of PID, data on a finer level,
on module level, would be necessary, but were not available for the scope of this thesis. Module

current and voltage measurements would have been required.

For the yearly comparative purposes of the PID effect, data from 01 Apr until 08 Nov is used.
Partial November and December data is excluded due to unreliable data from shifting weather

conditions during the winter season in Europe.

Below is a breakdown of dates with no string level data, which results in a data gap:
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Table 3: Data gaps on string level from 2017-2019 for the PID analysis in plant B

2017 2018 2019
Jan 02, 24-30 Jan 01-01, 09, 12, 25 Jan 01, 12, 19, 30-31
Feb 01-02, 04, 11-12, 20, 23, 28 Feb 09, 26-28 Feb 17-18
Mar 11, 16-29 2"3” 02:03, 06,0910, 14,1719, \ar 04, 05, 21
May 26 Apr 10, 15 Apr 17
Sept 27 May 26
Oct 16, 20 Jun 06-30
Nov 02 Jul 01

Sept 27

Oct 11, 15-16, 18, 20, 26, 31

Nov 02, 04

3.5 Inverter Peak Shaving (inverter cut-off) model

AC power for each available timeframe and inverter as well as irradiation data for the timeframe
were imported from the monitoring data for calculating the inverter cut-off losses. As a first
step, a reference value was created for every inverter and every day, calculated by the ratio
between AC power and irradiation of the day at certain irradiation values significantly below
the cut-off-level. The idea behind the methodology is that there is a linear correlation between
irradiation and power output at medium up to high irradiation. By using the PR for every
inverter and irradiation values, the expected/predicted power (the power which would have
been produced without the cut-off effect) can be extrapolated. In the cut-off the inverter reduces
its production to its maximum power. This can be detected in the datasheets and is usually very
accurate. Taking an individual factor for each day reduces faults caused by mid- and long-term
impacts from soiling or degradation. By deducting the actual output power of the inverter from
the calculated expected output power, the loss for every timeframe can be calculated. To avoid
effects from temporary other faults which are especially occurring during morning and evening
hours, only values above 700 W/m? were used. The results of the inverter peak shaving analysis

can be found in chapter 4.9.
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4. Results and Discussion

In this section, eight common fault types in PV systems have been identified. Certain days and
devices with clear visible patterns have been chosen and will be described in the following sub-
sections. In addition to loss condition, normal operation, data loss and monitoring failures are
visualized. The loss characterization leads to a subsequent discussion of early fault detection

strategies.

4.1 Fault-free operation

The following figures show the daily performance characteristics of PV systems working under
fault-free operation mode. Figure 5 shows the development of performance and climate data
during a clear day for plant A at inverter level. The PV system is in sleep mode until 6:50. With
the reception of the first solar irradiation, the system starts to produce output power. With
increasing irradiation, power generation rises at the same pace, until it reaches its peak of almost
1,000 kW at noon. Afterwards, it decreases again and falls below 600 kW for a short period,
due to a passing-by cloud. Power production stagnates at 17:40 when all solar irradiation has
disappeared. Measured DC and AC output power are very similar, always proportional to the
irradiation curve, indicating fault-free and efficient operation mode of the inverter as well.
Module and ambient temperature slowly rise during the day and decrease again in the evening.
The behavior of the current follows the pattern of the power and the irradiation curve. The
voltage shows some fluctuating behavior during the morning and evening hours, when there is
no power production yet, but settles at around 700 V during the course of the day. Only during

peak hours can a slight decrease in voltage be recorded in order to stabilize current and power.
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Figure 5: Fault-free operation mode for plant A on 26 December 2018. Left y-axis shows the AC and DC power [kW], irradiation
[W/mZ2], voltage [V] and current [A]; right y-axis shows the module and ambient temperature [°C]

Figure 6 shows the development of the same parameters for the same plant as before, but under
cloudy weather conditions. Though fluctuating, the system as a whole remains stable for all
variations of the measured sun irradiance levels. AC and DC power as well as current show the
same movement as the irradiation curve with high peaks of over 1,000 kW (1,000 W/m? for

solar irradiation), and a cloudy sky in the afternoon, with only minor energy output.
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Figure 6: Fault-free operation mode on inverter level for plant A on 16 December 2018. Left y-axis shows the AC and DC power
[kW], irradiation [W/m?], voltage [V] and current [A]; right y-axis shows the module and ambient temperature [°C]

Figure 7 shows the development of performance parameters for a European plant (plant B)

during one clear-sky day in March, this time at string level. Each graph shows the average value
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for the DC performance of all strings. The development is similar to the plant before, yet here

string power only increases up to 5 kW during peak hours.
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Figure 7: Average operation of all strings for plant B on 11 March 2019

4.2 Reliability of sensors and data collection

The quality of PV monitoring strongly depends on the quality of the recorded sensor data
(pyranometer, ambient temperature sensor, module temperature sensor) alongside the sensors
which are recording the working parameters of the inverters. Hereby, faults in data acquisition

and processing have to be determined and analyzed.

Data losses and incorrect measurements within the monitoring system of'a PV plant via weather
sensors such as pyranometer, temperature sensors and anemometer, are common faults in the

data acquisition process and may occur for several reasons:

e Physically damaged sensor
e Data logger issue
e Faulty installation
o pyranometer is not completely horizontal
o pyranometer is not inclined in the same Plane of Array (POA)

o pyranometer is not oriented according to the azimuth of the PV plant
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ambient temperature sensor is not installed in the shade

module temperature sensor is not aligned on the cell

module temperature sensor is aligned between two cells

module temperature sensor is glued loosely and glue is thermal isolating

anemometer is installed in wind shadow region

Soiling on sensors

Condensation inside the glass dome due to desiccant saturation, which can lead to

corrosion as well

Shadow impact

Loose connections

Missing calibration

Physically damaged cable

Corrosion/abrasion in the bearings

Figure 8 shows one example for pyranometer misalignment. The graphs show the

measurements of 2 sensors within one plant. Both pyranometers are working fault-free, yet their

east-west orientation is not exactly the same. Sensor 2 is more east-oriented (1-3°) than

sensor 1.
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Figure 8: Pyranometer measurements for plant D on 14 January 2019

Data gaps may occur due to a limitation of the data transfer speed inside the plant. There are

two possible sources for data gaps: at data recording or data transfer level. If occurring at the
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data transfer level, it is possible that the system is incapable of managing the size of the data
due to the low bandwidth, leading to data loss. As the combiners are not all equally impacted

and data gaps occur at “random” times of the day, further analysis is required.

