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Abstract

Floating photovoltaic has emerged as a promising solution for harvesting solar energy while minimising
land use. In particular, offshore floating photovoltaic (OFPV) installations present unique challenges
related to the implementation in the marine environment. This project examines the offshore installation
of scalable floating photovoltaic parks, focusing on the electrical requirements and power quality issues
associated with connecting such solar farms to the alternating current (AC) grid via power converters.

Initially, standards and guidelines for OFPV deployment were identified through literature analysis.
These guidelines have been used as a reference to determine the requirements for electrical equipment
(cabling, inverters and transformers) for grid connection. A detailed OFPV park model was then
implemented in PSCAD, featuring twelve clusters (each with four PV arrays, four string inverters with
LCL harmonic filters, and a transformer), for a total capacity of nearly 20 MW. The model components
reflect the characteristics of real devices that have been identified as appropriate for OFPV
implementation through literature and market research.

A selection of power conversion devices suitable for OFPV deployment has been listed among the results,
along with the findings from PSCAD simulations conducted under varying conditions to investigate
harmonic content and optimise filter tuning. It was noted that properly tuned harmonic filters were
necessary to obtain effective power production. Furthermore, changes in the irradiance rate influenced
significantly the performance of the model and were found to be closely connected to filter tuning
parameters. Additionally, cabling losses were estimated using manufacturer data to ensure transmission
losses remain below 3%.

Finally, this study presents several strategies for improved harmonic mitigation and enhanced grid
connection, while discussing other potential challenges encountered by the electrical equipment in such
applications.
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Popular Scientific Summary

Floating solar panels (or floating photovoltaic) are an innovative technology developed to harness the
energy of the sun without occupying valuable land space. In particular, placing these panels on
floating platforms in the offshore/marine environment (in the sea or in the ocean) opens up new
possibilities for clean energy generation, together with unique technical challenges; especially when it
comes to connecting these solar farms to the standard electrical grid.

This project explores the requisites to connect offshore solar parks to the grid. First, existing standards
and guidelines were reviewed to determine the required characteristics of electrical equipment (such as
cables, inverters, and transformers) necessary for a reliable connection. Next, a detailed model of an
offshore solar park was built and analysed using specialized simulation software (PSCAD). This
model was used to study how the system behaves under varying conditions.

A central focus was to ensure the quality of the electricity produced in terms of total harmonic
distortion: in any power system, unwanted electrical disturbances (known as harmonics) can reduce
efficiency. The software simulations helped determine the optimal parameters to tune the filters
dedicated to minimize these disturbances.

It was observed that changes in the sun irradiance strongly affect the performance and power quality
of such solar parks, requiring further filter tuning. Also, cable length and cable losses were estimated
to ensure proper energy transmission.

In short, this study outlines the key requirements and key challenges involved with connecting
offshore floating solar parks to the electrical grid, to offer insights for future efforts to implement and
scale up large floating photovoltaic installations.
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List of abbreviations

Abbreviation

AC
DC
EMC
FFT
FPV
GFMI
1P
MPP
MPPT
OFPV
PCC
PERC
PLL
PV
SCR
STC
THD
VSI

Definition

Alternating Current

Direct Current

Electromagnetic Compatibility
Fast Fourier Transform

Floating Photovoltaic

Grid Forming Inverter

Ingress Protection

Maximum Power Point
Maximum Power Point Tracking
Offshore Floating Photovoltaic
Point of Common Coupling
Passivated Emitter and Rear Cell
Phase-Locked Loop
Photovoltaic

Short-circuit Ratio

Standard Test Conditions

Total Harmonic Distortion
Voltage Source Inverter



1. Introduction

1.1 Project Motivation

In the context of the current climate crisis, increase of the world population and therefore
steady growth of global energy consumption, more and more attention is being diverted to the
deployment and full transition to renewable energies. Hence, it comes as no surprise that the
last few years have seen a massive increase in global renewable capacity, with the
photovoltaic (PV) sector seeing the fastest growth rate [1]. As solar farms increase in size and
power capacity year by year, the first floating photovoltaic (FPV) plants are being deployed
offshore and on bodies of water such as lakes and water reservoirs, to further exploit the solar
power potential without the burden of occupying land that could be used for other purposes
(agriculture, residential, etc...). FPV systems present a wide range of advantages and
opportunities, but also a whole set of challenges related to the deployment on water:
especially considering the installation on marine environment, where floating solar farms face
weight and size limitations, motion and oscillations (potentially particularly damaging for the
power electronics included in the system), salty and humid environment, and more.

Considering the issues and challenges mentioned, this project focuses on the offshore
deployment of large floating photovoltaic plants, in line with the EU-SCORES research
project [2] funded by the European Union/European Commission through the Horizon 2020
funding programme to investigate and demonstrate the efficacy of offshore scalable multi-
source renewable energy parks. In particular, the objective of this project is to examine the
requirements for connecting such floating solar parks to the Alternating Current (AC)
transmission grid, with particular focus on the specifics of the power converters (inverters and
transformers) to be deployed for such purposes. Furthermore, this study aims to investigate
possible issues related with the power parks considered, with particular attention to the
harmonic content caused by using power electronics with switching components and possible
mitigating solutions. Thus, this project ultimately aims to serve as a pilot study for future
work considering the best practices for implementing AC connection of offshore floating
photovoltaic (OFPV) parks.

Hence, for the mentioned purposes the system analysed through this project is composed of
photovoltaic modules arranged in PV arrays, power inverters, harmonic filters, power
transformers, the AC transmission grid, and the cabling connecting all the different
components. This system serves as a model for the hypothetical implementation of an OFPV
farm within a multi-source renewable energy park located off the Dutch coast in the North
Sea, in line with the EU-SCORES objectives [2].

1.2 Aims, objectives, and limitations

This project aims to investigate the electrical requirements for AC connection of offshore
FPV farms, focusing on power conversion devices such as inverters and transformers and
possible power quality issues related to their usage. Such devices convert the Direct Current
(DC) harvested from the solar panels into high voltage AC current suitable to be injected into
the transmission grid, and they are widely used in “standard” land-based PV farms. However,
because of floating offshore systems being still a relatively new technology, the impact of



marine weather conditions on the functioning and efficiency of power electronics still has not
been analysed thoroughly.

Hence, the objective of this project has been to determine the necessary characteristics and
investigate for suitable inverter and transformer models to be utilised for such large scale
offshore FPV farms, as well as to analyse the harmonic content and power quality issues of
such systems by using a software model simulating the operation of an FPV farm (including
PV arrays, inverters, transformers, and connection to the AC grid) under different irradiance
and grid strength conditions. The components modeled in the software simulation (such as the
PV panels, inverters, and transformers) were designed according to the characteristics found
in the datasheets of models deemed suitable for offshore deployment, to better simulate an
actual OFPV park.

Specific objectives:

® [dentify the characteristics and requirements for the electrical equipment (and specifically
inverters and transformers) to be deployed in offshore solar parks;

® Seclect a sample of models of inverters and transformers suitable for OFPV deployment;

® [mplement a software model simulating an OFPV park, including PV arrays, inverters,
transformers, and connection to the AC grid;

® Evaluate the harmonic content and power quality of the implemented model under
different conditions in terms of irradiance rate and grid strength.

There have been a few limitations potentially compromising the completeness and accuracy

of this work, namely:

® Time constraints, as this project has been part of a master’s thesis course;

® Limited availability of open access information on power conversion models and their
technical characteristics, especially regarding electrical transformers;

® [Lack of prior research studies on the topic, as offshore FPV is a relatively new
technology and there have been very little scientific publications to utilise as
guidance/comparison at the time of execution of this project.



2. Theory background

2.1 Floating photovoltaic systems

The first commercialised floating photovoltaic system was installed by SPG Solar in July
2007 in a freshwater reservoir within a winery in California, consisting of around 400 kW
power capacity (including both floating and land-based PV arrays); it was followed shortly
thereafter by a 20 kW FPV plant deployed (also in 2007) in the Aichi prefecture in Japan by
the National Institute of Advanced Industrial Science and Technology. From then on, FPV
systems have been tested and adopted in several other countries all over the world, with China
emerging as the world’s largest market for floating solar plants. In 2021, an OFPV system of
3 MW power capacity was implemented in Belgium as a complementary power plant coupled
to an offshore wind farm [3, 4].

Currently, most FPV plants have been deployed in freshwater bodies (such as lakes, ponds,
and hydropower reservoirs) as those environments do not present the same set of challenges
related to marine environments, for instance the presence of strong winds, wave motion, and
water salinity. However, marine implementations of floating solar parks have gained industry
interest in the last years, with China and the Netherlands being the first countries to deploy
this technology offshore [3].

Commonly, a floating PV system consists of the following components: the PV panels, the

floaters, the anchoring and mooring system, the electrical cabling, and eventually an inverter
(Fig. 1 and Fig. 2).

PV modules

Supporting
structure

Anchoring

Mooring system

Fig. 1: Structural components of a FPV system [5].
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Fig. 2: Main components of a FPV system [3].

