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— Summary

Frequency and voltage stability is a challenge as power systems move towards a
more renewable future. This study focuses on the power system of Suduroy, Faroe
Islands, which is in the transition towards 100% renewables. The impact of three
events on the frequency and voltage responses has been simulated based on 2020,
2023, 2026 and 2030 and with different settings using a measurement validated
model. These results show that additional ancillary services, provided by e.g.,
batteries and synchronous condensers, are required to keep the stability level at the
same level as today. The isolated power system in Suduroy (~10% of total annual
demand) will be connected to the main grid (~90% of total annual demand) in the
future (2026 according to the RoadMap), and thus the system has also been studied
with this interconnection. According to the simulation results, the main grid
contributes significantly to the power system stability in Suduroy when the systems
are interconnected. The impact of how the main grid has been represented is also
analysed by conducting simulations using a detailed model of the main grid or
approximated models. The results show that the suggested approximated models do
not show a sufficiently accurate response compared to the detailed model; especially
when batteries in the main grid are contributing with active power regulation.
Therefore, new approximated models of power systems with high shares of inverter-
based technologies should be developed with this consideration. Finally, the
contribution from wind turbine inertia emulation is analysed and shows that the
system frequency nadir can be improved with the emulated inertia feature switched
on.
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— Nomenclature

Abbreviations

SEV: The Power Company in the Faroe Islands
SCP: Short circuit power

BS and BESS: Battery energy storage system
SC: Synchronous condenser

AVR: Automatic voltage regulators

IE: Inertia emulation

PV: Photovoltaics

IBR: Inverter based resources

ROCOF: Rate of change of frequency

PDF: probability density function

— 1. Introduction

FAROE ISLANDS
Suduroy is the most southern island of %
the Faroe Islands in the North Atlantic
Ocean, see Figure 1 [1]. The Faroese
Power System has seven individual
grids of different sizes and complexity,
and the isolated power system on __
Suduroy is one of these seven grids. The suBUROY -
energy production in Suduroy in 2020 '
was 35 GWh in total, which was 9% of
the total generation in the Faroe Islands
and consisted of diesel and heavy fuel
oil (85%), hydro (11.5%), wind (3%) and
solar power generation (0.5%). The low
wind power generation is due to the
wind farm being inaugurated in
February 2021, and thus only in
operation in 2020 for test runs etc.

Kiakevik

& Torshavn

Figure 1 — Map of the Faroe Islands

The average demand in Suduroy in 2020 was 4.0 MW, with a minimum of 1.8 MW and
a maximum of 8.0 MW. The reason behind the great variation is a relatively large fish
factory, which was in operation for around 2000 hours in 2020. A load curve for the
demand in Suduroy in 2020 can be found in Figure 2 plot (a). Plot (b) in Figure 2
shows the average hourly demand for the months March-July in 2020 and thus
shows the daily and to some degree seasonally demand variations. January-February
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and August-December are not included in plot (b) as the previously mentioned
factory was online during certain periods of these months, and the inclusion of these
would not illustrate the daily and seasonal variations.
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Figure 2 — (a) Load duration curve of demand in Suduroy 2020. (b) Average hourly demand for months
March-July in 2020

SEV, the local utility, is aiming for 100% renewable electricity generation by 2030.
This requires expansions in renewable generation capacity, storage systems, energy
management systems and state-of-the-art solutions to ensure a stable and reliable
power system operation, as the share of traditional synchronous generators
decreases.

Synchronous generators have the capability to provide the ancillary services needed
to ensure a stable supply after a disturbance, i.e., active and reactive power
provision for frequency and voltage control, respectively. However, these are
becoming a smaller share of the total generation, as the synchronous generators are
replaced with wind turbines and photovoltaics, which can result in a grid with
decreased inertia, short circuit power (SCP) and active and reactive power provision.
The integration of inverter-based generation therefore will have a detrimental
impact on stability, if traditional procedures continue to be used in all power
systems, but especially in smaller isolated power systems like the Faroe Islands [2]-
[4]. The specific challenges for power systems depend on the type of generation, and
these have been addressed in previous review studies [5]-[7]. To ensure the stability
of a power system with a high penetration of inverter-based renewables (IBR), it is,
therefore, necessary to simulate and analyse the systems. This study addresses
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frequency and voltage stability challenges associated with reaching 100%
renewables in an isolated grid, using a model, that has been dynamically validated
based on measurements from trip tests. This is not an ordinary engineering task.