Data transfer delays lead to unreliable data. Unreliable data occur in cases when the data is not
completely transferred and may later “catch on” and be transferred on top of the regular data,

leading to a “fake” over performance.

The following figures (figures 9 and 10) show two examples for plants which suffer from data

transfer issues on certain days.

Figure 9 shows an error in the data logging of string power data for string no 02.01.01.01 from
plant C. The power curve follows the expected pattern at the beginning of the day and deviates
into a very fluctuating one. The difference to a local shadow condition through power lines lies
in the fact that 22 neighboring strings and thus a whole combiner box is affected. This is an
indicator for incorrectly recorded combiner monitoring data or incorrectly calibrated/installed
sensors. Due to the clear sky conditions, actual production losses resulting from temporary local
irradiation variances are not the case.
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Figure 9: Unreliable data for string 02.01.01.01 in plant C on 01-02 March 2019

As can be seen in figure 10, plant A is affected by data gaps on a certain day. The figure shows
here only one inverter, yet unlike before, in this example the whole plant was subject to missing

data, between 14:05 and 14:30 and again in the evening from 16:05 to 17:20.

The problem with missing data over longer periods is a “blind flight” situation, where faults

which lead to actual losses are overseen. Therefore, data quality should be a main focus when
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it comes to PV plant monitoring, particularly in order to avoid any issues during the data transfer

process.
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Figure 10: Incomplete data for all sensors in plant A on 30 December 2018. Left y-axis shows the AC and DC power [kW],
irradiation [W/m?], voltage [V] and current [A]; right y-axis shows the module and ambient temperature [°C]

Another indicator for unreliable data is the lack of correlation between the irradiation sensors
and inverter output, as illustrated in figure 11. From 07:30 to 08:30 one data gap was registered,
followed by deviating patterns of the power/current and the irradiation curve. At around 12:20

the system stabilizes again and follows its expected pattern.
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Figure 11: Unreliable data for plant A on 06 December 2018. Left y-axis shows the AC and DC power [kW], irradiation [W/m?],
voltage [V] and current [A]; right y-axis shows the module and ambient temperature [°C]
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4.3 Design and construction issues

Certain energy yield losses can be attributed to the plant structure and may be caused e.g. by a
misalignment of modules or the wrong distance between string arrays. They are both described

in the following chapter.

String 05.04.01.01 in figure 12 has been chosen to show the production profile for a system
(PV plant C) facing west. Measured pyranometer irradiation and string power output are
experiencing a time-shift of ~ 40 minutes. This phenomenon is caused by a module orientation
of around 10° in the west direction. At the beginning of the day, the pyranometer receives solar
irradiation, while the module is still in “sleep mode”. During noon, the peak production occurs
at a later time than the average of all strings, with a reduction in the peak load. The string
registers a morning underproduction of 43.5% compared to the average of all strings between
07:00 and 10:00, while peak hour production (10:00-15:00) is 20.5% below the average.
Measured over the whole two days between 06:30 and 18:30, underproduction holds at 25.1%.
Its peak production with 3.61 kW is reached at 13:00 on 01 March, in contrast with 4.45 kW
achieved by the average of all strings at 12:20, at an irradiation level of approximately

1,000 W/m?.
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Figure 12. West oriented modules for string 05.04.01.01 in plant C on 01-02 March 2019

In a PV system, rows may be exposed to partial shading conditions occuring under certain field
deployment conditions as a result of low sun angles. The following findings address the effect
of row distance on the plant’s energy output and evaluate energy losses due to shading of the
preceding row in a PV system. The figures below generically show how the ,;row-to-row
shading effect changes when comparing the plant performance of a day in January (figures 13

and 14) with one in April (figures 15 and 16). Figure 13 displays power curves of 4 strings for
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a PV plant located in Great Britain (plant F) on 07 January 2018 from 06:00 to 21:00. It is a
sunny day with a high sum of irradiation. Strings 01.01.01-01 and 02 start producing power at
08:45 and are fully illuminated, while string 01.01.01-03 is shaded for longer by the array in
front. It has a later wakeup, at 09:15, which is clearly visible in figure 13, but catches up in its
power production at around 10:00. By contrast, string 01.01.01-04 is shaded by the preceding
row for the whole day. While string 01.01.01-01 produces up to 3.3 kW, power production of
string 01.01.01-04 is limited to 1 kW, resulting in yield reductions of 90% compared to the top
string. String 01.01.01-02 produces 98.5% and string 03 92% of the output of string 01.01.01-
01 which is located on top of the array. Throughout the whole plant, every fourth string is
impacted by row shadowing, resulting in a uniform shading pattern, as illustrated in figure 14
(extract of 13 strings). Across all 801 strings at the plant, energy yield losses due to row
shadowing account for 22% (~2,600 kWh) on 07 January, arising from the difference between
theoretical maximum production and effective production. Based on a shadow analysis of 2018
at PV Plant F, the shadowing losses due to row shadowing are equivalent to 40,000-50,000
kWh or 6,000 — 7,500 EUR for 2018 (0.8 - 1.0% of annual production)

600 3,50

2,50
400

300

Irradiation [W/m”]
Power [kW]

100

06:00
06:30
0700

8:00

o
Mmoo
]

07:30
09:00
9:30
0:00
0:30
1:00
1:30
i
30
00
30
0
30
5:00
30
6:00
6:30
7:00
7:30
B:00
30

C
30
00
0:30
00

o © C

Irradiation === power_string 01.01.01-01 power_string 01.01.01-02 == power_string 01.01.01-03 power_string 01.01.01-04

Figure 13: Power production of strings 01.01.01.01-04 and irradiation on 07 January 2018 in plant F. Power reduction of string
01.01.01.04 due to row shadowing
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Figure 14: String map of strings 01.01.01.01-13 on 07 January from 08:00-16:15 in plant F

The same plant but a different day (05 April 2018) is now examined in figure 15 and 16. It is
again a sunny day and with a sum of irradiation three times higher than in January. The rows
of PV modules shaded by the preceding arrays are now fully illuminated and no more row
shadowing effect is visible. All strings feature equal performance curves. Across the whole
plant, losses due to row shadowing have been reduced to 1.2% on 05 April. The loss reduction
can be explained by the higher azimuth of the sun in spring compared to the cold season. Also

in the string map (figure 16), no more loss condition is visible.
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Figure 15: Power production of strings 01.01.01.01-04 and irradiation on 05 April 2018 in plant F. Row shadowing effect is not
visible anymore
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Figure 16: String map of strings 01.01.01.01-13 on 05 April from 06:45-19:45 in plant F
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These findings show that certain loss conditions change throughout the year with changing
seasons and the respective position of the sun. When determining loss patterns due to row
shading conditions, it is required to examine a longer period of time. Also days with high
irradiation rates are favorable, as the loss pattern is less evident on a cloudy day. As soon as the
irradiation drops, the loss rate is significantly reduced. Despite that, the results highlight the
importance of keeping a minimum spacing to avoid row shadowing during winter months.
However, the loss reduction due to more spacing of the PV arrays needs to be weighed against
output reductions caused by a lower number of rows. As in case of PV plant F, a correction of

the row distance or the tilt angel would not lead to an economically favorable improvement.