Over the years several studies have been conducted to examine the possibilities related to
deploying OFPV plants around the world. Trapani et al. [6] studied the advantages related to
the offshore deployment of PV systems in Europe and proposed a model utilising thin-film
PV modules in 2013. Lee et al. [7] in 2015 proposed an improved model of an offshore PV
park, analysing the effect on photovoltaic electricity production of parameters such as the
angle between the PV panels and the irradiance. Liu et al. [8] in 2017 executed a comparison
between conventional (land-based) solar plants and floating photovoltaic plants, determining
that there are several advantages related to the FPV implementation, including savings in
terms of land usage and water resources, as well as enhanced PV electricity production.
Golroodbari et al. [9] also compared land-based and floating solar parks in 2020, including a
sea waves model in their study to determine the irradiation on the tilted floating PV modules;
they also determined the annual electricity production from the OFPV plant to be around 13%
higher than the conventional PV park. In 2020 Kim et al. [10] designed and examined the
performance of a 500 kW capacity FPV system characterised by structural components
composed of high-durability steel, resulting in increased resistance to corrosion and enhanced
durability.

With the increasing progress in the research on offshore floating photovoltaic solutions,
several commercial projects have been deployed or are on the way to be deployed. Some
notable examples include: the Taiwanese company Chenya Energy completed a 181 MWp
offshore park off the coast of Taiwan in 2021, with future plans to further expand its capacity
[11]; in Singapore, the solar energy developer Sunseap Group installed a 5 MW OFPV plant
[12]; two offshore solar plants installed in the Dutch North Sea by the company Oceans of
Energy, including a 50 kW park located near-shore (less than 1 km from the coast) and a 17
kW farm installed in open sea (at around 15 km from the coast) [13].

From the data gathered by several studies, there are several benefits and advantages related to
OFPV systems, such as reduced water evaporation (and hence savings in terms of water
resources), the reduced use of land resources, and the increased efficiency of solar modules
thanks to the cooling effect of the water body and the water evaporating. Some challenges and
possible issues have also been identified. These include the difficulties related to installation
in an offshore or open sea environment (clearances for FPV projects, waterbody ownership,
transportation of heavy structures), as well as the challenges linked to corrosion and



accelerated degradation because of contact with sea water, potentially compromising the
durability of such systems. Offshore floating solar farms being subjected to erratic or sudden
movement due to strong winds and waves also could result in heavy loads on the structural
components, potentially shortening the lifetime of these projects. Furthermore, FPV (and
OFPV especially) is still a relatively new and immature sector, resulting in high installation
and maintenance costs and a lack of data and technical guidelines [3, 14].

Aside from the components strictly making part of the FPV system (depicted in Fig. 1 and Fig.
2), a floating photovoltaic farm to be connected to the AC grid also includes cabling, power
conversion devices and the connection to the transmission grid. Hence, the equipment needed
for this kind of farms is composed of: the PV modules, the floaters/pontoons, the mooring and
anchoring system, the cabling, the inverters, the transformers, and the connection to the
transmission grid (a schematic including the components listed is depicted in Fig. 3). Through
this project the topics related to mooring, anchoring and structural components were not
considered, as the main focus was the electrical network and electrical connection of the
OFPV park.

Connections to Other Transmission
Floating Solar PV Arrays (A,

Lightning Protection System Central Invert [H
(Grounding for Metal PV ~entral Inverter |
Module Mounting Hardware)  pyv Modules (Floating or Shore Based)

Floats or
Pontoons

Transformer

Underwater Cables
Combiner Box

Mooring Lines

Fig. 3: Key components of an OFPV farm [15].

2.2 Photovoltaic panels

The photovoltaic technology relies on semiconductor materials (characterised by an electrical
conductivity in-between that of insulators and conductors) to convert sunlight into electrical
energy: as the PV material is exposed to light, the energy of the light particles (photons) is
transmitted to the electrons in the solar cell, setting such particles in motion and therefore
generating a flow of electrical direct current. The specific amount of electricity generated by
the solar PV cell depends on the characteristics of the light colliding with the photovoltaic
material, as well as on the technical specifications of the solar cell. To maximise the electrical
output generated by the PV cells, they are connected and assembled in modules (or panels),



which can be further connected into strings (or arrays) of PV modules, depending on the
power requirements of the system at hand [16, 17].

Depending on the structure and material composing the photovoltaic cells, the PV panels can
be divided into several categories. Monocrystalline silicon panels (or single-crystal panels)
are composed of a pure silicon crystal cut into several sheets; this kind of PV module is the
most efficient (reaching an efficiency rating of around 20%) and long-lasting due to its
uniform composition. Passivated Emitter and Rear Cell (PERC) panels bring an improvement
to standard monocrystalline panels by incorporating a reflective passivation layer on the back
of the solar cells, which results in a reduction of the losses due to electron recombination
(when electrons lose their energy before contributing to electricity generation), enhanced
sunlight absorption and overall increment in efficiency. Polycrystalline solar panels, instead,
are composed of different silicon crystals that are melted and poured into a square mold;
while this makes them more affordable than single-crystal modules, it also causes a lower
efficiency (around 16%) as well as a lower heat tolerance, further decreasing their efficiency
in high-temperature environments. Finally, thin-film solar panels are composed by stacking
several layers of photovoltaic materials on a rigid glass-like substrate used as a base; unlike
crystalline panels, for which only silicon is used, this type of panels can be composed of
different materials, including among others: cadmium telluride (for CdTe panels), amorphous
silicon (a-Si panels), copper indium gallium selenide (CIGS panels). This type of PV modules
presents the lowest manufacturing costs among other types, as well as the lowest efficiency
range (around 7-13%) [18, 19].

2.3 Power inverters

As per conventional land-based photovoltaic plants, for OFPV parks to be connected to an
electrical grid (so that the PV-generated electricity can be transmitted and distributed to end
users), some power electronics devices are usually needed. That is because the photovoltaic
modules harvest DC current, meanwhile most electrical grids transmit AC current. Hence, a
need for devices such as solar inverters, that convert the power generated by the PV modules
to characteristics suitable for connection to the electrical grid.

Inverters at their core are circuits that transfer power from a DC source to an AC load,
creating an AC output from a DC input using switches. One of the simplest examples of that
is a full-bridge converter (Fig. 4) with a switching scheme producing a square wave output
voltage. Concretely, most inverters used in commercial applications are three-phase output
inverters, with a schematic like the one presented in Fig. 5 [20].
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Fig. 4: Schematic of a full-bridge converter, converting DC input voltage Vpc to AC output vo by the use of the
switches Si, Sz, S3 and S4 (from own LTSpice circuit diagram).
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Fig. 5: Schematic of a three-phase inverter, converting DC input voltage Vpc to three-phase AC output by the
use of six switches and transmitting it to a load N (from own LTSpice circuit diagram).

Furthermore, for inverters utilised in photovoltaic applications (solar inverters) the mode of
operation is much more complex, as the power conversion is controlled by Maximum Power
Point Tracking (MPPT). In short, the output power generated by the photovoltaic modules
varies depending on the ambient temperature and the irradiance level. Thus, as the I-V and P-
V curves change by the values assumed by the temperature and the irradiance, the maximum
power point (MPP) delivering the maximum output power varies as well. Partial shading
conditions (when PV systems are subjected to non-uniform solar irradiation because of for
example a cloud or neighbouring object) significantly alter the shape of the power curves,
making the identification of the MPP even more challenging (Fig. 6) [21, 22].
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Fig. 6: The effect of partial shading conditions on the P-V curve of an exemplary PV system [21].

Therefore, a MPPT controller is commonly added to the PV system: this device is designed to

continuously track the MPP by the means of different algorithms, and ensure that the system

keeps operating at maximum efficiency and power output[21, 23].

Hence, a solar inverter converts the direct current, produced by the PV panels harvesting solar

energy, into alternating current suitable to be distributed at low voltage directly to residential

buildings or businesses (in the case of small systems) or to be transmitted at higher voltage

(for example by the means of a transformer) through the electrical grid [24]. Depending on

the size (and consequently the system layout, as per Fig. 7), inverters can be classified in three

categories [25]:

® (entral inverters, receiving all the DC current from the PV system; these devices tend to
be heavy and bulky, as they handle a high-power capacity; they also tend to be at a higher
price point than smaller inverter models, and therefore are mostly utilised in large scale
applications. In the park layout resulting from using these devices, all the PV panels are
connected to a single inverter rated at total capacity.

® String inverters, where the PV farm is divided into several “strings” or “arrays” of solar
panels connected in series, and each string is connected to a separate inverter; this is the
most common layout in medium-to-large scale PV systems. In such a layout each PV
array is connected to a string inverter rated at the power capacity of the PV string/array.

® Module inverters (or micro inverters) are connected to the single solar modules,
providing optimisation through maximum power-point tracking for each PV module.
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Fig. 7: Different PV system layouts depending on the inverter type: a) all the PV strings are connected to a
central inverter, b) each string is connected to a separate string inverter, ¢) each PV module is connected to a
single module inverter [26].

2.4 Power transformers

Commonly, to connect a solar PV system to an AC electrical grid, transformers are used: such
devices serve the purpose of converting the value of AC voltage to a higher amount (in case
of step-up transformers) or a lower amount (for step-down transformers). Normally, step-up
transformers are utilised to stabilise and increase the value of the output voltage from the
inverters to match the connection requirements and prepare the solar electricity for
transmission into the electrical grid [27].