A relevant state-of-the-art characteristic of the power system is the probability
density function (PDF) of voltage and frequency for the island. Any future change in
the system should lead to a PDF which is close to previous years if the distribution of
the frequency should be maintained. This could be the benchmark if a change has
improved or deteriorated the quality of the power supply. Figure 3 shows the
probability density function based on frequency measurements with a resolution of 1
s in Suduroy before (2018-2020) and after (2021) the wind farm was installed. It is
quite clear that the wind farm has led to a larger variance in the frequency, as 2021
differs from 2018-2020 and no other significant changes have been made in the

system.
Probability density function
January-July
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Figure 3 — Probability density function based on 10 Hz grid frequency measurements in Suduroy from
January to July 2018 to 2021

The power system stability in Suduroy and the main grid approaching 100%
renewables has been studied previously, but all of these studies are considered
initial studies, as they have either had a narrow scope or have been done using
power system models, which have not been validated [8]-[13]. The topics covered in
previous publications include full system simulations [8]-[10] and providing
ancillary services using batteries [11], heat pumps [12], synchronverters [13] and
wind turbine controls [9]. Whilst studies on the power system stability in the Faroe
Islands are limited, the potential investments in generation, storage and
transmission system expansion towards 100% renewables in the Faroe Islands have
been thoroughly investigated in multiple studies [14]-[20]. A detailed RoadMap for
generation, storage and transmission can be found in [20]. The RoadMap contains
project-specific investments, which specify e.g. power plant sizes, locations and
investment year, which are based on an economic optimisation and consider a
demand increase from 369 GWh in 2020 to 633 GWh in 2030, due to an increase in
the normal electricity usage and electrification of the heating and transport sectors.
This RoadMap is used as a basis for expansions towards 2030, see section 2.1.

In many study cases, only a part of a system is of interest, not the whole system.
Including the whole system in computer simulations increases the calculation time
and the complexity of the simulations, and therefore different network reduction
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methods have been developed to approximate the large system's static and dynamic
behaviour over the past decades [21]. As the distributed generation has increased,
newer approaches have been developed, which consider the distributed generation
as well as synchronous generation [22]. While most reduction methods require the
full system model to be computed, recent research also proposes methods using
wide-area measurements to compute dynamic equivalents [23]. Simulation software
also have built-in models for network equivalents. For example, DIgSILENT's
PowerFactory provides a model component called External Grid.ElmXnet [24].

This paper addresses an uncommon task, the transition of a small isolated system
towards 100% renewables. The study focuses on the voltage and frequency stability
of the island Suduroy, and how these are affected by 1) a sudden drop in wind power
production, 2) an outage of a synchronous generator and 3) a load rejection. The
events are analysed for the following expansion stages of the system: 2020, 2023,
2026 and 2030. Thus, the impact on the system stability of replacing thermal
synchronous generators with renewables towards 2030 is addressed. The analysis of
2023 and 2026, shows that analysing the start (2020) and end (2030) dates can
result in missing problems in-between. The study is based on an existing system,
which is under development to reach a cleaner energy production, and it uses
validated dynamic models and an actual expansion plan. It is based on a scientific
engineering approach to overcome the uncertainties and challenges in the actual
expansion of the Faroese power system, in contrast to the mainly theoretical
approach of most such studies. Suduroy will be connected to the main grid in 2026
via a single link [20], and a common method to analyse the stability of Suduroy post
connection would be to simplify the main grid at the end of the cable connection, to
reduce the computational time and the complexity of the system. This study shows
that reducing the main grid leads to some implications, e.g. capturing frequency
triggered technologies which contribute to frequency stability accurately. This is
done by comparing the simulation results using a detailed model of the main grid
and two different approximations. The results, therefore, contribute to the discussion
on whether present-day equivalents are sufficient to represent a grid with high
levels of inverter-based technologies, or if detailed models are needed. Based on the
approximations used in this analysis, the dynamic response is inaccurate, so a
detailed model is needed, or an approximated model, which considers frequency
triggered technologies. The main contributions of this study are the results showing
the implications of using approximated models in power systems with a high share of
inverter-based technologies, as well as the aspect of this being a study on the
challenges in an actual isolated system aiming for 100% renewables.

The power system of Suduroy is presented in section 2, while the investigation
approach is described in section 3. The results of the study are presented and
discussed in section 4 and concluded in section 5.