4.4 Local breakdowns

When the glass on a PV module gets damaged, it usually shatters into numerous small pieces.
This limits the power production, as those microcracks act as a barrier by hindering the sunlight
from entering the solar cell. Figure 17 shows one faulty modules from a Ukrainian PV facility

(plant G). The glass shattered due to a stone chip during the grass-cutting process.

Figure 17: Cracked glass of a PV module at string 22.04.15 in plant G

The module damage in PV plant G was acknowledged on 23 May 2018 and got repaired on 26
February 2019, causing a downtime of 279 days. Due to the shattered module, the whole string
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(22 modules per string) led to a decrease in production of 8.3% compared to the best performing
strings. This deviation value was measured on a sunny day in June and varies according to the

time of the year. Actual energy losses amounted to 395 kWh.

Figures 18-21 illustrate this fault type at string level (figure 18 and 20 were plotted in Excel
and figure 19 and 21 directly drawn from the monitoring system). Each chart shows the power
values (in kW) for the string with the damaged module (in green) and its fault-free operating

neighboring string (in blue).

In figure 18 three consecutive days are depicted, starting on 20 May 2018, when the module
was still intact, followed by the grass cutting incident on 21 May at 10:50, forming a clearly
visible deformation in the performance curve. From that moment on, the string was operating
at an underperformance of several percent, which is clearly visible in the chart. Figure 19
highlights the moment of damage and the consecutive deviating pattern. Its power was reduced

by around 0.3 kW.

Figure 18: Power development for strings G22.4.14 and G22.4.15 in plant G on 20-22 May 2018
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Figure 19: Power development for strings G22.4.14 and G22.4.15 in plant G on 21 May

The deviation from optimally operating strings depends on the time of day and the respective
season. In general, higher deviations are recorded during the winter months, when the azimuth
of the sun is lower and therefore the microcracks on the damaged module are shading more

severely.

String G22.4.15 operated with a clearly visible underperformance, until on 26 February at 14:45
when repair works were conducted, and the broken module was exchanged. For about seven
minutes the whole string was disconnected and not producing any electricity, as can be seen in
figure 21. After the maintenance works, it continued operating at the same power as its

neighboring string (figure 20).
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Figure 20: Power development for strings G22.4.14 and G22.4.15 in plant G on 25-27 February 2019
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Figure 21: Power development for strings G22.4.14 and G22.4.15 in plant G on 26 February 2019

When there is not only one faulty module connected to a string, but several, the output power
can be impacted to a higher degree. Analyzing the plots depicted in figure 22 from an Indian
PV park (plant H), where the O&M team congregated all damaged modules from the park on
one string, a more significant output power reduction is visible. In fact, DC power production
is restricted to approximately 43%, implicating a performance reduction of around 57%. As
expected, also a measured current and voltage reduction can be recorded due to the broken
modules, compared to the average current and voltage of all strings at the plant (indicated by

the light red dashed lines in figure 22).
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Figure 22: Multiple broken modules connected to one string on 23 April 2019 in plant H

These results show, that damaged modules cause a reduction in both voltage and current which
draws a clearly detectable pattern at string level. The more modules affected, the higher the
power deviation of the respective string and the clearer the pattern. Even one cracked module
(out of 22 modules per string) can be noticed on visualized monitoring data, as shown in the
abovementioned findings. Accordingly, actual power losses can add up, especially when it takes
a lot of time for the O&M team to fix the issue. In the present case, energy losses amounted to

395 kWh, causing a monetary loss of 118 EUR.

4.5 Shadowing pattern

The change from a normal condition to a shading condition causes an alteration in the array
output power. Translating this phenomenon into a chart, a deformation of the power curve due
to the reduced power production can be easily noticed on clear days, when comparing it with
the irradiation curve or devices which are not impacted by this shading. In this chapter (1)
morning and evening shadow condition, (2) whole day shadow condition, (3) shading object

and (4) row shadowing are visualized and possible causes and the resulting losses examined.

The following figures (figures 23-25) illustrate the effect of different kinds of shadows on

various selected strings at PV plant C. Each of the charts shows the solar irradiation, in W/m?

34



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

[]
10
ledge

now

3
i
r ki

M You

RESULTS AND DISCUSSION

on the left y-axis, as well as the string power, in kW on the right y-axis, for two days (01-02

March 2019), respectively.

String C.02.06.24 suffers from 41.9% and 47.2% underproduction compared to the average of

all strings in the morning (07:00-10:00) and evening (15:00-18:00) hours respectively over the

timeframe of the two abovementioned days, while during peak hour it is only 13% behind. This

morning and evening shading effect can be observed in figure 23.
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Figure 23: Morning and evening shadow condition for string C.02.06.24 in plant C on 01-02 March 2019
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Measured on average over the whole day, reference string 14.02.08.01 in figure 24 is producing

at a power which is almost 30% below the average of all strings during the two days. The causes

do not necessarily lie in various shading conditions but can as well be found in technical failures

or caused by a broken module. However, clearly visible is an evening shadow, occurring at

around 17:00, causing evening shadow losses of 45%.
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Figure 24: Whole day underperforming condition for string 14.02.08.01 in plant C on 01-02 March 2019
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String 13.04.09.14 is exposed to the presence of a physical obstacle toward the west, like a
pylon or a tree, which leads to an evening underproduction of 45%. Over the whole two days
this shadow condition causes 8.3% underproduction compared to the average of all strings. For
both days the chart (figure 25) shows a clear pattern with a steep decline in production between

15:00 and 16:30.
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Figure 25: Shading object condition for string 13.04.09.14 in plant C on 01-02 March 2019

These effects of various kinds of shadows on the reference strings are not only clear on the
generated power curves, but also on the generated current. For visualization, figure 26 illustrates
an evening shading condition and the development of string power, string current and string
voltage for the chosen string on 25 March 2019. The left y-axis displays the irradiation and the
voltage, while the right y-axis describes the current and the DC power. The light green dashed
line represents the average power registered by all strings, in order to facilitate the comparison

with the actual generated power of the respective isolated string.