These devices operate by utilising the principles of electromagnetic induction: they are
composed by two or more coils (or windings) wound around a common core made of
laminated steel, where the magnetic field generated by the “primary” coil (receiving the input
voltage) induces a voltage in the “secondary coil”, resulting in the transformed output voltage.
The ratio between the input and output voltage is determined by the number of turns in each
coil. In standard applications for connection with the transmission grid, three-phase
transformers are used, which are composed by three couples of primary and secondary
windings [28-30].

Typically, they are classified depending on the medium utilised for keeping the temperature
of the device under control: “dry” type transformers use air as cooling medium, utilising a
vacuum pressure impregnation in epoxy or cast resin; “oil” type transformers, instead, are
immersed in an oil solution that acts as a coolant as well as insulation and protection [31]. In
particular, in order to prevent fire hazards and environment contamination, recently effort is
being made in switching to natural ester fluids using as coolant, replacing “traditional”
mineral oil derived from petroleum [32].

Both inverters and transformers are subjected to a highly variable load due to the fleeting
nature of solar irradiation: as the overall output of the PV panels varies significantly

depending on the environment temperature, eventual shading and daylight duration, particular

10



consideration needs to be made in the design of the power electronics so that additional losses
are limited and damage to the system is avoided [27].

2.5 Harmonic filters

Harmonics are defined as the part of a signal whose frequencies are multiples of the system’s
fundamental frequency: in case of sinusoidal voltage and current (such as in the case of AC),
waveforms with high harmonic content will deviate from the ideal sine-wave shape, appearing
distorted by the superposition of waves at different higher frequencies. Such harmonics are
generated by non-linear loads, typically produced by equipment switching at high frequency
(such as inverters). High harmonic content in the voltage and current signals can produce
accentuated losses as well as damage to the electrical equipment and safety hazards, hence the
creation of safety guidelines [33].

In order to contrast the issue of harmonic content, harmonic filters are utilised: these are
resonant circuits (in series or parallel), tuned to appropriate frequencies and designed to limit
or block harmonics [34].

Commonly, filters are classified into two categories: passive and active. Passive filters are
composed of reactive components (such as inductors, capacitors, and resistors) tuned to
undesirable harmonic frequencies by providing low impedance paths at such frequencies.
They are relatively inexpensive when compared with active filters but are subjected to
potential issues including interactions with the power system, compensating a limited number
or harmonics, and forming parallel resonance with the system resulting in worsened power
quality conditions. Active filters, instead, implement active power conditioning to eliminate
harmonic currents: they utilise power electronics switching devices to detect the distortion of
the load current sine wave and to correct such distortion by injecting harmonic currents with
complementary magnitudes, phases and frequencies, so that the harmonic currents result
cancelled out. They have the advantage over passive filters to respond effectively also in the
case of changing loads and harmonic variations, but at a higher cost [35-37].
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3. Method

The execution of this project can be divided into two main segments: the first step was to
execute a literature research, in order to investigate the challenges and requirements related to
using power electronics in floating photovoltaic parks, as well as identifying suitable models
of inverters and transformers for the application considered; afterwards a simulation in
PSCAD software of an exemplary model of FPV farm was performed, in order to further
examine challenges, issues and possible mitigations related to the proposed system.

3.1 Literature analysis: standards and guidelines for FPV parks

As at the current time of the analysis there is no official industry standard directed at

providing norms for the design and implementation of floating PV stations, it becomes

necessary to identify some guidelines to follow to answer questions such as:

® What is the recommended level of protection against external environment and vibration
for the inverters and transformers deployed for FPV use?

® Are there any specific certificates that these devices should comply with to be utilised in
such applications?

® [s there any type of transformer (dry, oil/ester) that should be preferred for deployment on
FPV stations?

After a brief analysis, two resources were identified as possible guidelines sources: the
“Where Sun Meets Water” handbook by the World Bank Group [38] and the “Design,
development and operation of floating solar photovoltaic systems” recommended practice
guide by the Norwegian consultancy firm Det Norske Veritas, commonly known as DNV [39].
Since the former (although covering several aspects including site identification as well as
financial and environmental considerations) does not provide specific enough guidelines for
the electrical equipment to be used, the latter has been utilised as the main source of standards
for this study. According to that, several requirements have been defined for the development
and deployment of FPV parks and have been used as reference on the simulation part of this
project [39].

3.2 Grid connection requirements and standards

Aside from the guidelines defined in the previous section, several standards have to be
followed to ensure that the power delivered by a photovoltaic park meets the safety
requirements and regulations to be transmitted through the electrical grid.

Through this study the electrical standards IEEE 519-2014 (Recommended Practice and
Requirements for Harmonic Control in Electric Power Systems) and EN 50160 (Voltage
Characteristics of Public Distribution Systems) were considered in order to evaluate the
performance of the system.

Such standards define technical specifications and guidelines to determine if the power
delivered by the system is suitable to be conducted through the electrical grid; in particular,
for this study the limits regarding maximum and individual harmonic content were
particularly relevant, as to determine if the voltage and current generated by the system would
not exceed the recommended harmonic content. Although these standards could be applied to
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every segment of the electrical connection within the FPV park, including between the PV
modules and the inverter(s), the focus of this analysis has been to examine the harmonic
content at transformer input and at Point of Common Coupling (PCC).

According to the IEEE 519-2014 and the EN 50160, the following requirements apply: for the
voltage, the IEEE 519-2014 standard recommends all the individual harmonic to be below 3%
and the total harmonic distortion (THD) to be below 5% for systems rated between 1 kV and
69 kV [40], meanwhile the EN 50160 recommends specific limits for each individual
harmonic (in particular, the limit for the third, fifth and seventh harmonics are set at 5%, 6%
and 5% respectively) [41, 42]; for the current the IEEE standard recommends 4% as limit
value for each individual odd harmonic between the third and the eleventh and 5% as limit
value for the total harmonic content [40].

In addition to the EN 50160 and the IEEE 519-2014, some other standards should be
considered in reference to the connection of FPV parks to the AC grid. The IEC 62930 is the
recommended standard by the DNV guidelines to define the required characteristics of the PV
cabling, including parameters such as the DC rated voltage (1.5 kV), conduction material
(copper), current carrying capacity and insulation resistance (dependent on the thickness of
the conductor) [43]. Furthermore, DNV’s recommended practice guide suggests the IEC
60364 as the standard to follow for the low-voltage, non-PV cabling and the IEC 60183 and
IEC 63026 for respectively medium voltage cables installed above water and medium voltage
cables installed directly under water [39].

3.3 Inverter requirements

The guidelines from DNV recommend locating both inverters and transformers on floating
structures neighbouring the floating PV arrays, especially for large scale FPV parks and FPV
parks located at notable distance from shore; in this case, the power electronics floating
offshore will be connected via cabling to the onshore switching facilities and grid
interconnection point. For smaller floating solar parks located at a shorter distance from the
shore, the option of locating the power electronics converters directly on land is also accepted
[39].

In terms of protection against the external environment, DNV’s recommended practice guide
differentiates between requirements for central inverters and for string inverters, referring to
the Ingress Protection (IP) rating. Such standard is utilised to evaluate the level of resistance
of an enclosure against the ingress of dust or liquids: the first numeral of the IP rating rates
the enclosure’s protection against solid objects, scaling from O (no protection) to 6
(completely sealed from ingress of dust); the second numeral, instead, refers to the protection
against liquids and is rated from O (no protection) to 9 (protection from high-pressure hot
water from different angles) [44].

According to the selected guidelines, centralised inverters installed within an enclosure are
required to have enclosure rating of IP 44 or higher. In general, inverters installed on fixed
platforms are recommended to be rated IP 54 or higher, with the control and power
electronics to be separately encapsulated in an enclosure with at least IP 65 rating.
Furthermore, adequate lightning protection and cooling systems should be incorporated in the
enclosure to ensure optimal performance and safety of the inverters [39].
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For string inverters, as they are likely installed directly on the PV floaters (all the models
investigated had a weight below 160kg, and hence it was assumed that they could be installed
directly on the floaters together with the PV modules) and therefore more subjected to the
external environment than central inverters, a protection rating of IP 65 or higher is advised.
Also, the ventilation design of the enclosure should consider the exposure to higher humidity
and increased temperature due to direct sunlight [39].

Ideally, inverters to be deployed for floating applications should comply with several safety

certifications, not only including local regulations and requirements for grid connection

systems and grid monitoring, but also the following standards [39]:

® [EEE 1547 - Interconnection and interoperability of distributed energy resources with
associated electric power systems interfaces;

® [EC 61000-6-2 and IEC 61000-6-4 - Electromagnetic compatibility (EMC) (Part 6-2 and

Part 6-4): Generic standards, Immunity and emission standard for industrial environments;

IEC 62920 - Photovoltaic power generating systems: EMC requirements and test methods

for power conversion equipment;

IEC 62477 - Safety requirements for power electronic converter systems and equipment;

IEC 61727 - Photovoltaic systems - Characteristics of the utility interface;

IEC 62109 - Safety of power converters for use in photovoltaic power systems;

IEC 62116 - Utility-interconnected photovoltaic inverters: Test procedure of islanding

prevention measures.