— 2. The Existing and Future Power System

The power system in Suduroy is a hybrid power system, which is under continuous
development. Figure 4 shows a single line diagram of the power system in Suduroy
with respective capacities and introduces abbreviations for the different
components. VG G1-VG G4 are synchronous thermal generators, which are rated at
13.4 MW in total, the hydro turbines with synchronous generators, BO G1 and BO G2,
are rated at 3 MW in total, the wind farm PO has 7 wind turbines rated at 6.3 MW in
total and finally, there is a PV power plant of 260 kW. Installing a battery system of
7.5 MW/7.5 MWh (IH BS) and a synchronous condenser of 8 MVA (IH SC) is in
progress as well. These are intended to provide ancillary services like active and
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reactive power reserves, inertia, and SCP to the system. The voltage levels in
Suduroy are 20 kV, 10 kV and for distribution 0.4 kV. The TG and IH and the
substation/diesel power plant VG have a rated voltage of 20 kV. The rated voltage at
the hydropower plant BO is 10 kV. The demand in Suduroy has been described in the
introduction.

TT1797 7171

10kV

20kV

MNMOL

VG-BO

- —] IH-VG é é

7x 0.9 MW

MWSE YAWS
SdHI DJSHI

‘ : A 02
| —
T =
3 &
o
SH
g
&)
s]
[A]
w
)
(o]
(")
w
-
o]

) sl

MWNT MWL
0981908

10kV

T ree

VG G3 VG G1 VG G2 VG G4

1 37 kV
y- 4.2 MW 2.6 MW 26 MW 4.0 MW

M

PV
0.26 MW

Figure 4 — Single line diagram of the power system in Suduroy. BO is a hydropower plant, PO is a wind
power plant, VG is athermal power plant, while IH and TG are substations. “G” stands for generator,

“SC” for synchronous condenser and “BS” for the battery system

Each synchronous generator has a governor and an automatic voltage regulator
(AVR). Under normal operation, the frequency must be within 49.5 Hz and 50.5 Hz,
and these limits are kept with droop primary control and manual secondary control.
The installed wind turbines are the Enercon E44/900 kW model, which is a type 4 -
full converter turbine. They have active and reactive power control capabilities and
the option of inertia emulation. However, ever since the wind turbines were
inaugurated in February 2021, they have been controlled using only active and
reactive power setpoints from the dispatch centre. The PV plant is not controlled,
due to its relatively small size. It, therefore, produces power according to the
resource potential at any given moment with a power factor of 1.

2.1. Future Expansions According to RoadMap

The expansion steps in Suduroy according to the RoadMap [20] are shown in Figure
5. There are expansions in wind power, PV power, a cable to the main grid and a
second battery system (BESS) to balance the energy production on an hourly basis,
i.e. this BESS is not intended for ancillary services as such, but more in terms of
energy storage to lower the power exchange between Suduroy and the main grid and
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the attributable losses. The focus of this study is the power system on Suduroy, but
according to the RoadMap, Suduroy will be connected to the main grid through a 60
kV subsea cable in 2026. The cable will be connected to 20 kV at substation TG
through a 60/20 kV transformer. Thus, the power composition in the main grid is
relevant to this study from 2026 and forward. The main grid supplies 11 out of 18
islands. The generation capacity currently consists of 86 MW of heavy fuel oil and
diesel power (synchronous), 2 MW of biogas (synchronous), 37 MW of hydropower
(synchronous) and 18 MW of wind power (16 MW of type 4 and 2 MW of type 2 wind
turbines). The future expansions in the main grid by 2026 and 2030 according to the
RoadMap are tabulated in Table 1. These expansions consist of wind power,
photovoltaics and a pumped storage system with synchronous turbines and pumps.
Further details with regard to plant sizes and locations can be found in [20]. SEV also
has preliminary plans with regards to investments of BESS and synchronous
condensers (SC) in the main grid to provide active and reactive power reserves,
inertia, and SCP to the system, just like the BESS and SC in Suduroy. These plans
include 3x16 MVA SC, 1x6 MVA SC and a BESS capacity of 30 MW in total, of which the
first 12 MW BESS and 16 MVA SC are already procured. These components have been
included in the simulations with the main grid.

