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EXECUTIVE SUMMARY

This deliverable reports the findings of Tasks 3.3 and 3.4 of the RE-EMPOWERED project,
focusing on the control, stability, and restoration challenges of the demo sites. These findings are
important for the design of the assets in the demo sites, while some of the developed algorithms
can further expand the functionalities of the ecoToolset, and particularly the ecoMicrogrid and
ecoEMS tools.

With regards to the control and stability studies of Task 3.3, case studies have been performed
for selected demo sites of the RE-EMPOWERED project, where the anticipated challenges are
studied, and mitigation measures are investigated. Particularly, converter-driven stability, voltage
stability and grid-forming vs grid-following interactions aspects have extensively been studied for
the demo sites of Bornholm, Gaidouromantra (Kythnos) and Ghoramara, and the requirements
for maintaining stability, e.Additignally wonetmodelling and
analysis approaches have been developed, i.e., impedance-based stability analysis and
equivalent modelling of the DC-side dynamics of grid-forming inverters, to aid the developments
of Task 3.3.

With regards to the energy supply restoration studies of Task 3.4, case studies have explored
major challenges with regards to the black start and continuous operation of the Bornholm,
Gaidouromantra (Kythnos) and Ghoramara demo sites, aiming to apply techniques and priority
lists usually employed in the bulk power system, to the demo sites of RE-EMPOWERED.
Moreover, tools aiming to expand the capabilities of the ecoToolset with regards to the reliable
operation of the demo sites are developed, i.e., a resilience-oriented preventive microgrid
scheduler and a fault location algorithm.

KEYWORDS:
Stability, microgrids, reliability, restoration, black start, converter-driven stability, power quality
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1 Introduction
1.1 Purpose of the document

This deliverable reports the findings of T3.3 regarding stability, power quality and operational
challenges expected in the inverter-based microgrids of the demo sites, as well as the developed
control schemes to overcome those issues. Moreover, the development and application of
techniques and strategies for effective restoration of energy supply following either controllable
or unexpected events performed in T3.4, are presented.

1.2 Structure of the document

This report is structured as follows: The current section describes the purpose, scope, and
structure of the document. Section 2 provides the background regarding the control, stability,
power quality, reliability, and restoration of inverter-based microgrids and power systems, i.e., the
topics of interest for this deliverable. Section 3 presents tools for the stability analysis of inverter-
based power systems, considering the control loops of grid-following and grid-forming inverter
control schemes, while it also highlights some novel approaches developed through Task 3.3,
i.e., the equivalent modelling of the DC-side dynamics of grid-forming inverters, which are usually
neglected in such studies and the impedance-based stability analysis. Then, in Section 4, the
case studies regarding the control and stability of Bornholm, Gaidouromantra and Ghoramara
demos sites are presented, while for the same demos, the black start and restoration case studies
are presented in Section 5. Section 6 concludes the technical developments of this deliverable
with the resilience-oriented microgrid preventive scheduler and the fault location algorithm, which
aim to enhance the capabilities of the ecoMicrogrid and ecoEMS tools, which are being developed
as part of WP4 of this project. Finally, Section 7 concludes the deliverable.
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2 Background

2.1 Control of inverter-based distributed generation

2.1.1 Introduction

In the recent years, high integration of power electronics, key elements of many grid-connected
components such as distributed energy resources, battery energy storage systems, electric
vehicles and non-linear loads, have posed new challenges related t
and stability. Additionally, the number of synchronous generators supporting the power grid under
faults, with operation based on their governor and automatic voltage regulator (AVR) devices, has
been extensively reduced. Microgrids connected to large scale power grids (grid-connected
mode) are now required to support the system with the provision of ancillary services for voltage
and frequency regulation. When switching to operating independently (islanded mode),
microgrids must provide the power needed for the interconnected loads as well as keep the
voltage and frequency of the islanded system within the acceptable limits. To aid this operation,
a great number of intelligent inverter functions have been developed for the voltage and frequency
regulation, which are organized in three levels: i) primary level, in which the algorithms are applied
directly in the power electronics control, ii) secondary level, which aims at restoring the microgrid
voltage and frequency to their rated values, and iii) tertiary level, which optimizes the power flow
and the operation cost between interconnected microgrids.