Concretely, looking at the offer available in Europe from the most popular producers of solar
inverters, no inverter model was found to comply with all the requirements and certificates
indicated by the recommended practice guide. Regarding the safety standards, some
companies disclaim in the datasheet of their models that more compliance certifications are
available upon request or that the certificates and approvals listed are only a selection [45,
46]. Hence, because of lack of clarity regarding the availability of inverters fully complying
with the recommended certifications, priority was given to identifying models with suitable IP
protection while complete compliance with all the IEEE and IEC standards was not held as a
mandatory prerequisite when selecting suitable models through this study. The selection of
models deemed suitable was then used to determine the characteristic of the inverter used in
the simulation.

3.4 Transformer requirements

For transformers, the recommended prerequisites from the guidelines include casing with an
IP 44 rated (or above) ventilated enclosure and compliance with IEC 60076 [47]. Also, it is in
general advisable to utilise dry type transformers for floating solar applications, especially in
the case of the installation site being subjected to high waves and/or strong winds, or the
water body being utilised for commercial fishing or as drinking water source; if an oil type
transformer is deployed instead, it should be a model with natural oil or natural ester fluids,
and maximum attention should be given in order to minimise the risk of oil spillage and

leakage [39].
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3.5 Choice of PV panel model for the simulation

To examine in detail the potential and challenges related with a large floating photovoltaic
park, the PSCAD software was used to design and simulate the operation of a model of such a
park. This software was chosen to align with other parallel student projects, and to keep open
the possibility for future transient analysis. The PV modules used as reference for this study
were the “Vertex Backsheet DE21” solar panels from TrinaSolar [48], to align with related
studies on the topic [49]. This module is composed by PERC cells, providing high power and
efficiency ratings, and resulting in the following technical specifications (Table 1, Fig. 8, Fig.
9):

Table 1: Trina Solar “Vertex Backsheet DE21”” module technical data [48].

Characteristic Value
Maximum power output 670 W
Maximum efficiency 21.6%
Maximum power voltage 382V
Maximum power current 17.55 A
Open-circuit voltage 46.1V
Short-circuit current 18.62 A
Number of cells 132 cells
Module dimensions 2384x1303%35 mm
Weight 33.6 Kg

% IV curve of the PV module
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Fig. 8: Current-Voltage (I-V) curve at 1000 W/m? irradiance value for the Trina Solar “Vertex Backsheet DE21”
module [48].
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Fig. 9: Power-Voltage (P-V) curve at 1000 W/m? irradiance value for the Trina Solar “Vertex Backsheet DE21”
module [48].
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3.6 Complete park layout

A partial system layout including the “scaling component” is illustrated in Fig. 10, while Fig.
11 displays the whole system represented by the PSCAD simulation.

PV Array Boost converter
(DC-DC) Inverter
—= (DC-ac)
1 d/dt| pv + — IpvHv = x12 Scaling component Grid
T & I i TV + Transformer (AC Voltage source}
Irradiation . I
Vpv Vb2
I d/dt] o -
- = B AR
I I—@ W "«
Temperature I — I T

| 3 more PV amrays and DC-AC converters,
connected in parallel

Fig. 10: Partial system layout of the PSCAD simulation (not including the additional three branches composed of
PV array and inverter). The complete layout is shown in Appendix A.
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Fig. 11: Schematic of the system simulated on PSCAD (own diagram).

Potentially, this design in sub-clusters and clusters allows the system to be scaled further,
simulating power plants of much larger scale and investigating the operation of FPV parks
reaching even 1 GW rated power: in such case, the cluster of 20 MW presented in Fig. 11
should be paired to other identical clusters for a total of 50 clusters rated at 20 MW and
connected in parallel to the grid, resulting in a total of 1 GW power production.

The entire layout, the different system components, and the sizing of the system are described
in detail in the following sections.
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3.7 Choice of layout for the simulation

The objective of the simulation was to analyse the operation of an OFPV plant characterised
by power capacity ranging between 10 MW and 50 MW, with the power plant divided in
“clusters” of smaller power capacity choosing between two layout options:

® (luster layout with central inverters, as presented in section 2.3 in Fig. 7;

® C(Cluster layout with several string inverters, as presented in section 2.3 in Fig. 7.

For this analysis, the layout utilising string inverters was chosen, as most of the available
options are string inverters (as per the analysis results, presented in section 4.1 and Table 7)
and as this choice of layout does not require additional analyses for the weight carrying
capacity of floaters and for the eventual need of specially designed platforms.

Hence, the Sungrow “SG350HX” was chosen as the string inverter model of choice for the
PSCAD simulation, as it provides relatively high-power capacity for a contained weight, as
well as being rated with a high protection against the external environment and being suitable
for connection with the solar modules from Trina Solar. The electrical specifications for the
inverter used in the PSCAD design have been retrieved from the datasheet of this model [50]
and listed in Table 2.

Table 2: Electrical specifications for Sungrow’s “SG350HX” inverter model [50].

“SG350HX” inverter electrical specification Value

DC input voltage range 500 V- 1500V
Max DC input current 480 A

Max AC output power 352 kW

Max AC output current 254 A

AC output voltage range 640 - 920 V

Regarding the transformer selection, the “Siltrim” model from Schneider Electric was chosen
as reference since the information about its electrical and technical specifications was readily
available and its rating matched connection with the chosen inverter model from Sungrow.
The electrical data for this transformer model are listed in Table 3.

Table 3: Electrical specifications for S.E.’s “Siltrim” transformer model [51].

“Siltrim” transformer electrical specification Value
Rated power 1.6 MW
Rated low voltage 690 V
Rated high voltage 20000 V

From these data it was possible to determine the appropriate configuration and layout of the
system for the PSCAD simulation. As the transformer is rated 1.6 MW, that was also
determined as the cluster power capacity. Given this rating, four inverters could be connected
in parallel to the transformer, resulting in 1.408 MW of rated power from the inverters, as

352 -4 =1.408
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The total power capacity from the inverters did not reach the rated power of the transformer,
to guarantee safe and proper functioning of the transformer and avoid damages to the
equipment in case of power spikes or malfunctioning from the inverters.

Hence, the system resulted in four PV arrays, each connected to an inverter, and then all the
four inverters connected in parallel to a transformer. As each inverter was rated at 352 kW
power capacity, that was taken as the max output power from the PV array, resulting in a PV
array composed by

352 + 670 = 525
As 525 modules rated at 670 W would provide 351.75 kW of maximum output power.

Also, as the max input voltage for the inverter is 1500 V (Table 2) and the open circuit
voltage from each PV module is 46.1 V (Table 1), the maximum number of PV modules
connected in series in the PV arrays was 32. Similarly, as the max input current for the
inverter is 480 A (Table 2) and the short circuit current from the PV modules is 18.62 A
(Table 1), the maximum amount of PV modules in parallel in the PV arrays was determined to
be 25.

The chosen design for a PV array composed by 525 PV modules (and respecting the limits of
max open output voltage and max output current) was 25 rows of PV panels (connected in
series) and 21 strings (parallel connection), resulting in

461 - 25 = 11525

1862 - 21 = 391.02

Thus, the resulting PV arrays were each composed of 525 PV modules, 21 in parallel and 25
in series, for a total rated power of 351.75 kW per array. Furthermore, it was noted that in
order to deploy this design in FPV applications, the PV array considered could be divided into
75 floating clusters of 7 PV modules each, for a power rating of 4.69 kW for each floater.

3.8 PV modules and PV array

From the previous calculations it was possible to determine the overall layout of the system.
The PV panels in the PSCAD simulation were modelled taking the previously mentioned
“Vertex Backsheet DE21” solar panels from TrinaSolar [48] as reference, whose
characteristics have been enunciated in Table 1.

For every solar array, the PV panels were connected via cabling in 21 parallel strings, each

composed by 25 PV modules connected in series, resulting in an array characterised as
follows:
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Table 4: Design details of each PV array in the PSCAD simulation.

PV array characteristic Value

Number of PV modules 525 modules
Modules in series 25 rows of modules
Modules in parallel 21 strings of modules
Rated power 351.75 kW

Max output DC voltage 11525V

Max output DC current 391.02 A

This layout provided the power curves illustrated in Fig. 12 and Fig. 13. Such curves display

how the PV array properly scales the characteristics of the modules shown in Fig. 8 and Fig. 9,
as presented in 2.2.
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Fig. 12: Current-Voltage curve of a single PV array in the PSCAD design.
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Fig. 13: Power-Voltage curve of a single PV array in the PSCAD design.
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Hence, each of the PV arrays was wired to an inverter, modeled after the “SG350HX” model
from Sungrow [50], whose characteristics have been listed in Table 2. Thus, the following
electrical specifications were applied to the PSCAD design of the inverter:

Table 5: Electrical data of each inverter in the PSCAD simulation.

Inverter characteristic Value
Rated input DC voltage 1500 V
Max input DC current from PV 480 A
Rated AC output power 352 kW
AC output voltage (RMS) 690V

3.9 Inverter and control loops

Each inverter was modelled as two components, a DC-DC boost converter and the actual DC-
AC inverter (or voltage source inverter - VSI). The purpose of the DC-DC converter was to
modify and set the value of the DC input of the inverter, in order to ensure operation at MPP
(as enunciated in section 2.3). A simple control loop (Fig. 14) was connected to the boost
converter with this purpose: based on the reference power generated by the maximum power
point tracker, the converter adjusts its output current “IpvHV”, which is fed to the DC-AC
inverter (Fig. 10).

|
| .
i Boost converter
i (DC-DC)
O V) i
I P I s
| MPFT \ lVrefMPPT D7\ . ‘ 5T PretPV
e,
Tk Clear O<]_DB_|J§PV
Vpv

Fig. 14: Control loop determining the MPP tracking of the boost converter, where Ipv and Vpy are respectively
the output current and output voltage from the solar array, used as reference to determine the MPP.