6 MW
13 MW (~35 km) 2.4 MW

LN
}\Wind ﬁ Cable -O: solar I:l,] Battery

Figure 5 — Expansions in Suduroy according to RoadMap [20]

By 2026 By 2030
72 MW WP 66 MW WP
35 MW HP 39 MW HP
41 MW PP 38 MW PP

40 MW PV

Table 1 - Additional expansion in wind power (WP), hydropower (HP), pumping power (PP) and photovoltaics (PV) in the
main grid by 2026 and 2030 according to the RoadMap [20]
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— 3. Investigation Approach

The future short term voltage and frequency stability of Suduroy to large
disturbances [25] and the impact of the main grid representation have been
analysed using RMS simulations in DIgSILENT's PowerFactory. Three different events
are investigated under one operation scenario, see section 3.2., in the study cases of
2020, 2023, 2026 and 2030. Different representations of the main grid and some
wind turbine capabilities have also been investigated. Additionally, the required
BESS and SC sizes in the future to maintain the frequency and voltage stability in
Suduroy at the same levels as today have been addressed.

3.1. Modelling

The grid model uses a load flow and dynamically validated model. The load flow
model has been validated by defining load, generation, tap changers and circuit
breakers according to historic operation scenarios, and then simulated currents and
busbar voltages have been compared to measurements. The governors and
automatic voltage regulators (AVRs) have been parameterized and validated by
tripping generators, measuring the dynamic response, and replicating the
measurements in the simulation. Since models and parameters for multiple of these
controllers were unavailable, standard models that fit with the actual regulators
have been used. These were selected mainly based on [26], but also based on
information in the available datasheets. These standard models have then been
parameterized by minimizing the difference between simulated and measured
primary responses from the controllers. The wind power plants are modelled with
models from Enercon with site-specific parameters. The configuration of these
models has been validated with the manufacturer. The future PV plants are modelled
with IEC 61400-27-1 WT 4B 2.0 MW 50 Hz models with adjusted rated power. This
model is commonly used for PV modelling in the industry. The synchronous
condensers are modelled based on a model of the synchronous condenser in
Suduroy, delivered by ABB. The main grid already has a BESS which contributes to
frequency regulation during disturbances, and this model (Enercon) has been used
for the BESS in Suduroy and expansions in the main grid. The main grid has been
modelled with a full-size detailed model and using two reduced models, both
utilizing the "External Grid.ElmXnet" component in PowerFactory. The "External
Grid.ElmXnet" used in RMS simulations is basically a synchronous generator,
neglecting saturation and leakage reactances. The SCP of the system to be reduced
must be defined, and the default acceleration time constant is infinite. The transient
and subtransient time constants and the synchronous and transient reactances can
be defined, but in this study, default values have been used. In approximation 1 the
external grid has been defined based on the SCP. This means that the inertia in
approximation 1 is infinite. The difference between approximation 1 and 2, is that
the inertia of the main grid is specified in approximation 2. The inertia in the main
grid has been calculated based on the units online during the simulation. An
overview of the models used can be found in Table 2.

R I ©2023- CIGRE CSE N°25 June 2022 8



Components

Synchronous generation

Wind power

Existing PV

Future PV

Synchronous condenser

Battery system (ancillary)

Battery system (2030)

Main grid detailed model

Main grid approximation 1

Main grid approximation 2

Model

Standard governor and AVR models, which have been
parameterised and validated according to

measurements.

Wind turbine models and farm control unit models from
the Enercon. Parameterised with actual parameters and

validated in cooperation with Enercon.

Modelled as a negative load with set production.

IEC 61400-27-1 WT 4B 2.0 MW 50 Hz model, which is

commonly used for PV in industry.

Model and parameters from the manufacturer ABB

Modelled using an Enercon model for the battery
system in the main grid, which has similar capabilities.
The model has been parameterised with the actual

parameters in the main grid.

Modelled as a load which charges with positive values

and discharges with negative values.

Full system model using models as described above.

"External grid" component in PowerFactory, considering

only the short circuit power.

"External grid" component in PowerFactory, considering

the short circuit power and inertia.