The evening shadow condition is caused by a row of trees bordering the western side of the PV
park. Figure 26 clearly shows the deformation of the DC output power curve of string
03.01.04.02 due to the evening shadow condition when compared to the average output power
curve. Only diffused irradiation is monitored after 16:00. At the same time, the string current
curve deviates from its usual pattern. It shows a similar tendency following the same trend as

the power curve, while the voltage curve remains constant.
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Figure 26: Evening shadow condition for string 03.01.04.02 in plant B on 25 March

The above findings indicate that, depending on the type of shadow, different patterns are
produced. Structural shading losses due to row shadowing are caused by the alignment of the
modules and the structure of landscape as illustrated by figures 23-24 from plant C. These loss
patterns are visible especially during the winter months, as for the lower solar angle of
incidence. In summer, these losses may not be occurring anymore. By contrast, the curve caused
by a pylon/tree shadow looks completely different, as indicated in figure 25. Its difference
compared to the pattern produced due to monitoring faults lies in the fact that the former is
almost the same for the two days, and just shifts over time with changing solar incidence. Losses
in plant B (figure 26) are mainly caused by the trees on the western side of the plant causing
evening shadow losses for all modules located at the western border of the facility. The charts
above indicate that shadow losses are not only visible where a shift in the DC power curve
occurs, but further also in the case of the string current curve, which moves to the same extent

as does the power curve. Only the string voltage is maintained at the same level.
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RESULTS AND DISCUSSION
4.6 Soiling pattern

Based on the filtered and levelized local performance ratio of every combiner box (for detailed
method description see chapter 3.4), graphics 27-31 show the soiling pattern of PV plant C from
01 January to 12 March 2019. The left y-axis in figure 27 describes the dashed line (PR of the
chosen combiner box) and the right y-axis the solid line (percentual soiling losses of the same

combiner box).

The figure below shows the influence of soiling on PV plant performance, for combiner box no
02.01.05. This combiner has been chosen for the chart, because its pattern shows very clearly
the accumulation of soiling, until the soiling rate drops following each cleaning measure.
According to the figure, a weekly cleaning frequency can be assumed. The mean of the energy
losses during the three observed months caused by dust is 2%, with maximum soiling losses of
4.4% for CMB 02.01.05, which underlines the importance of the weekly cleaning procedures.
The PR varies between 0.71 and 0.76, with an average of 74%. The soiling loss is calculated
by the decrease in PR, as soiling loss and plant performance are correlating. It is important to
mention here that soiling losses will be even more relevant during the summer months, since

energy production will reach its peak then.
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Figure 27: PR and soiling loss for combiner 02.01.05 in plant C on 01 January — 12 March 2019

The next figure (figure 28) shows 19 combiners from the same inverter station (inverter station
2). The strings connected to the combiner boxes are located next to each other in the plant which

is why their curves look almost identical, suggesting similar cleaning schedules in this area of
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the plant. The same combiners are additionally visualized via a soiling map (figure 29), plotted

in excel. The brown color gets darker with the increasing rate of soiling.
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Figure 28: Soiling loss chart indicating cleaning effects at inverter station 2 in plant C from 1 January — 12 March 2019

CMB_02.01.03

CMB_02.01.04

CMB_02.01.05

CMB_02.01.06

CMB_02.01.07

CMB_02.01.08

CMB_02.02.01

CMB_02.02.02

CMB_02.02.03

CMB_02.02.04

CMB_02.02.06

CMB_02.02.07

CMB_02.02.08

18% 21%

1,7%%

CMB_02.05.01

17%

CMB_02.03.02

CMB_02.03.03

CMB_02.05.04

1,9%

1%:

Figure 29: Soiling map for inverter station 2 in plant C from 15 January - 12 March

Whereas the pattern looks similar within one inverter station, it changes severely when

comparing combiner PRs from different inverters, suggesting a spacial variance in plant

cleaning schedules. To illustrate how the cleaning schedule changes, figure 30 shows soiling

loss graphs for combiners from four different inverters (inverter 01, 03, 09, 10) and figure 31

the soiling map pattern for two different inverter stations.
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Figure 30: Spacial variance in module cleaning
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Figure 31: Soiling map for two different inverter stations

Figure 32 shows the result of soiling data from a different plant, site A, for the winter months,
from November 2018 to February 2019. The left y-axis describes the percentual soiling rate
and the right y-axis the solar irradiation. In contrast to the plant before the data resolution is not

as detailed, since here the data is shown at inverter level.
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RESULTS AND DISCUSSION

Inverter 10.02/40 has been chosen because it is the one with the highest average soiling rate, of
2.3%. The development of inverter 10.02/40 over the four months suggests a very fluctuating
soiling development with variable cleaning schedules. As can be derived from the graphic, the
achieved loss reduction due to the cleaning process is in the range of 1.3-3.7%. On some days,
the sum of irradiation per day correlates with the soling rate, explaining the high fluctuations in
the soiling loss curve. However, this data has to be treated and interpreted carefully, as it shows
some unexpected patterns especially in November and December, which may be caused by a
high number of unreliable values, especially on days with low irradiation (e.g. 28 January, as

marked in figure 32).
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Figure 32: Soiling development for inverter 10.02/40 in plant A from November 2018 to February 2019

Figure 33 describes the soiling development for the same inverter as before, but only for the
month of January. The irradiation was at a relative constant high level during that month,
creating more reliable soiling data. For inverter 10.02/40, the soiling rate in January slowly but
steadily increases with a rate of 0.15-0.3% per day on clear days, until at 3.5% the module
cleaning process was performed, causing the soiling rate to decrease by more than 2%. Short-

term fluctuations in the soiling curve can be attributed to methodical reasons.
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Figure 33: January soiling development for inverter 10.02/40 in plant A

This soiling data from plants A and C emphasizes the importance of finding a reasonable
moment for cleaning. This is where the interval of the cleaning cycles has to be determined
based on weighing the costs for cleaning with the potential of performance improvement.
Between November and February, a 2-3 days shorter cleaning interval would not be
economically feasible. However, a cost/benefit analysis would look totally different for the
summer months, when the soiling impact is higher due to the dry environment and the increased
solar irradiation. Therefore, the soiling rate has to be observed carefully, for example by
implementing watchdogs, which alarm at a certain deviation of the actual value with the

setpoint.