The boost converter with its components is displayed in Fig. 15. The controller is exposed in
Fig. 16: the reference power is compared to the DC link power, and the error signal is
forwarded to a PI controller to generate the DC-DC converter duty cycle.
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Fig. 15: Components of each DC-DC converter in the PSCAD simulation.
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Fig. 16: The power controller of each DC-DC converter.

The VSI component was designed as a three-phase inverter composed of a DC link consisting
of two capacitors and six IGBT switches, as illustrated in Fig. 17.
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Fig. 17: Components of each DC-AC inverter in the PSCAD simulation.

The switching action of the VSI was controlled by utilising a phase-locked loop (PLL) in
order to generate PWM reference waveforms while controlling the DC voltage and the

reactive power, as per Fig. 18-21.

Calculate d & g
Wa Reference angle dq companents of the components of the ac-
£z source voltage: l side currant.
PLL Y
b thets [ g AV
T AR o7 Bl—3
Ve : EI? q [a ac
= E@ g 2 Ib~ac B =Q—
1% T i é

Fig. 18: PLL reference frame.
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Fig. 20: Reactive power controller of the inverter.
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Fig. 21: PWM reference waveforms generation for the inverter control.

3.10 Harmonic distortion calculator
The THD was calculated by means of Fast Fourier Transform (FFT), so that each three-phase

signal was sampled and decomposed into harmonic constituents to be fed to the harmonic
distortion calculator (Fig. 22).
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Fig. 22: The three-phase grid current signal being decomposed in the harmonic components of its phases, and
then calculating the individual and total distortion for each phase.

On the PSCAD simulation, the FFT block utilises a “sliding window” to analyse segments of
the input signal and provide the harmonic magnitude of such segment as output: in such way
it was possible to calculate and examine how the THD of different signals changed and
evolved during the course of the simulation, and plot it in the time domain. The frequency for
the moving window was set to 50 Hz, hence analysing the signal in segments of 0.02 seconds.

3.11 Harmonic filter design

In order to mitigate the THD, several different designs of passive harmonic filters were

considered:

® Single tuned filters (or series filters) are designed to target only one specific harmonic
frequency, and are composed by a series resonant circuit consisting of a capacitor, an
inductor and a resistor [52];

® High pass filters utilise a resistor and an inductor in parallel connection and a capacitor
connected in series, and target higher order harmonics above a certain cut-off frequency
determined by the values of the resistance and the capacitance. They are mainly used to
eliminate harmonics of fifth order or higher [52];

® Bandpass filters (or double tuned filters) are a combination of two series filters, and are
also designed for higher harmonic filtration, commonly targeting two specific harmonic
frequencies [52];

® ( type filters are designed to target low order harmonic frequencies, such as the second or
third harmonic. They consist of two capacitors, an inductor and a resistor [52];

® [, LC and LCL type filters are among the most common types used to filter the
harmonics produced on the AC side of inverters. L filters are the simplest ones, being
composed only by a single inductor, but are also characterised by low efficacy in
attenuating harmonics, hence requiring a high filtering inductance. LC filters are
composed by an inductor and a capacitor, providing enhanced harmonic suppression at
lower inductance values when compared with L filters. Finally, LCL filters provide the
best harmonic attenuation of the three types and are composed by two inductors and a
capacitor. However, this type of filter is prone to resonance and other potential issues
such as current ripple through the inductors. The design of these three types of filters is
presented in Fig. 23 [53].
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Fig. 23: Design of a) L filters, b) LC filters, ¢) LCL filters [53] (© IEEE 2019).

For the scope of this project it was determined that LCL filters should provide the highest
efficacy compared to other passive filters [54-56], as they are specifically designed to reduce
switching frequency harmonics caused by power converters [57]. As illustrated in Fig. 23,
such filters are designed by connecting two inductors (L1 and L2) in series and a capacitor
(C1) between them in parallel. However, this topology of filters also introduces instability and
oscillation problems due to resonance [54, 56]; hence, the addition of damping components to
the filters becomes fundamental, to limit these resonance effects [54, 56, 58]. In particular, the
split-capacitor resistive-inductive (SC-RL) passive damping scheme appears to be the most
efficient [58] and was the one utilised through the software simulation part of this project;
such damping is carried out by adding a capacitor, a resistor, and an inductor in parallel to the
capacitor of the LCL filter (Fig. 24).
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Fig. 24: Design of the SC-RL damped LCL filter (from own PSCAD simulation).

3.12 Cabling

In the PSCAD software the connecting lines simulating the cabling are by default modeled as
ideal conductors. Hence, a brief analysis providing a rough estimation for cabling losses has
been executed separately and presented in section 4.9.

3.13 Organisation in subclusters and clusters
In total, in the PV park model four “lines” (composed by PV array, DC-DC converter,
inverter and connecting wires) were connected in parallel, for a total output of 1.408 MW at

690 V output AC voltage. These were then connected to a transformer modelled following the
characteristics of the “Siltrim” model from Schneider Electric [51], the characteristics of
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which were listed in Table 3. Thus, the transformer designed in PSCAD had the following
specifications:

Table 6: Electrical data of the transformer in the PSCAD simulation.

Transformer characteristic Value

Rated power 1.6 MW

Input Low AC Voltage (RMS) 690 V

Output High AC Voltage (RMS) 20000 V (20 kV)

The transformer was followed by a “scaling component” with the purpose of scaling the
system and simulating a large-scale park, composed of several “clusters” and “sub-clusters”
of the same system. Hence, the system before the “scaling component”, at 1.408 MW power
rating from the inverter, 1.6 MW rated power from the transformer and 20 kV AC voltage
level, is considered as a “sub-cluster”. In order to simulate a larger cluster, the PSCAD
“scaling component” was introduced with a scaling factor of 12, simulating 12 of such sub-
clusters connected in parallel and resulting in a cluster of around 20 MW rated power
(concretely, 17 MW was the resulting rated power from the solar park). Finally, the system
was connected to an AC source simulating the electrical grid, with voltage at PCC of 20 kV
and 50 Hz frequency.
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4. Results

4.1 Suitable inverter models

According to the requisites and assumptions mentioned in sections 3.3 and 3.4, an
investigation of the main providers of power conversion devices for solar application was
made to find suitable models to be deployed on OFPV parks. For inverters, the following
were found appropriate, as displayed in Table 7 (note: the following results do not claim to
provide an exhaustive summary of all the devices in the market compliant with the guidelines
introduced previously, but rather to showcase a selected sample of suitable models for the
European market at the time that this analysis was made):

Table 7: Selection of suitable inverter models.

Brand Model layout | rated power [KW] | IP rating | weight [kg] | source
FIMER PVS-175-TL string | 175 IP 65 153 [59]
FIMER PVS980-58 central | 5000 IP 55 6000 [60]
Huawei SUN2000-115KTL | string | 125 IP 66 93 [61]
Huawei SUN2000-90KTL string | 100 IP 65 80 [61]
E‘l’:z:rromcs HEM-IEC central | 4200 IP 55 14000 [62]
E‘l’evzzronics HEMK central | 4390 IP 55 5500 [63]
SMA Sunny central | 1980 IP 65 3400 [64]
SMA Sunny up central | 3680 IP 54 3700 [64]
SMA Tripower string | 110 IP 66 94 [64]
Sungrow SG110CX string | 110 IP 66 89 [65]
Sungrow SG125CX-P2 string | 125 IP 66 87 [65]
Sungrow SG350HX string | 352 IP 66 116 [65]

For this analysis and for the purpose of selecting models to use as reference when designing
the system in PSCAD, the weight limit for the inverters has been assumed to be at 4 tonnes in
order to be deployed in offshore floating photovoltaic applications. Realistically, the specific
weight limit and the choice of inverter will depend on the characteristics of the installation
site and structures utilised, and whether fixed elevated platforms for power conversion
equipment are included. This assumption mainly affected the selection of suitable central
inverter models, resulting in the “PVS980-58 model of central inverter from FIMER and the
two models from Power Electronics being excluded from the candidate selection.

Realistically, the selection of which model of power electronics inverter to utilise for the
design and implementation in a floating PV farm will depend on several factors: from the size
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of the park and its power capacity to the layout and disposition of the panels as well as their
power rating, the size of the floaters and weight capacity, economical convenience, and so on.

4.2 Suitable transformers

For transformers it was much more challenging to obtain detailed technical data as the

publicly available information is very limited, and most companies tailor their offer to the

specific needs of their client’s scope. Overall, in the limited time period of this project it was

not possible to find a dry type of transformer model for which its datasheet would be publicly

available, meanwhile fitting the IP rating and certification compliance requirements. Because

of that, priority was given to finding models with detailed technical information available to

the public, and as close as possible to the specifications described by the selected guidelines.