Table 2 — Description of how different system components have been modelled

3.2. Operation Scenario

The previously discussed RoadMap [20] has been obtained based on an economic
optimisation in the open-source model Balmorel [27]. Balmorel optimises the hourly
dispatch as well, thus the generation and load settings for the investigated events
have been extracted from the optimisation for the years investigated (2020, 2023,
2026 and 2030). The operation scenario, i.e., the specific hour investigated, has been
selected based on hourly input data (2017) and output (2020, 2023, 2026 and 2030)
data in the RoadMap study. First, the demand, wind speed and irradiation data (2017
input) were sorted based on the following criteria:

1. High load, i.e., >4.5 MW
2. Wind speeds at the wind farm in Suduroy are equal to or above average, i.e., 9.5
m/s

PSTAR

(pagre (SEIRIRE ©2023- CIGRE CSE N°25 June 2022 9



3.Irradiation in Suduroy equal to or above average (night hours excluded), i.e., 201
W/m2

41 hours of the input data from 2017 fit all requirements. To choose one of these 41
hours, the optimised dispatch (2020, 2023, 2026 and 2030) according to the output
data in [20] was used to sort the hours, with the following criteria:

1.1BR shares should be equal to or less than 60% in 2020 and 80% in 2023. No
criteria for IBR shares in 2026 and 2030, due to the system being connected to
the main grid.

2. The diesel power plant should supply at least 20% in 2020, to ensure that the
diesel engines are loaded above the minimum.

3. The shares of PV should be equal to or lower than 25%. Higher shares than this
will not be common due to the northern latitude, cloudy climate, and installed
capacity.

4.Imports from the main grid should not supply over 40% of the demand in
Suduroy so that the analysis includes a significant amount of local production.

Only one of the 41 hours fits all criteria, and that is 12:00 on the 28th of March based
on the input data. The production and import shares according to the optimised
dispatch [20] are tabulated in Table 3. To be able to compare different years, it is
important that the production composition is similar. The wind and PV dispatch
according to Balmorel have been left unchanged, but the synchronous generation
has been adjusted, so the hydro turbines in Suduroy produce a total of 1.8 MW every
investigated year. In 2020 the 1.8 MW are extracted from the thermal generation,
while in 2026 and 2030, the generation is moved from hydro turbines in the main
grid to Suduroy, thus, the import is decreased as well. The thermal generation in
2020 and 2023 is produced by VG G1 and VG G2.

The production in the main grid in 2026 and 2030 according to Balmorel consists of
3 hydropower plants, the biogas plant, wind power plants and PV (2030 only). Excess
wind power is also being pumped during the investigated operation scenario, this
pumping power has been divided between 3 and 4 pumps in 2026 and 2030,

respectively.
2020 2023 2026 2030
Diesel 42% 15% 0%
Hydro 0% 15% 0% 0%
Wind 58% 70% 66% 60%
Import - - 35% 18%
PV . ; - 23%

Table 3 — Production and import in the selected operation scenario according to the optimised dispatch [20] as

percentages of demand in Suduroy (rounded to integers)

o
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The loads, tap changers, circuit breakers etc. for the simulations in PowerFactory,
have been set based on SCADA measurements from 12:00 on the 28th of March 2017
(the input data year) has been used. The loads have been scaled up to reflect the
projected demand in 2020, 2023, 2026 and 2030. This is done to ensure a realistic
load division between different substations. In cases where the voltage has been too
high or low in future scenarios, the tap changers have been modified accordingly.

3.3. Events and Study Cases

Three events are investigated in this study, as listed following this paragraph. The
first one is an outage of one of the hydro turbines, the second is a sudden loss of wind
power production and finally a load rejection where a fish factory is disconnected.
These three events have all been selected based on events which are considered
alarming. The events are analysed for the study cases of 2020, 2023, 2026 and 2030.
Additional simulations have been conducted to analyse the impact of the main grid
representation and the contribution from the wind turbines' inertia emulation.

1.BO G1 tripping: In the future BO G1 and BO G2 will be the only synchronous
generators in Suduroy, therefore tripping one of these is interesting to
investigate. In percentage of the total generation, this trip corresponds to 24% in
2020, 15% in 2023, 2% in 2026 (18% of production in Suduroy) and 2% in 2030
(14% of production in Suduroy).

a. Additional simulations (2020 w/o BESS): With and without inertia emulation
from the wind turbines in Suduroy.

2. Sudden loss of wind power: Wind speeds often change suddenly, which can lead
to a sudden loss of wind power. Therefore, this scenario where the wind power
changes from 0.7 to 0.0 p.u. in 17 seconds has been investigated. In percentage of
the total generation, this reduction corresponds to 58% in 2020, 70% in 2023,
10% in 2026 (82% of production in Suduroy) and 8% in 2030 (63% of production
in Suduroy).

a.Additional simulations (2026): The main grid is represented by
approximations 1 and 2

3. Load rejection: This load rejection corresponds to the disconnection of a fish
factory. As it is 18% of the total demand in Suduroy, this load rejection can lead to
power system instabilities.