4.7 Potential Induced Degradation

Plant B suffered from increasing power losses due to Potential Induced Degradation. PID losses
reached their peak in the beginning of November 2017, until on 11 November negative

grounding kits on the plant’s inverters had been installed.

Figures 34 and 35 illustrate the loss development on plant-level due to PID in plant B for 2017
(Apr-Nov) and 2018 (Apr-Nov), and figure 36 the compressed overview from January 2017 up
to September 2018.
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The development of the maximum and worst 1%, 2% and 5% performing strings, as well as the
average losses of all strings (+ linear regression), are shown respectively. Each position shows

the worst performing string distribution of all 840 strings for any given day.
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Figure 34: Loss development through 2017 (April-November) for plant B
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Figure 35: Loss development through 2018 (April-November) for plant B
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Figure 36: Loss development from January 2017 to September 2018 for plant B

What can be observed is a clear loss development over the year in 2017, in particular a
significant increase of the worst strings. The impact on the worst 5% of strings increased by
almost 3% over 7 months with close to 0.5% impact on production at plant level. The PID
impact grew by 0.5% in 11 months with PID losses peaking at the beginning of November
before the PID impact is levelled out with the installation of the grounding kits in November

2017.

After the PID correction in November 2017, the PID impact stabilized at 1.5% throughout the
year with the grounding kits taking effect. Initial loss peaks visible in the first half of the year
are due to unstable weather conditions and module replacement works, followed by a large data
gap during the installation phase of a new monitoring system. From July on, the weather effect

is stabilized with the losses developing due to natural degradation.

In order to obtain more detailed information on the PID development of the plant, two strings
which show steep recovery curves have been isolated (figure 37). This could either be an
indication for the replacement of the worst impacted modules or for the installation of an anti-

PID series technology at inverter level.

These anti-PID boxes apply a reverse potential to the string poles with a minimum current flow
proportional to the daily production. This leads to reduced voltage losses of the PV modules

while incrementing the Fill Factors of each modules and strings which are thus operating at
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higher MPPs and generating more energy under the same conditions (Ivashchenko and

Vallavanti, 2017).

The average loss of string no 03.02.04.06 for the year 2017 amounted to 8.1%, while for 2018
it was only 4.1%, which indicates a performance incrementation of 4% (on average) due to the
correction. String no 01.01.04.11 improved on average by 4% during these two years. The light
green color illustrates the average loss development of all devices, indicating an overall loss

decrease of the aforementioned 1-2%.

COAVG deviatior emmmS5TR_03.02.04.06 s——5TR_01.01.04.11

Figure 37: String loss development for strings 03.02.04.06 and 01.01.04.11 in plant B from 2017-2018

To generically show how PID does not affect the whole PV park equally, in figure 38 two other
strings, which are differently impacted by PID, have been isolated.

String no 01.01.07.12 is characterized by rising losses up to 13% with an average of 7.7% in
2017 followed by a drop between November 2017 and March 2018. In 2018, average losses
amounted to 4.5% and levelled off at 2.5% by the end of the year. By contrast, string no
01.02.03.09 had not been impacted by PID and was therefore only prone to the natural

degradation rate. Average loss rates increased from 1.7% in 2017 to 2.3% in 2018.
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Figure 38: String loss development for strings 01.01.07.12 and 01.02.03.09 in plant B from 2017-2018

The analysis confirms the growth of PID impact by 0.5% (from 1% to 1.5%) in 2017 on plant
level. The installation of the grounding kits in November 2017 was successful in stabilizing the
PID effect, maintaining at a constant 1.5% impact. In order to reverse the PID effects (option
A) the replacement of the worst impacted strings will reduce the overall underperformance on
plant level or (option B) the installation of an anti-PID solution at inverter level, will reduce the

PID effect and the underperformance.

4.8 Module backsheet degradation

In 2017, an Italian PV park suffered from module backsheet degradation. The problem became
evident from May onwards, followed by a more or less exponential increase in the number of
affected modules. Figure 39 shows exemplary one degraded backsheet of a PV module in

plant L.
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Figure 39: Module backsheet degradation in plant |

However, the O&M team on site did not take any major preventive action against this issue.
Consequently, average specific string device PR decreased by more than 80% throughout the
period of only six months (illustrated in figure 40). Figure 41 gives information about the
number of strings with a high PR (> 0.8), medium PR (0.3-0.8) and low PR (< 0.3), as well as
unreliably high PR (> 1.3). The message is the same as in the figure before — the number of
strings with low PR rose dramatically, from 10 affected strings in April 2017 to 130 affected
strings in October of the same year. Overall plant production decreased by more than 80% due

to the lack of regular analytics plus preventive and mitigative measures.
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Figure 41: Number of strings with (unreliable) high, medium and low specific device PR in plant | from April to October 2017
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4.9 Inverter peak shaving/inverter cut-off

December 2018 monitoring data for plant A showed clear signs of inverter cut-off issues when
the solar irradiation level exceeded 1,000 W/m?, which was the case on 18 and 19 December.
The effect becomes visible in limited power outputs for every inverter in the plant during the
days when the irradiation reached 1,300 W/m?. In fact, power production was limited to
1,024 kWh, as can be seen in figure 40 for device no 02.01/07 on 18 December. In the morning,
the power curve and the irradiation curve follow the same pattern, until the irradiation exceeds
the threshold at around 10:40 and the AC power deviates from the irradiation pattern and is
“cut” in its energy generation. The whole trend stabilizes again after 13:30. The increase in the
DC-Voltage is clearly between 10:50 and 12:10 and again at 13:00 in order to keep the current
and the power at limited level. While the voltage usually stabilizes around 700 V, during these

peak irradiation timeframes it rises to 760-780 V.

Ambient temperature

DC_Current/2 Module temperature

Irradiation = = AC_Power DC_Power  wwwwe DC_Voltage

Figure 42: Inverter cut-off for inverter 02.01/07 in plant A on 18 December 2018. Left y-axis shows the AC and DC power
[kW], irradiation [W/m?], voltage [V] and current [A]; right y-axis shows the module and ambient temperature [°C]

Another plant with clearly visible inverter peak shaving impacts is plant D. During January
2019 losses caused by peak shaving effect were calculated (for detailed calculation method see
chapter 3.5). The following chart (figure 41) shows one clearly affected inverter during the
examined period, inverter 03.14, on 13 January. A reduction at the measured AC power
compared with the simulated/predicted one can be clearly observed between 12:00 and 15:00.
Throughout the whole day 1.28 kWh cumulated losses were calculated for inverter 03.14, which

is the deviation between the actual power from the predicted one.
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Figure 43: Inverter cut-off for inverter 03.14 in plant D on 13 January 2019

Figure 42 shows the power development for the same inverter of the aforementioned plant over
a period of 5 days, from 12 to 16 January. The following trend can be observed: each time the
irradiation exceeds a certain level, the inverter is limited by its power capacity, generating

cumulated losses of 7.46 kWh during these five days.