In more detail, the following seemed eligible sources to find information about transformers

suitable for FPV applications:

® Hitachi Energy offers “OceaniQ”, which appears to be a portfolio of solutions and
products for the offshore segment that includes transformers for offshore substations,
floating applications, and for offshore wind turbines [66];

® SGB-SMIT Group claims to deliver dry-type cast-resin transformers up to 25 MVA and
40.5 kV rating, protected against salty air and resistant to vibration [67];

® WEQG also claims to offer dry-type transformers with minimum environmental impact,
suitable for offshore applications [68];

® Schneider Electric (S.E.) was the only brand already providing technical data for the
models examined, even though usually not including information relative to IP rating and
compliance with the IEC 60076 standard [69]; aside from their dry type transformers,
also their oil-immersed “Siltrim” model seemed suitable for floating PV farms, as S.E.
declares that it’s designed for renewable energy application both offshore and onshore, as
well as being fire resistant [51];

® Finally, some research papers also provide data, specifications, and design implications
for solar transformers to be integrated into large scale solar farms [70-72]; however,
currently no literature was found to specifically focus on floating solar implementations.

4.3 Simulation details

The project on PSCAD simulates 20 seconds of power plant operation, allowing the system to
overcome the initial oscillations and reach steady state. Different solar irradiation values were
considered, while the ambient temperature was set at 25° C. In the simulation several
parameters were monitored in order to adequately examine the performance of the solar park
model: from the active and reactive power delivered to the grid by the whole cluster and by
the single PV array, to the different output voltage and current levels, and most importantly
the level of harmonics released from the inverters and from the transformers.

Such examination was performed following different sub-cases, to thoroughly investigate the

performance of the PV plant model under different conditions; hence, the following analyses

were made:

® (Comparing the system operation between the case of a “strong” electrical grid
(characterised by 250 MW power rating and 80 degrees of impedance angle) and of a
“weak” grid (50 MW power, 10 degrees impedance angle), while keeping standard test
conditions (STC, that is 1000 W/m? of solar irradiance and 25° C ambient temperature);
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® Analysing its performance for different irradiance values (1000 W/m? as per STC,
exaggerated rate of 1100 W/m?, reduced rate of 850 W/m?);

® [nvestigating the repercussions on the system in the case of a PV array subjected to
different irradiance from the others (simulating for example the case of a passing
shadowing object), while the rest of the PV arrays are kept at STC.

4.4 Simulation with no filter added

The first analysis performed on PSCAD included running the simulation at STC (1000 W/m?
irradiance, 25° C temperature) without adding any harmonic filter to the system, to see how it
would perform. Also, for this first analysis the grid characteristics were set to simulate a
“strong” grid, with 250 MW power rating and 80 degrees of impedance angle.

As expected, the switching equipment included in the inverters induced a significant number
of harmonics in the model (with peaks above 100% total harmonic distortion), together with
other major power quality issues. Even in the last second of the simulation the model did not
reach a steady state and both the voltage and the current on the grid side presented significant
oscillations and disturbances. Furthermore, both active and reactive power were drawn from
the grid, resulting in highly irregular power curves, as per Fig. 25-28.
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Fig. 25: The curve of the active power on the grid side during the simulation without harmonic filters.
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Fig. 26: The curve of the reactive power on the grid side during the simulation without harmonic filters.
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Fig. 27: The curve of the active power at the transformer’s input during the simulation without filters.
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Fig. 28: The curve of the reactive power at transformer’s input during the simulation without filters.
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As visible in Fig. 25 and Fig. 27, the park overall drew active power from the grid (with the
exception of a momentary few peaks). In particular, the average active power at PCC was
determined to be around -41 MW meanwhile the average reactive power was around -369
MW, for a total of around -410 MW of apparent power drained from the system. Considering
that each PV array was rated at peak power 428.8 kW in STC (as calculated in section 3.6)
and that the overall PV park in the software simulation was composed by 12 subclusters each
composed by four arrays, for a total of 48 PV arrays (as per section 3.9), the theoretical total
peak power delivered by the PV panels amounted to around 20.6 MW. Hence, in this
simulation the system was dissipating more than the sum of the theoretical total power
delivered by both the PV park and the 250 MW from the grid. This could be caused by several
factors: for example, it could be that the excessive harmonic content caused instability and
resonances which resulted in an altered power flow and exaggerated power demand, or
another possibility would be that the unfiltered harmonics in the PSCAD simulation caused
unrealistic power readings and inaccuracies due to limitations of the software.

In general, the model presented extremely high harmonic peaks, a lot of oscillations and
disturbances and an overall inadequacy to deliver electrical power to the grid. In particular,
the following harmonic curves resulted from this simulation (Fig. 29, Fig. 30).
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Fig. 29: The current THD on the grid side.
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Fig. 30: The voltage THD on the grid side.

The results of this simulation, exposed in the previous figures, are summarised in Table 9. It is
visible how the system didn’t meet the grid requirements presented in section 3.2, as well as
failing to deliver the expected 17 MW of active power.

Table 9: Results of the simulation without harmonic filters added.

Parameter Value
Average THD of the grid current 7.5%
Average THD of the grid voltage 12.4%
Maximum THD of the grid current (omitted initial transients) 233%
Maximum THD of the grid voltage (omitted initial transients) 82.2%
Maximum amplitude imbalance of the grid current 1.23%
Average active power -41 MW
Average reactive power -369 MW

4.5 Filtering

The structure of the filters utilised in the simulation part of this study is the same as the one
displayed in Fig. 24. Such structure enables accurate and elaborate tuning of the filter, as each
component has a different influence on the filtering/damping capability of the filter.

The tuning process was executed empirically (both because of timing constraints and of lack
of material providing a suitable alternative), by iteratively modifying and setting the filters
parameters while tracking the harmonic attenuation. An attempt was made to include in the
model layout only 1 LCL filter between the node connecting the inverters and the transformer,
but that did not lead to satisfying improvements in the power delivered from the system; that
was not unexpected, as it is recommended standard procedure to add an individual LCL filter
after each switching power converter to obtain satisfying harmonic attenuation [73]. Hence,
one filter was added after each DC-AC converter for a total of four filters, and the structure of
each one of the four inverters was set as per Fig. 31.
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Fig. 31: The inverter with LCL filter structure used in the PSCAD model.

This modification led to significant improvements in terms of system stability, power quality
and harmonic attenuation. As previously introduced, tuning the filters was necessary to
maximise harmonic attenuation. This was obtained by finding the best compromise between
maximising the attenuation of both low frequency and high frequency harmonics (by
modifying and increasing the values of L1, L2, C1) as well as damping appropriately the filter
(by operating on L3, R1 and C2), as an excessive filtering action (led by exaggerated values
of L1, L2, C1) would lead to system instability and oscillations, as illustrated by the harmonic
curve on Fig. 32 (compared to the harmonic curve on a more balanced system in Fig. 33).
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Fig. 32: Total Harmonic Distortion of the current entering the transformer in a model with overly strong filters;

as visible, the damping does not prevent increasing oscillations and the system does not reach steady state. This

is due to the resonance effect not being damped properly, as an unbalance between the filtering components and
the damping components causes the resonance frequency to not be adequately attenuated.
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Fig. 33: THD curve of the current at transformer input in a model with balanced filtering and dampening.

The optimal values found for the filter parameters with STC and strong grid conditions are
listed in the following section, together with the values obtained for the harmonic content
after adding filters. Once tuned filters were added to the system (meanwhile keeping the
previous conditions of STC and strong grid connection), the model finally provided proper
power quality and power delivery to the grid within the expected values, as presented in the

o E— —

following figures (Fig. 34-39).
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Fig. 35: The grid voltage at the end of the simulation with added harmonic filters, also presenting consistent and
balanced curves.
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Fig. 39: The RMS grid voltage (after adding the filters) being kept at 20 kV as expected.
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Fig. 37: The curves of the active power on the grid side and at transformer’s input (after adding harmonic filters),
stabilising respectively at around 17 MW and 1.4 MW as expected.
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Fig. 38: The curves of the reactive power on the grid side and at transformer’s input after adding filters; both
curves stabilised at values close to 0 in order to maximise active power production.
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Fig. 39: The output current from the four inverters (at transformer’s input) at the end of the simulation with
added harmonic filters.

4.6 Strong and weak grid conditions

After reaching consistent power delivery, it was possible to finally properly investigate the
harmonic content in different scenarios, starting from standard test conditions (1000 W/m?
irradiance, 25° C temperature) to different irradiance values and grid strength. Commonly, the
term “strength” is utilised to address the ability of the grid to transfer power while
maintaining appropriate voltage and frequency stability; this is particularly important on
systems connected to inverter-based resources, where the grid needs to be strong enough to
guarantee and support stable operation of the power electronics converters connected [74]. To
simulate different grid strength levels, the power capacity and the impedance angles were
identified as the key parameters to modify, as they are directly related to standard metrics of
grid strength such as the Short-circuit Ratio (SCR) and the X/R ratio. In particular, SCR
expresses the ratio of the power capacity of the network over the rated power capacity of the
connected generation source; meanwhile the X/R ratio expresses the impedance angle of the
system as the equivalent inductive reactance X over the equivalent resistance R [74, 75].
Commonly, both indices are low on weak grids [75].