3.4. Sizing Additional BESS and SC

The results of some of the scenarios showed a need for additional ancillary services,
and there are many methods to provide ancillary services. An SC can provide inertia,
SCP, and reactive power regulation to the system, while a BESS can provide active
power regulation to support the frequency. To maintain the stability level in this
study, it was decided to increase the SC and BESS capacities. The design criteria for
sizing BESS and SC for future scenarios was that the responses should not be worse
than in the base case, i.e.,, 2020. The validity of this design criterion set can be
discussed, but this simple approach gives a good indication of the required size to
maintain the dynamic stability at the same level as in the present system. The BESS
has been increased by one BESS size at a time (2.3 MW) until the issues have been
resolved. The SC was increased with 2 MVA intervals.

When a larger BESS or SC is needed in 2023 for one event, this additional capacity
has been included in other 2023 events and all events in 2026 and 2030.

o
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— 4. Results and Discussion

The dynamic frequency and voltage responses to the study case, i.e., outage of one of
the hydro turbines, are shown in Figure 6 for 2020, 2023, 2026 and 2030. The
frequency in the base case, i.e., 2020, drops quite significantly but stabilises at 49.8
Hz, which is when the batteries react to the sudden frequency deviation. The
frequency response in 2023 is close to identical to the base case because the only
change between the two scenarios is an increase in the demand, which is covered by
additional wind power production. The thermal generation is also lower, but the
same units are online. Thus, the inertia of the system is the same and so is the
production from the hydro turbine. The rate of change of frequency (ROCOF)
decreases from 370 mHz/s to 35-40 mHz/s when Suduroy is connected to the main
grid, which was expected as the magnitude of the ROCOF is inversely proportional to
system inertia, which increases when the two systems are interconnected. In 2026
the thermal generators in Suduroy are not in operation, and the inertia provided by
local apparatus in Suduroy is, therefore, lower. This shows that the inertia of the
hydro turbines, pumps and synchronous condensers in the main grid contribute
quite significantly to stabilising the grid in Suduroy in 2026, which is why a correct
representation of the external grid is significant to obtain accurate results. The
frequency nadir in all years is around 49.8, due to the battery system, but the time of
the nadir varies from year to year due to the ROCOF. The difference between 2026
and 2030 is very limited. The ROCOF is slightly higher in 2030, and the frequency
reaches 49.8 Hz, which triggers the BESS to react. The threshold has been set
according to the current configuration of the BESS in the main grid. The voltage (VG
20 kV in Figure 4) is not initialised at the same magnitude for the investigated years,
but overall, the disturbance in the voltage is relatively small and does not worsen
from the base case to 2030. The behaviour is different depending on if the main grid
is connected or not, i.e. different patterns are seen in the voltage for 2020/2023 and
2026/2030. No additional ancillary services need to be installed, to ensure grid
stability in Suduroy after an outage of BO G1 with this specific operation scenario and
configuration, as the frequency and voltage responses are considered acceptable.
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Figure 6 — Frequency and voltage response to the outage of BO G1 during different years

A sudden drop in wind power production will also have a negative impact on the
frequency and voltage stability, see Figure 7. In 2020 the grid is stabilised after the
event at 49.7 Hz, but there are some issues with the frequency and voltage in 2023
when the frequency hits 49.6 Hz. An investigation of the data shows that the two
frequency drops and voltage peaks after 15 seconds are caused by the wind turbine
controllers, as these issues are not seen with the wind turbines’ dynamic controllers
deactivated. Tuning the wind turbines' controllers could resolve this, but in this
study, the controllers are parameterized according to the actual settings at the
existing wind farm. If an additional BESS package (2.3 MW) is installed, the frequency
can stay above 49.6 Hz, and a response very similar to the base is obtained, see
"2023-1" on the figure. Similarly, to the first study case, there are no issues with the
frequency in 2026 and 2030 due to the ancillary services received from the main
grid. The voltage drop is however larger in 2026 and 2030 than in previous years,
due to the import from the main grid, but the drop is not large enough to lead to
additional investments in ancillary services. These results, therefore, show that in
order to ensure frequency stabilisation after the event of sudden wind power
production loss in Suduroy, additional active power regulation capabilities, e.g. a
larger size of BESS, are required. Additionally, the results show the importance of
investigating the system step by step, and not only the current state and final state,
e.g., 2020 and 2030, as expansions in between might lead to some instabilities, even
though the final system configuration does not.
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Figure 7 — Frequency and voltage response to wind power production in Suduroy drop from 0.7 p.u. to