Figure 1 illustrates a power grid in which multiple power electronic devices such photovoltaic
panels (PV), wind turbines (WIND), electric vehicles (PHEV) and non-linear loads are connected.
It can be seen that the voltage at the point of their connection is slightly distorted due to harmonics
injection, possible inappropriate tuning of control parameters etc.

- LeL CABLE A b
BT 1w * 4

PV [~ GRID

-

_—

WIND

%_ G _ij;__Lm /%; Wk LOAD

28N /\/
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Figure 1: Power electronic based power systems [1]

NONLINEAR LOAD

L S
T ES e
MWy

D3.2 Stability, reliability and restoration report [17]



s

MmN

RE-EMPOWERED
Renewstle Eneray EMPOWERIn

2.1.2 Voltage and frequency regulation

Guidelines and standards for both Medium and Low Voltage levels state that distributed
generation shall be able to contribute to the static voltage stability of the network in which it is
connected. Several operation modes for the voltage support in steady state are currently being
used, such as fixed power factor (c o 9, fixed reactive power Q, cosl(P) and Q(V) characteristics

(2] [3].

The @£ i O characteristic curve (Figure 2) supports the voltage when an overvoltage condition
occurs. It is usually designed so that reactive power is absorbed by the generator, only when its
active power is above a threshold and reaches the minimum & ¢ iat nominal active power. This
results in unnecessary reactive power flow and power losses T a drawback of this approach.

A cosQ

Cos9 - min

overexcited

. ‘B 0 oy
' DB A P/Pnom

underexcited

Cos9 -~ min

Figure 2: ¢ dP}dharacteristic [3]

Inthe 0 & characteristic curve (Figure 3), the reactive power is defined by the actual voltage on
the terminals of the generator. Even though this technique is more advanced, it is reported in
literature that the inner feedback loops can potentially lead to instability so their parameters should
be thoroughly designed [4]. Additionally, in low voltage networks where 'Y &, the O absorption
may be insufficient and thus active power curtailment should also take place.
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—Qmax ]
underexcited

Figure 3: Q(U) characteristic [5]

As far as the frequency support is concerned, following to the German experience in which PV
plants connected to the low voltage network were switching off immediately when system
frequency increased to 50.2 Hz, the droop control (0 "Qcharacteristic) was introduced. This
droop control illustrated in Figure 4, is designed to mimic the behavior of synchronous machines
when there is rise in the frequency of the
frequency within certain limits. Moreover, when a frequency drop is observed in the point of the
connection, inverters increase the injected active power to restore the frequency in its set value.
By implementing these functions. the inverter responses to frequency rises or drops that may
appear in the common point of connection, by regulating its output active power.

Active power
' Band of regulation '
i ﬁ__é‘ eadband « | i
i \ o
» oo T E
[ | | '
—502: : AR o SRS
- 3> . : { . ' : 'm.
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) ’ : B
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! fwin | I
4 : ’

; [

o:=ie) f x ! r—
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Figure 4: (a) Active power regulation in case of over-frequency (b) in case of under-frequency and over-frequency [3]
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Finally, apart from the steady state grid support, grid support during transients aims to support
the network in the event of disturbances, when it has not yet reached a steady state. Firstly, the
generators should be able to operate under these new conditions and must not disconnect from
the network in these events. Additionally, due to the lack of rotating machines, there is a
significantly decreased inertia. Inverters can provide virtual/synthetic inertia to the system and
provide services to the grid during transient events. As an example, in an experiment which was
conducted, where the performance of one PV inverter in terms of supporting the frequency of the
grid during a frequency rise with no control, PV droop control and PV droop control with inertia is
presented. It can be observed in Figure 5 that in case 1 (black line), when the inverter operates
with no control, its active output power is constant when a frequency rise occurs. When PV droop
is applied in case 2 (red line) and the same event occurs, the inverter decreases its active power
and stabilizes the frequency in a value lower than in case 1. In case 3 (blue line), when PV droop
and inertia is applied, the peak of the frequency rise is lower than the previous cases.