At STC and with the AC voltage source set to simulate a relatively strong and stable electrical

grid (with 250 MW power capacity and 80° impedance angle), the model presented the
following harmonic content at steady state:
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Table 10: Harmonic content for STC conditions and strong grid.

Harmonic

Value

Voltage THD from the 4 inverters at transformer
input

0.5%

Current THD from the 4 inverters at transformer
input

5.5% (with some oscillations between 5.4% and
5.6%)

Voltage THD on the grid side (after transformer
and scaling component)

Less than 0.1%

Current THD on the grid side (after transformer
and scaling component)

1.1%

These results were obtained after further tuning the LCL filters with the following values

(referencing the structure presented in Fig. 31):

Table 11: Optimal filter values found for STC and strong grid conditions.

Filter component Value
First inductor L1 800 uH
Second Inductor L2 500 pH
First Capacitor C1 75 uF
Third InductorL3 300 uH
Resistor R1 8Q
Second Capacitor C2 375 uF

Another simulation was performed keeping the Standard Test Conditions for irradiance and
temperature, but changing the AC voltage source to mimic the conditions of a “weaker”
electrical grid, more affected by eventual oscillations and faults in the system: that was
achieved by setting the voltage source to 50 MW power capacity and 10° impedance angle.
Thus, the system presented the following harmonic content:

Table 12: Harmonic content for STC conditions and weak grid.

Harmonic

Value

Voltage THD from the 4 inverters at transformer
input

0.5%

Current THD from the 4 inverters at transformer
input

5.6% (with some oscillations between 5.5% and
5.7%)

Voltage THD on the grid side (after transformer
and scaling component)

Less than 0.1%

Current THD on the grid side (after transformer
and scaling component)

1.1%

Hence, the model was only marginally affected by the change in grid conditions, as the only
noticeable difference was the slightly higher percentage point of the Total Harmonic
Distortion for the current being input to the transformer, as visible by comparing Table 10 and
Table 12. The LCL filters were kept at the values listed in Table 11.
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4.7 Different irradiance rates

Subsequently, the system was tested for different irradiance rates (while keeping strong grid
conditions), to examine any effect on the performance or existing correlation to the optimal
tuning of the harmonic filters. It was necessary to re-tune the filters after each change to the
irradiance rate, as else not enough harmonic attenuation would be achieved. For the

augmented rate of 1100 W/m?, the following results were obtained:

Table 13: Harmonic content for higher irradiance of 1100 W/m? and strong grid.

Harmonic

Value

Voltage THD from the 4 inverters at transformer
input

0.5%

Current THD from the 4 inverters at transformer
input

4.3%

Voltage THD on the grid side (after transformer
and scaling component)

0.1%

Current THD on the grid side (after transformer
and scaling component)

1.2%

Such results were obtained after tuning the filters to the following values:

Table 14: Optimal filter values found for higher irradiance of 1100 W/m? and strong grid.

Filter component Value
First inductor L1 865 uH
Second Inductor L2 515 puH
First Capacitor C1 75 uF
Third InductorlL3 300 uH
Resistor R1 8Q
Second Capacitor C2 375 uF

For the reduced irradiance rate of 850 W/m? (simulating for example partly cloudy or hazy

sunlight conditions), the following values were found:

Table 15: Harmonic content for reduced irradiance of 850 W/m? and strong grid.

Harmonic

Value

Voltage THD from the 4 inverters at transformer
input

0.5%

Current THD from the 4 inverters at transformer
input

7.3% (oscillating between 7.1% and 7.6%)

Voltage THD on the grid side (after transformer
and scaling component)

Less than 0.1%

Current THD on the grid side (after transformer
and scaling component)

1.3%
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The LCL filters were tuned and optimised for the reduced irradiance rate with the following
values:

Table 16: Optimal filter values found for reduced irradiance of 850 W/m? and strong grid.

Filter component Value
First inductor L1 765 uH
Second Inductor L2 480 uH
First Capacitor C1 75 uF
Third Inductor.3 300 uH
Resistor R1 8Q
Second Capacitor C2 375 uF

By comparing the results at STC and different irradiance values (Tables 10, 13, 15) as well as
the respective tuning of the LCL filters (Tables 11, 14, 16), it became noticeable how changes
in the irradiance had a significant impact on the system performance: higher irradiation rates
allowed for stronger filtering without causing system instability, leading to lower harmonic
rates and overall higher power quality; on the opposite, at lower irradiation rates the model
was much more prone to instability and higher harmonics.

4.8 Different irradiance between PV arrays

Finally, the system was examined in the case of strong grid conditions and STC, except for
one PV array being exposed to a different irradiance value reduced to 400 W/m? (simulating
some isolated shading), meanwhile keeping the LCL filters tuned for standard test conditions,
with the same values as per the first simulation (as displayed in Table 11). Previous
simulations showed that any altering of the irradiance immediately affected the harmonic
distortion of the model (especially for the current), requiring further tuning of the harmonic
filters. Thus, as expected in this final simulation much higher harmonics and oscillations were
registered, as displayed in Fig. 40 and Fig. 41.
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Fig. 40: Harmonic profile in the last second of the simulation for the current from the four inverters: the THD
oscillates between 6% and 18%.
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Fig. 41: Harmonic profile in the last second of the simulation for the grid current: the THD oscillates between
5% and 18%.

The harmonic content from this simulation can be summarised in the following table:

Table 17: Harmonic content for strong grid and one PV array with reduced irradiance.

Harmonic Value

Voltage THD from the 4 inverters at transformer | 0.6% (oscillating between 0.4% and 0.8%)
input
Current THD from the 4 inverters at transformer | Large oscillations, as per Fig. 40
input
Voltage THD on the grid side (after transformer | 0.1%
and scaling component)
Current THD on the grid side (after transformer | Large oscillations, as per Fig. 41
and scaling component)

Hence (as illustrated by the results in the Tables 10, 13, 15, 17) the model satisfied the
harmonic requirements only partially, as the current flowing from the four inverters to the
transformer often exceeded the 5% threshold, mainly as effect of the third harmonic reaching
the highest values (above 5%) plus the seventh harmonic marginally contributing to the THD
by reaching values around 1%.

As previously mentioned, within the simulation the effect of cables and transmission lines
was not included, as in the software the connecting lines are modeled as ideal conductors.
However, in the real world the transmission lines can have a significant impact on the power
quality delivered: long cables can amplify any harmonic injection already present in the
system and introduce further harmonic resonances, as well as causing obvious transmission
losses . This will be especially relevant in a FPV park, where the cabling connections can be

particularly long because of the organisation of the system in floaters and separate platforms
[76, 77].
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4.9 Cabling losses

In order to make an estimation regarding cabling losses, data from the cable manufacturer
NKT was utilised: in particular, the H1Z2Z2-K cable model for photovoltaic systems was
considered for the PV connection with the inverter, the NA2XY (1 kV) model was considered
for the connection between inverters and transformers, and the NA2XS(F)2Y 20 kV medium
voltage model for the connection between transformers and the grid, as recommended by the
guidelines from the manufacturer [78].

It should be noted that these calculations were executed considering only resistive active
power losses in the system. However, in real life all the cables used in the system will have
also inductive and capacitive losses when operating with AC current (even though usually the
capacitance is rather high and will cancel out the effects of the inductance), potentially
causing resonance phenomena in the system and requiring further tuning of the filters.

According to the calculations provided in section 3.7, the PV array was characterised by a
maximum short circuit current of 391 A and power rating of 351.75 kW. Furthermore, as each
PV module was rated 17.55 A (as per Table 1), the rated current for the PV array (composed
by 21 strings) was 368.55 A. That required the usage of at least 5 H1Z272-K cables with 10
mm? cross section, rated at 79 A current carrying capacity each and characterised by 1.95
Ohm/km effective resistance [79]. Assuming a maximum acceptable value of transmission
losses of 3%, the following estimate for the maximum allowable cable length could be
executed:

0.03-

2 2

where L is the cable length in km, Py, are the power losses in W, Pransmirea 1S the transmitted
power in W, [ is the current in A, and Repecive 18 the effective resistance in Ohm/km. Hence,
considering the rated power of the PV array to be divided among 5 cables for 70350 W of
transmitted power each, and similarly for the rated current to be divided into 73.71 A of
current flowing on each cable, the maximum acceptable cable length estimated to keep the
transmission losses below 3% in the connection between each PV array and inverter is 0.2 km.

A similar calculation was made for determining the maximum cable length between inverters
and transformers. As each inverter is rated at 352 kW, with 690 V output AC voltage (and
hence 294.53 A output AC current), one triple-core NA2XYcable with 150 mm? cross section
was selected as sufficient. Such model had 321 A current carrying capacity and 0.206
Ohm/km effective resistance [80]. With these values it was calculated that the maximum
acceptable cable length between each inverter and transformer (keeping transmission losses
below 3%) was 0.59 km.