0.0 p.u. within 17 seconds during different years

The final event investigated in this study is the load rejection, see Figure 8. In the
simulations representing 2020, the system has a high ROCOF but stabilises at 50.2
Hz, which is when the battery starts charging. In 2023 the demand has increased,
and all loads have been increased proportionally, meaning that the power deficit is
higher in 2023 than in 2020. The simulation results show that this higher load
rejection leads to oscillations in both the frequency and the voltage. This issue can
be avoided e.g., by increasing the SC from 8 MVA to 12 MVA. The "2023-2" lines in
the figure show frequency and voltage responses like 2020, and have been obtained
from simulations with the additional BESS package from event two and a 12 MVA SC.
The main grid again contributes enough to the stability in Suduroy in 2026 and
2030, to avoid any additional investments in ancillary services in Suduroy based on
the system configuration in this study.
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Figure 8 — Frequency and voltage response to the load rejection during different years

Overall, it can be said that to ensure the stability in Suduroy before the cable
connection to the main grid, it will be necessary to make changes to the system, e.g.,
investing in 4 MVA additional synchronous condenser and 2.3 MW additional battery
power. The frequency and voltage stability on Suduroy will benefit from the
connection to the main grid.

4.1. Representation of the Main Grid

The main grid has in previously shown simulations been represented by a detailed
model, since the simulated frequency and voltage with approximated models did not
accurately replicate the detailed model. Figure 9 shows simulation results using
different methods to represent the main grid during the second event, a sudden drop
in wind power production, in 2026. In approximation 1 - considering SCP but infinite
inertia - the frequency is at 50 Hz during the whole simulation, while the detailed
model shows a frequency drop. The voltage response using approximation 1,
described in Table 2, is quite similar to the detailed model. Using approximation 2,
the frequency response is closer to the detailed modelled, while the voltage response
deviates more. The voltage drop is lower using approximation 2 because the power
flow from the main grid is lower. The significant amount of power imported from the
main grid is the cause of the high voltage drop in the detailed model and
approximation 1. In fact, up to 12 seconds, the frequency response is close to
identical to the detailed model. Plot c) on Figure 9 explains the reason behind the
differences from 12 seconds and forward. In the detailed model both the BESS in
Suduroy and the BESS in the main grid are injecting active power at 12 s to stabilise
the frequency in Suduroy, but the active power regulation contribution from the BESS
in the main grid cannot be captured by the approximation, thus this approximation
is quite accurate regarding the frequency response as long as the frequency remains
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within 49.8 and 50.2 Hz, but can not be used as an accurate representation, for
events which will trigger the BESS or other technologies which are frequency
triggered. This indicates that when inverter-based sources, e.g., BESS, are used to
contribute to frequency and voltage regulation, using the approximated models
shown here is not sufficient. The inverter-based sources like e.g., BESS have to be
included in the approximation, e.g. using triggered behaviours, or a detailed model
has to be used. This finding is not only valid for the Faroese power system or isolated
power systems, but for all systems that include frequency triggered technologies,
and are being approximated to simplify simulations and reduce computational time.
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Figure 9 — Comparison of the dynamic response in Suduroy using different modelling approaches of the
main grid. Plot a) shows the frequency response and plot b) the voltage at VG 20 kV. Plot c) shows the
import from the main grid (MG) to the Suduroy grid (SG) and the power output from BESS using the
detailed model (DM) and approximation 2 (A2) of the main grid. The specific scenario is a sudden loss of

wind powerin 2026

4.2. Inertia Emulation from Wind Turbines

The final simulation results included in this paper show the impact of activating
inertia emulation (IE) from the wind turbines in Suduroy. These simulations have
been conducted without the BESS in Suduroy because the BESS reacts as the
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frequency reaches 49.8 Hz, and the default IE settings are set to react at 49.5 Hz,
which means that with the BESS online, the IE would not be activated, aside from
events that can not be saved by the BESS, which are very unlikely on Suduroy, as the
BESS is similar in size to high load and larger than the existing wind farm. However,
the frequency and voltage response to the outage of BO G1 in the base case, without
the BESS and with IE, is shown in Figure 10. The initial frequency and voltage
responses are similar to 2020 simulations in Figure 6, and the ROCOF is the same,
but since the batteries are deactivated, the frequency nadir reaches 49.4 Hz and
49.3 Hz with and without IE activated, compared to 49.8 with the battery activated.
The grid frequency would benefit from activating IE, as the frequency nadir is higher,
and the overshoot is decreased. The voltage is also impacted by this, as the
overshoot increases, but the voltage deviations are relatively small.
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Figure 10 — Comparison of the frequency and voltage responses with and without inertia emulation
from the wind turbines in Suduroy. The specific scenario is a sudden outage of BO G1in the base case
without the BESS