Figure 44: Inverter cut-off for inverter 03.14 in plant D from 12 — 16 January 2019

4.10 Fault prevention and mitigation strategies

The examples which are illustrated and discussed in this work highlight the importance of
regular analytic post-processing of monitoring data in order to optimize PV plant performance.
Automated plant monitoring on a daily basis is equally important to a proper plant design and
installation and the quality of the plant components (inverters, combiner boxes, MPPT-trackers,
modules...). Only with a reliable monitoring system is it possible to start early with corrective
measures if a fault occurs. A well-functioning monitoring regime is only reasonable, if targeted

mitigative and preventive actions are taken accordingly and within short reaction times. As it
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was the case with the PID example from the Portuguese plant, analytic post-processing of
monitoring data allowed for fault detection at an early stage and by taking targeted measures
after detection it was possible to limit energy losses and stabilize plant production. What can
happen if early fault detection and mitigation strategies are lacking is shown by the example of
the Italian plant which suffered backsheet degradation. The O&M team did not act which

resulted in irreversible plant damage and huge energy losses.

Once energy losses which can occur in a (utility-scale) PV park are understood, methods for
loss minimization can be derived. From the findings of this work and in accordance with IFC
(2015) and Sayyah et al. (2014), the following strategies for fault prevention and loss reduction

can be drawn:

e [ocal breakdowns:

When physical damage occurs, such as cracked/shattered modules or a bypass diode failure, the
performance of the whole string decreases by a few percent. In order to localize the faulty
module, visual inspections or IV curve testing should be performed. The affected module is
then to be replaced, as has been done in the case of the Ukrainian PV plant discussed in chapter

4.4. String performance returned back to its normal capacity.
e Shading:

Shading prevention is primarily related to PV plant design and careful planning. Shading
obstacles like trees, pylons or buildings are to be avoided and sufficient space between arrays
has to be ensured in order to avoid row shadowing. During plant operation, a proper O&M

strategy to prevent losses due to vegetation growth is required.
e Soiling:

Especially in arid places where sandstorms are frequent, soiling losses have a major negative
impact on plant performance. A well-planned cleaning strategy adapted to the environmental
conditions is the key to minimize these losses. In Europe, natural cleaning due to precipitation
is sufficient to avoid soiling, while at plants in other parts of the world, like in India, an
appropriate manual cleaning regime is necessary due to the lack of rainfall. In areas where
manual cleaning is too costly, automated cleaning methods can be applied. Alternatively,
passive methods exist as well and aim at modifying panel surface in a way that minimizes

manual cleaning efforts or reduces the surface adhesion of dust. A combination of different
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methods is also possible. Figure 45 provides an overview over different methods for removing

dust from solar panels.

« Rain
» Wind
» Melting snow

Passive Surface « Hydrophilic

Natural Cleanin }_, .
g] [ Treatment - Hydrophobic
A
—{ Cleaning Agents }—

» Microcontroller-based v v

surface brushing
« Automatic water spray Automatic C[eaning] [Manual Cleaning}—>

« Cleaning robots
= Emerging methods

« Water-soft cloth wiping
« Detergent/water rinsing
= Surfactant

« Water jet/surface brushing

Figure 45: PV module cleaning methods (Sayyah et al., 2014)

Increased plant performance due to frequent cleaning should be carefully weighed against the
higher personnel (and water) costs. Yet, the “frequency of cleaning is critical, as the adhesion
of dust increases with the residence time of the dust on the collectors before each cleaning”
(Sayyah et al., 2014, 600). The weekly cleaning schedule from the Indian plant discussed in
chapter 4.6 showed good results and could improve plant performance by approximately 3%.
One other important aspect when it comes to module cleaning is water consumption. In areas
with a high module cleaning demand, water resources are also often scarce and therefore
cleaning methods which consume less water might be economically and environmentally

favorable.
e (Performance induced) degradation:

In order to prevent accelerated/premature module degradation, “modules with a low
degradation rate and a linear power guarantee” should be chosen (IFC, 2015, 90). PID
recovering and possible solutions were investigated by Ivashchenko and Vallavanti (2017).
Some of the strategies aim at stabilizing the PID affect, while others are expected to recover the
affected device and increment plant performance. Possible solutions are to apply hard
grounding connection to module frames, reverse string voltage polarity or install anti-PID series
technology. Tests show that the application of anti-PID boxes may be the favored option in
terms of reliability and recovering rate. The example from the Portuguese plant in chapter 4.7

showed a PID stabilizing effect for the application of grounding kits.
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e Inverter performance:

It is important to choose correctly sized inverters with a high DC/AC conversion efficiency.
Small DC/AC ratio deviations can already be an indicator for an upcoming defect. In the case
of underperformance due to overloading it would be possible to reallocate the DC capacity to
other inverters to avoid peak shaving. However, inverters are often deliberately undersized in
order to reduce capital costs, guarantee a more constant peak production and reduce the impact

of losses on module level and fluctuating weather conditions.

e Plant downtime:

It is recommended to invest in a robust monitoring system with automated data post-processing
which can identify faults quickly and hence prevent long-term as well as short-term impacts at
plant level. Selecting reliable O&M contractors with short repair reaction times and a well-

planned spare part management are key factors to ensure reliable long-term plant performance.

At the end of the day, such strategies serve for improving energy output and essentially increase
returns on investment and decrease the levelized cost of electricity. Yet they are always a trade-
off between keeping the costs of the plant low but running the plant at high performance; a

finding which is also confirmed by Sayyah et al. (2014).

4.11 Limitations and requirements

The accuracy of an analysis strongly depends on the underlying data. As such, some alleged
»fault might simply originate in bad data quality or be caused by an error in the monitoring.
Especially during days with low solar irradiation a lot of unreliable values are generated. Bad

data quality and missing data might distort the results and lead to wrong conclusions.