17k no control

PV droop and inertia

L

P PV inverter (kW)

W ,J’
114 WPV droop 1
W1 2 3 4« 5 6 7 8 9§ 1
time (s)
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Figure5:l nverterds performance with no c&@ntrol, PV droop, PV dro
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2.1.3 Islanded microgrids

The control strategies for grid-connected inverters aim to adjust the output active and reactive
power of the inverter, with a view to keep the voltage and frequency at the point of connection
within the specified limits. Contrary to this approach, a microgrid in islanded mode must have at
least one inverter operating in grid-forming mode, which is responsible to provide the required
power for the interconnected loads, and is equipped with control algorithms in order to control the
voltage and the frequency directly, ensuringthemi cr ogr i dés stability
The block diagram of the grid-f or mi ng i nv e scheee dsscomprizadtof thiee
components: the power controller, the voltage controller and the current controller. The power
controller is a key part which sets the value for the voltage and the frequency and emulates the
performance of a synchronous generator by sharing the load when there is a sudden increase.
The output of this control level is used as reference for the voltage controller which produces the
reference for the current controller [7].

2.2 Stability analysis of inverter-based power systems

2.2.1 Methods for stability analysis

To aid the stable operation of inverter-based power systems as well as the tuning and
characterization of the control scheme presented above, two common stability analysis methods
mainly are discussed in this section: the state-space analysis and the impedance based analysis.

In the state-space analysis a single model for the overall system is produced which includes the
detailed individual models for generation and loads and serves as the foundation for determining
system stability and other dynamic properties. This method has been extensively used in
traditional well defined power systems, in which the model of the system rarely changes and the
loads due to their small capacity can easily be combined and represented by static or dynamic
models. In contrast, the ac distributed power systems do not meet the criteria for making the same
assumption since the loads are both active and passive and have a severe effect on the stability
of the system. This fact makes the state-space approach time consuming and partly ineffective
considering that each time that a load changes, the model of the overall system should be adapted
and the analysis should be performed again.

The impedance-based approach has been first applied to DC-DC converters and in recent years
has raised increasing interest in academia and industry. Firstly, the individual converter models
are subjected to averaging methods to remove their discontinuity. To create small-signal linear
models, which are commonly stated as input and output impedance, the resulting averaged
modelsd which are frequently nonlineard can be linearized about a specific system operation
point. The system's stability can then be assessed by splitting it into a source and a load
subsystem (Figure 6), and then comparing the ratio of the source output impedance to the load
input impedance applying the Nyquist criterion function [8].

J-X

RE-EMPOWERED
Renamsble Energy EMPOWERIng

D3.2 Stability, reliability and restoration report [21]



s

(4 A

Source Load

Figure 6: Source and load impedance-based subsystems

2.2.2 Modelling of inverter-based power systems for stability analysis

Converters are comprised of switching devices, controls ensuring their stable operation and the
synchronization with the grid, along with output filters for effective harmonic suppression [9].

PoC
. YaAAY
- L +\I’
Ve | : v
| poc
Pulses i i
T ' ¥ \ 4
0Pll.
PWM |« Current Control |« PLL

Figure 7: Grid-connected inverter topology: grid-following mode [9]

In Figure 7 the topology of a grid-connected inverter in grid-following mode is illustrated. This
topology includes:
9 PLL unit: This unit provides the measurements of the frequency and angle at the point of
coupling and it is required for the synchronization of the inverter with the grid.
1 Current control: Through controllers (Pl, PR etc), the inverter output current is regulated
to a reference nominal value through this controller. The input of the controller is usually
the difference between the measurement of inverter 6 s out put crafereneent
current value.

RE-EMPOWERED
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1 PWM generator: It create the pulses which are used to control the switching devices,
based on the respective PWM method.
9 LCL filter: A low-pass filter for harmonic suppression

Additionally, topologies of grid-connected inverters can potentially include:

1 Power calculation block: It calculates the active and reactive power of the converter using
the voltage and current measurements.

1 Power controller: The intelligent functions for power and frequency regulation are
implemented in this controller. It uses the values produced from the power calculation
block.

1 Voltage controller: Through controllers (P, PR etc) the inverter output voltage is regulated
to a reference value. The input of the controller is usually the difference between the
measur ement of inverterds output voAwlagee and
controller is usually absent in a grid-following inverter control scheme, but is required in a
grid-forming inverter.