4.3. Discussion

Obtaining stability after the events investigated in this study will require additional
investments in ancillary services already in 2023. In 2026, when the grid of Suduroy
is connected to the significantly larger main grid, stabilising the grid is not as
challenging as in the isolated grid. The reason is that the severity of the events is
proportionally decreased, as they are relatively small compared to the size and
strength of the main grid. Aside from assessing the stability, the results also show
some interesting findings concerning expansions and network representation.
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In study case 2 it was shown that maintaining a stable frequency becomes an issue
in 2023, but this issue disappears when the Suduroy is connected to the main grid. It
is therefore important to simulate and analyse all expansion steps in the transition
towards 100% renewables, and not only the initial and final stage of the system.
Expansions in photovoltaic power are conducted in Suduroy in 2028 and 2029,
according to the RoadMap. These years should therefore also be investigated, and
since the main grid has a significant impact on the stability in Suduroy when
interconnected, these steps should also be investigated.

Representing a network with an approximated model for dynamic simulations
accurately has been shown to be challenging, as neither of the two approximations
showed an accurate representation of a detailed model. The main reason is that
there is a BESS located in the main grid, which is frequency triggered, i.e., it reacts to
frequency changes when the frequency reaches 49.8 Hz or 50.2 Hz. If an
approximated model is used to represent the main grid, it must be expanded with
triggered frequency control, to represent the BESS or other frequency triggered
technologies. Without this, the approximated models simply will not show an
accurate dynamic response, and this is not a site-specific issue, i.e., it is not only an
issue for the Faroese power system, but all power systems with frequency triggered
technologies. The significance of this inaccuracy does however also depend on the
power injected (proportional to the system) and the location.

— 5. Conclusion

This study has shown the impact different disturbances have on the isolated power
system of Suduroy. For the events, operation scenarios and cases studied, it can be
concluded that additional ancillary services will be needed to maintain the voltage
and frequency stability in 2023 at the same level as today, e.g., an additional
investment of 4 MVA SC and 2.3 MW BESS. When the system is connected to the main
grid, the analysed disturbances are relatively smaller, and no further expansions of
BESS and SC in Suduroy are required according to the simulation results in this
study. However, the preliminary plans of installing 3x16 MVA and 1x6 MVA SC and
30 MW BESS on the main grid have been included in the investigation, and as shown
the BESS in the main grid has a high impact on the frequency regulation in Suduroy,
and the inertia has also been shown to be significantly higher (lower ROCOF) in the
whole system (2026/2030), than in Suduroy in 2020/2023.

Analysing parts of systems, without including a detailed model of the whole system,
will not lead to accurate results as the share of inverter-based technologies
increases. In this paper, simulations have shown that as soon as the BESS contributes
to frequency regulation, a typical approximation model deviates significantly from a
detailed model. As synchronous generators are removed from the grid, the BESS
capacity, and other alternative methods to provide ancillary services will increase,
which makes it challenging to use traditional approximation models.

There are many options with the inverter-based generation, and this paper has
shown that inertia emulation from the wind turbines can improve the frequency
response, but the benefit is limited when BESS are present in systems. The
contribution from the IE can however be increased if the thresholds of IE and BESS
are well coordinated.

5.1. Future Works

o
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To get a better understanding of the future frequency and voltage stability and
needed future expansions in ancillary services, more operation scenarios should be
investigated, as in this study only one operation scenario has been investigated.
Other events, e.g., short circuits, should also be investigated. The grid of Suduroy
should also be investigated whilst assuming an outage of the subsea cable from 2026
and forward, which would mean that the ancillary services must be provided locally
and not from the main grid.

This study focuses on Suduroy, which is around 10 times smaller than the main grid.
Thus, when connected to the main grid, the severity of large disturbances (relative to
the Suduroy grid), decreases significantly. When connected to the main grid, the grid
on Suduroy will notice much larger disturbances (on the main grid), and the impact of
these on Suduroy should be investigated.
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