Finally, the rated output from each transformer was at 1408 kW power, 20 kV AC voltage,
and hence 40.64 A output current. Considering 3 NA2XS(F)2Y cables (one for each phase)
for the connection between transformers and the PCC, each with 50 mm? cross section, 172 A
current rating and 0.641 Ohm/km resistance [81], the maximum acceptable cable length for
3% transmission losses between each transformer and the PCC was determined to be 13.3 km.
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5. Discussion

5.1 Discussion of simulation with strong vs. weak grid

Even though the PSCAD simulation did not highlight particular issues related to connecting
the FPV park to a weak electrical grid (possibly because of the simplifications included in this
analysis - especially the assumption of cables as ideal conductors), several challenges are
typically connected to such conditions. Namely, weak grids tend to be more strongly affected
by the intermittent nature of solar electricity generation, as well as by the impedance of the
transmission lines. Hence, such grids are more prone to oscillatory instability, harmonic
amplification and power quality degradation, as well as series and parallel resonance due to
the dynamic interaction between the PV inverters and the grid impedance [82-84].

One possible approach to implement a better control system and to reduce the impact of
connecting the solar farm to a weak network grid could be to include grid forming converters
in the park alongside traditional inverters. While standard electrical inverters are classified as
“grid following”, as they are manufactured to follow and synchronise with the grid voltage by
the means of a PLL and inject the maximum available active power at any time, grid forming
inverters (GFMIs) are utilised to provide voltage and frequency support to the grid. Hence,
GFMIs can even be used as voltage and/or frequency regulators for microgrids or for parts of
the grid that are weaker and characterised by a higher impedance because of the remote
location and long cabling, such as offshore solar parks. These devices can then enhance the
system stability and the resiliency of the grid, which is especially useful in the case of an
electrical network with a high penetration of renewable energy sources and inverter-based
power generation [85-89].

5.2 Discussion of simulation with different irradiance rates

Through the simulation it was determined that the harmonic content and power quality would
change significantly depending on the irradiance rate delivered to the PV panels, as well as
potentially depending on other factors such as the ambient temperature and the layout of the
park (such as the number of inverters connected in parallel delivering harmonics to the
transformer).

In particular, the results obtained are in line with previous studies on the topic [90-92], as
higher current THD values were registered for lower irradiance values: in such case the power
generation is significantly reduced, resulting in the PV inverters operating below their power
rating and in higher values of the non-fundamental components of the output current [93].
Some possible mitigating solutions for this issue could be to include a battery storage system
on the DC side of the PV inverters (to be switched on in low irradiance conditions), or to
include a reactive power control system alongside the inverters: both methods aim to operate
the voltage source converters at full apparent power capacity during low irradiance conditions,
in order to avoid higher harmonic content [93].

42



5.3 Other harmonic control strategies

Overall, several considerations should be made regarding the harmonic content of the current
flowing into the transformer exceeding the recommended thresholds of 5% THD and of 4%
content for the third harmonic. Overly high harmonics can produce extra heating in the
transformer, leading to higher copper losses and eddy current losses, as well as potentially
damaging the transformer [94, 95].

Some common industry practices in order to avoid these issues include, among others:

® Utilising K-rated transformers (also called K-factor transformers), which are specifically
designed to withstand the damaging effects resulting from higher harmonic content
originated from non-linear loads [95-97];

® Deploying Harmonic Mitigating Transformers (HMTs), designed to attenuate the
harmonic content in a power system as well as reducing its heating effect [98, 99].

Furthermore, changes in the layout of the floating photovoltaic farm could also lead to
improved performance and a decrease in the harmonic content, for example by considering
different inverter and/or transformer models in order to reduce the amount of parallel PV
arrays and inverters delivering power to a single transformer (as that has been proven to be
another factor of increased harmonic content [99, 100]) or by considering a layout using a
central inverter instead of several string inverters.

5.4 Filter tuning

Moreover, in sections 4.3 and 4.4 it was determined that properly tuned harmonic filters are
necessary in order to achieve satisfactory power generation. Not only was it found that adding
filters is necessary for power delivery, but also that tuning such filters is fundamental to
properly mitigate the harmonics and that the ideal tuning of the filter parameters would
change depending on factors such as the irradiance.

Hence, in order to improve the filter tuning so that changing irradiance would be taken into
consideration, a possible option would be substituting the LCL filters with active harmonic
filters (or active power filters - APFs), which are implemented to provide a higher and more
precise harmonic mitigation by correcting and adjusting in real-time to the varying loads and
harmonics of the electrical network, delivering an overall “power conditioning” [101, 102].

5.5 Other challenges

Other than the issues related to the high harmonic content of the current in FPV parks, some
other potential challenges related to such systems should be mentioned.

For example, leakage currents (or stray currents) in PV systems are defined as the unintended
flow of DC current through non-ideal paths, such as the grounding or other structural
components, due to a grounding fault or degradation: such leakages may potentially lead to
accelerated corrosion on the metallic structural components of solar photovoltaic systems,
potentially resulting in safety hazards and accentuated power losses [103]. In particular, the
probability of occurrence of this issue has been connected to specific characteristics of the PV
farm, including: the strength of the DC voltage and current, the geographic size and
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distribution of the DC circuitry, and the moisture content of the environment surrounding the
DC wiring [104]. Hence, the risk of stray currents becomes particularly accentuated for large
scale floating PV farms, where the DC circuits are subjected to higher environmental moisture
and the wiring is further extended by distributing the photovoltaic panels in floaters, requiring
an enhanced attention to implementing adequate insulation and corrosion management
strategy throughout the lifetime of the floating solar system.

Another factor to be considered is the detrimental effect of the wave movement on offshore
FPV parks, which could induce significant losses and decrease in the energy yield (estimated
to be of almost 15% when compared to an optimally tilted offshore PV system [105])
depending on the specific weather conditions and the floating and anchoring structural
characteristics of each specific installations. Furthermore, such movements and oscillations
could lead to structural stress and accelerated degradation or damage to the components of the
PV system, although no study examining this aspect in detail was found in the scientific
literature.

Finally, another threat to be considered is the occurrence of sub-synchronous oscillations on

large scale floating solar farms, especially in the case of a system with relatively high PV
capacity and weak AC network [106-108].
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6. Conclusion

6.1 Summary of the results

Through this analysis, different models of electrical inverters and transformers have been
identified as suitable for implementation in OFPV parks, keeping as reference the DNV’s
recommended practice guide [39] and other international electrical standards. In sections 4.1
and 4.2, a selection of power conversion devices potentially suitable for deployment in OFPV
parks was showcased.

Secondly, PSCAD software was utilised to simulate a model of an OFPV farm rated at around
20 MW power capacity and to analyse the harmonic content under different conditions.
Namely, the total harmonic distortion was measured at grid level and at the transformer’s
input level before and after the addition of LCL filters, at different irradiance rates, with
different grid strengths and meanwhile keeping one PV array at lower irradiance (to simulate
partial shading).

The results presented in the previous section highlighted the importance of proper tuning of
harmonic filters in floating solar farms, as well as the high variation in terms of harmonic
content of the current flowing out of the inverters.

In particular, it was noted that without adding properly tuned harmonic filters to the model,
power production and delivery was not feasible within the system.

Also, grid strength only marginally impacted the operating conditions of the solar park model,
as the only noticeable difference in terms of power quality was a higher percentage point for
the inverters’ output current in the case of having the system connected to a weaker grid.

Instead, changing the irradiance rate significantly affected the performance of the model, as
with higher irradiation rates it was possible to tune the filters to increased inductance values
without affecting its stability, resulting in lower harmonic content.

Finally, the simulation with one PV array exposed to a different irradiance rate than the others
further highlighted the connection between proper filter tuning and the irradiance, as the
model presented higher harmonic content and oscillations.

6.2 Future work
There are several points within this analysis that could be investigated further.

First of all, the tuning process of the LCL filters was executed empirically, potentially leading
to less-than-optimal tuning of each filter and its dampening components. Thus, the tuning and
optimisation process of the harmonic filters could be improved and executed in a more
detailed manner, for example by utilising a mathematical model or a design algorithm to
obtain the most optimal dampening and filtering characteristics for the power system
considered [109-112]. Moreover, filter tuning could be further improved by taking into
account the effects of cabling and its properties, as that will also impact the parameters of the
harmonic filters.

45



Also, this analysis only took into account variations in the irradiance rate; however, in real life
such variations are usually accompanied by changes in the ambient temperature due to the
weather, also affecting the efficiency (and the harmonic content) of the PV park. Hence, it
would be recommended for future studies to analyse how changes in the irradiation are
accompanied by variations in the ambient temperature, and what are the effects on FPV parks.

Furthermore, implementing a simulation including the effect of cable impedance would also
provide a more detailed understanding of potential issues within FPV parks, especially related
to the connection to weak electrical grids. This could highlight the need for grid forming
inverters (as per section 5.1) or for a different inverter control, in case the inverter should be
utilised to supply reactive power to the grid (meanwhile within this study the inverter control
mainly focused on the delivery of active power).

Finally, the scope of this project did not include the mechanical and economical aspects
involved with the implementation of offshore floating PV farms. These, however, are also key
factors to examine the feasibility of such parks. For example, the limits imposed by the
floaters, mooring and anchoring systems could determine the choice of several components of
the FPV park as well its location (such as the distance from the shore) and hence influence the
final park layout. The maintenance expenses required to preserve the power plant in operating
condition in a harsh environment such as offshore, as well as other different factors
influencing the lifespan and cost efficiency of the components of the OFPV park, could also
be aspects worth examining in detail.
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9. Appendices

9.1 Appendix A: PSCAD system layout
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