Minimizing the impact of poor data quality essentially depends on the robustness of the applied
method, as could be verified by the findings of this work. Unreliable data needs to be removed
in order to reduce the impact of outliers and fluctuating weather situations. This was done by
analyzing only values over a certain irradiation threshold. By averaging day and device, more
reliable results were obtained for some loss classification analysis. What needs to be kept in
mind when calculating the average is that data gaps and incorrect measurements can cause
interrupted data with ,,0“-values in between. The average must therefore include only values >0.
As for the data itself, it is always preferable to analyze at the lowest possible level (string level

in this work) and with the finest available granularity (1 to 15 min in this work).
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The following list provides some more detailed findings on minimum input data, data quality
requirements and (methodological) limitations for the individual fault types, which were

applied and discovered in the course of this work:
e Local breakdowns:

DC string power data/ voltage and current data was used for illustrating errors attributed to
short-term incidents. Irradiation data was not necessary here. The fault is indicated by reduced
power/voltage/current curves compared to neighboring strings or the average of all strings. A
string with an entire day of constant underperformance over a certain period is most likely
caused by a technical failure or a broken module. In order to detect the exact fault cause (e.g.
which specific technical failure is occurring), more data and further analysis (such as

thermography or electroluminescence e.g. for detecting microcracks) would be required.
e Shading:

For analysing the shading impact, irradiation and DC string power (or alternatively current)
data are required, at least. Module temperature data could be relevant as well. A deformation in
the power curve during constant irradiation can be an indicator for a shading obstacle. For a
clear classification of shading, a longer period needs to be monitored, because with changing
position of the sun also the shadow will move. Analysing more than only one season is for
example relevant for row shadowing, as it forms a characteristic pattern during winter while no

such losses during summer season are registered.
e Soiling:

Minimum input data for soiling classification is the local device PR, irradiation and rain data.
In addition, module temperature and ambient temperature are parameters which can improve
the exact soiling loss classification and help to detect the formation of hotspots. Concerning the
methodology for creating a reliable soiling map, a filter should be set to avoid effects of large
local differences caused by local weather or technical issues as well as low production. For
optimized soiling recommendations it is necessary to examine at least three consecutive months
for understanding local behaviors. A more precise evaluation of the soiling rate would be
possible with a whole year of reliable data. It should be considered that temporarily extremely
dirty modules could have other temporary reasons for production losses like local failure. What
is missing in the soiling analysis of the present work is the occurrence of a monsoon event and

its effect on string performance.
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e PID:

In this thesis, daily device PR data was used for analysing the PID effect and PID losses
calculated by the deviation of the worst performing string compared to the highest performing
one. Hence, the methodology is based on a daily comparison of string production. What is
missing is data on micro level, such as bypass diode voltage deviation measurement of each PV
module. Additionally, thermal behavior with infra-red camera pictures or IV curve

measurements would further improve the analysis and the exact fault classification.

e Inverter peak shaving:

Required data for the inverter peak shaving analysis is inverter AC power at the finest possible
resolution as well as the irradiation for the timeframe. The methodology is based on the (linear)
correlation between irradiation and power output at medium to high irradiation. In order to
detect the cut-off level, several charts with production and irradiation need to be reviewed.
Inverter peak shaving reduces the impact of faults caused by soiling or degradation, signalling

an “overlapping” of faults, which needs to be considered in every analysis.

In general, a generic fault classification can be conducted with only some basic parameters,
while for a more detailed and accurate distinction a lot more measurements and analysis need
to be undertaken. While for some faults, (e.g. technical failures and local breakdowns) short
term analysis is sufficient, other loss types (like PID) require a more long-term monitoring and
data review. Besides, some fault patterns can look identical but have completely different
causes. For example, a string current and voltage which suddenly drop to zero, could be an
indicator for a burnt fuse or also an error in the data logging. At the same time the string could
just be switched off for maintenance works or due to grid issues. Thus, with increasing
granularity of data and a broad variation of measured parameters, as well as a robust
methodology against changing framework conditions, fault classification uncertainties can be

minimised.
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CONCLUSION AND FUTURE PERSPECTIVE
5. Conclusion and Future Perspective

Fault detection and identification in photovoltaic systems have been performed through
visualizing performance parameters on string, combiner and inverter level of selected PV plants
and analyzing the deformation in the curves. The evaluated cases include already known faults
in the data logging, structural losses, module damage, shading and soiling conditions, module

degradation and inverter failures. Table 4 provides an overview of the findings from this thesis.
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Table 4: Fault classification summary

Fault case Fault

specification
Fault-free Sunny day
operation

Cloudy day
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Data description

26 December, India

Irradiation, AC and DC
power of 1 inverter,
voltage, current, module
and ambient
temperature

16 December, India

Irradiation, AC and DC
power of 1 inverter,
voltage, current, module
and ambient
temperature

Pattern visualization

v o
7 e "WH\
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fl '~k
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Pattern description

The behavior of the
current (+ power) follows
the pattern of the
irradiation curve.

AC-DC conversion at
high efficiency rate.

Voltage remains stable at
around 700 V.

System is stable for all
variation of the sun
irradiance.
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Fault case Fault Data description
specification

Data Sensor 14 January, Spain

logging misalignment

Pyranometer sensor 1
and sensor 2

Unreliable 01-02 March, India

data (1) Irradiation and string

power of 1 string

CONCLUSION AND FUTURE PERSPECTIVE

Pattern visualization
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Pattern description

Pyranometer
misalignment.

Sensor 2 (yellow graph) is
more east-oriented (1-3°)
than sensor 1 (orange

graph).

Unexpected power curve,
pattern departs the
irradiation curve.

Incorrect recorded
combiner monitoring
data.
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Fault case Fault Data description Pattern visualization Pattern description
specification
Unreliable 06 December, India i : = Lack of correlation

between irradiation
sensors and inverter
output until noon.

data (2) Irradiation, DC power

of 1 inverter, voltage _ :
and current - A

A1 N A . ~
;-""’“”/U ik A\ " Indicator for unreliable
f_\J v I":lw (VA" ] \ E data'

Data gaps in the
afternoon, missing data

Missing data 30 December, India

Irradiation, AC and DC
. _ AT for all sensors.
power of 1 inverter, = A
voltage, current, module // el
and ambient : y
temperature . v/ -
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Fault case Fault
specification

Design Module
orientation

Row-
shadowing

Module One

breakage damaged
module per
string

Data description

01-02 March, India

Irradiation and string
power of 1 string and
the average of all strings

07 January, England
DC power of 4 strings

21-22 May, Ukraine
DC power of 2 strings

Pattern visualization

CONCLUSION AND FUTURE PERSPECTIVE

Pattern description

System facing south-west.
Pyranometer and string
power have time-shift of
around 40 min, caused by
module orientation of
around 10° in west
direction. Reduction in
the peak load.

Shading by the preceding
row of the system. Top
two strings of row fully
illuminated, normal
output, 3" string of row
partly shaded, lowest
string of row almost fully
shaded. Lower operating
time and reduced peak.

One module shattered.

Results in whole string
underperformance of
8.3% compared to best
performing string.
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Fault case

Shadowing

Fault
specification

Several
damaged
modules per
string

Shading
object

Data description

23 April, India

Irradiation, average
voltage and voltage of 1
string, average current
and current of 1 string,
average power and
power of 1 string

01-02 March, India

Irradiation, DC power
of 1 string and average
power of all strings

Pattern visualization

CONCLUSION AND FUTURE PERSPECTIVE

Pattern description

Voltage of string falls to a
wrong value.

This causes deformation
of the power curve.

Whole day
underperformance, more
significant during peak
production times.

Physical obstacle towards
west. Steep short-term
deformation in output
power curve compared to
the expected one and
decline in production.

Afternoon
underproduction of 45%.
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Fault case

Soiling

Fault
specification

Evening
shadow

Soiling
development

Data description

25 March, Portugal

Irradiation, DC power
of 1 string, average
power of all strings,
voltage and current

01 January — 12 March,
India

Filtered and levelized
local PR of every
combiner box (left axis)
and soiling loss (right
axis). Decrease in
performance ratio =
soiling loss

Pattern visualization

CONCLUSION AND FUTURE PERSPECTIVE

Pattern description

Tree ally bordering the
western side of PV plant.
Only diffuse radiation
reaches modules in
evening—>declined
production.

Clearly observable drop
in string current from
15:00.

Soiling pattern; influence
of soiling accumulation
on plant performance.

Weekly cleaning
frequency; 2% mean
energy loss.

Efficiency of plant
restored after each
cleaning process.

62



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

blio
nowledge

[]
|
r ki

Fault case

Fault
specification

Soiling map
with varying
spacial
cleaning
schedules

Data description

03 — 19 February, India
Soiling map.

Soiling loss in % for
combiners of 2 different
inverter stations

CONCLUSION AND FUTURE PERSPECTIVE

Pattern visualization Pattern description

Spacial distribution of
soiling.

63



Die approbierte gedruckte Originalversion dieser Masterarbeit ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

3
blio
nowledge

[]
|
r ki

Fault case Fault
specification

Degradation PID on plant
level

Data description Pattern visualization

April — November 2017
and 2018, Portugal

Loss development
before and after PID
correction

Average deviation (in
%) and deviation of the
worst 1%, 2%, 5% of all
strings

CONCLUSION AND FUTURE PERSPECTIVE

Pattern description

Increasing power losses
in 2017 due to PID.
Significant loss increase
of the worst strings.

With installation of
negative grounding kits
on plant’s inverters, PID
impact stabilized through
2018. Losses now only
due to natural degradation
rate.
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Fault case

Inverter
issues

Fault
specification

PID on string
level

Inverter peak
shaving

Data description

January 2017 —
November 2018,
Portugal

String loss
development.
Production deviation of
1 string (in %)

18 December, India

Irradiation, DC power
of 1 inverter, voltage
and current

Pattern visualization

CONCLUSION AND FUTURE PERSPECTIVE

Pattern description

Steep recovery curves
after PID. Either
replacement of the worst
impacted modules or
installation of anti-PID
series technology.

Loss reduction of 4%.

Inverter cut-off when
irradiation >1,000 W/m?.

AC power deviates from
the irradiation pattern and
1s “cut” in its energy
generation during peak
hours. Increase of DC-
Voltage during that time.
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This list of initial findings constitutes a framework setting a benchmark for future standardized
checks, where upcoming faults can be detected already at an early stage. Deviations from the
normal pattern should signal early warnings. This approach allows to increase precision for
failure mode detection and fault localization. In order to derive precautionary measures and

take the right actions it is crucial to understand the causes for the losses.

Furthermore, this work highlights the importance of a reliable monitoring and fault detection
systems during the operational phase with simultaneous measurements of weather and
performance data. Processing and analyzing this data on a daily basis and transforming it into

targeted actions is the key for maintaining high energy output and reducing downtimes.

The underlying monitoring data for this work is based on inverter, combiner box and string
levels, with the latter providing the finest and most targeted information. However, for some
fault types string data is still not detailed enough for a clear fault identification. In the case of
PID, measurements on module level would be necessary for a precise error diagnosis and
correct recommendations for action. Also, accurately differentiating between the various
considered fault types strongly depends on the respective plant and its monitoring system as
well as on the quality of the data. Different plant characteristics and monitoring systems have
to be considered and the fault detection method adapted to the respective parameters of the
plants and their data logging. Besides, some fault categories are easier to classify, while it is
difficult in some other cases to detect and differentiate between different defects due to multiple
failure causes which can also be distorted by bad data quality. Therefore, an accurate detection
and distinction between fault types requires validation through more examples in order to be
representative. The distinction between different electrical signals is further compounded by a
strong reliability on good data quality, especially on days with low irradiation, and on high-
resolution data. This should be an incentive for constantly improving reliable data logging and

transmission in order to advance the automated error detection approach.

In future, typical current and voltage patterns for the most common faults in PV systems should
be diagnosed through machine learning. The applied diagnosis approach will build on
calculating characteristic thresholds for normal conditions and thresholds for fault conditions.
The electrical signatures of the considered failures derive from the deformations of their curves.
Detected errors should then be validated in the field in order to adapt and improve the method,
especially in the beginning. This approach can be used as a first step towards developing

algorithms dedicated to PV performance diagnosis and failure mode verification. Future studies
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should include other common faults, such as burnt fuse, different kinds of module or inverter
degradation, the effect of snail trails and bird droppings on PV modules, wiring and mismatch
losses, defective connectors, etc., or errors at inverter level other than inverter cut-off, which
have not been the subject of this thesis. A broad range of well-studied fault types would give a
more complete understanding of PV system performance and further enhance the accuracy of

the automated error detection approach.
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List of Abbreviations

LIST OF ABBREVIATIONS

a-Si amorphous silicon

AC alternating current

Al artificial intelligence

CdTe cadmium telluride

CIS, CIDS copper indium (di)selenide
CMB combiner

DC direct current

e.g. example given

INV inverter

LID light induced degradation
mono-Si monocrystalline silicon
MPP(T) maximum power point (tracking)
Oo&M operations and maintenance
OPEX operational expenditures

PV photovoltaic

PID potential induced degradation
poly-Si polycrystalline silicon

PR performance ratio

STC standard testing conditions
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