For each component of the system, a linear time-invariant (LTl) model is necessary, for both the
state-space and impedance-based stability analysis techniques. Such LTI models are easily
accessible for classic power system elements. On the other hand, in switching power converters,
power measurements, switching devices, delays and saturation units incorporate nonlinearities
to the model, and a small-signal (linearized) time invariant model is required to be developed for
each of these components.

In fact, further modelling techniques have been thoroughly discussed in literature for inverter-
based power systems to aid the linearization of the originally nonlinear systems, such as the
rotating (Q 1) reference frame, the phasor based modelling and the harmonic linearization [10].
The rotating (Q 1) frame, also referred as Park transformation, is a classical method applied to
synchronous machines in order to eliminate the time varying coupling between the stator and the
rotor of the machine. It was first applied to three-phase PWM converters in the context of variable-
frequency induction motor control and it was later used to model three-phase PWM rectifiers for
control loop and input filter design. The transformed model of the converter in ‘Q rframe is still
nonlinear but since the new variables are constant in steady state, it can be linearized around a
given operation point to develop a small-signal linear model. The phasor based modeling applies
only to linear models operating in steady state. Phasor modeling of power electronic circuits can
be illustrated by using phase-controlled three-phase rectifier in which it is assumed that all
components are ideal and line commutation can be ignored. The produced model is still nonlinear
however it can be linearized for small-signal analysis because all variables involved are constant
under steady-state operation. The harmonic linearization method is conceptually simple, involving
superimposing harmonic perturbation to the excitation of the system and determining the resulting
responses of variables of interests. It develops a small signal linear model for a nonlinear system
along a periodically time-varying operation trajectory which can be directly used in impedance-

D3.2 Stability, reliability and restoration report [23]
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based system stability analysis. All the aforementioned techniques are verified in literature via
time domain simulations in software programs and hardware in the loop experimental setups.

2.2.3 Converter-driven stability classification

In conventional power systems with synchronous generators and loads, most controls are
perfor med at l ow frequencies and therefore syst
discussed in literature in this frequency range. However, power electronics devices have controls
that operate in a wide frequency range starting from some Hz to kHz. The use of LCL filters in the
output of the converters can effectively suppress produced harmonics but they can also interact
with inverter controls and passive components of the network leading to unexpected oscillations
called converter driven instability. These phenomena may also appear if multiple inverters are
connected to the same point of connection due to the interactions between their control loops.
Furthermore, in grid-connected mode, these control loops can interact with passive elements of
the grid introducing converter driven instability to the power network. The fast interactions
converter-driven instability is caused due to the fast inner control loops of the inverter such as
current control while slow interactions converter driven stability is triggered by the slow inner
control loops of the inverter [11].

Converter-driven related instability phenomena have been reported in several cases, e.g.
oscillations occurred in high frequencies starting from 500 Hz to 2kHz in large wind farms
connected to VSC-HVDC link [12]. Interactions between a weak grid and a STATCOM have also
led to sub-synchronous and super-synchronous oscillations at the frequencies of 2.5 Hz and 97.5
Hz, respectively [13], and multiple parallel grid-connected inverters have been reported to interact
and compr omi se dyisrodecngrew redorafce fitequengies [14]. Several similar
case studies have been conducted in small distribution grids which have shown that grid-following
inverters are approaching instability under weak grid conditions and multiple inverters in proximity
can lead to instability if their gains are not tuned to certain ranges.

As an example, it can be seen in Figure 8i, that for a single inverter in grid-following mode with
PR current controller which is grid-connected with grid inductance 0.3mH, the increase of the
proportional gain kpl from 7 to 7.5 leads to converter driven instability. It is also observed in
Figure 8ii, that instability also occurs if the grid inductance increases from 0.3mH to 5mH.

D3.2 Stability, reliability and restoration report [24]
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Figure 8: Voltage at the point of connection & i) kpl increase ii)Ls increase and transition to grid-forming

2.3 Power quality issues in inverter-based power systems

2.3.1 The Harmonic Distortion effect

The main sources of harmonics in PV power plants are the three-phase grid-tied PV inverters,
used to convert the DC power generated by PV strings into AC power and feed the power into
the power grid. The main effects of harmonics include the following:

increased cable or line losses causing overheating,

premature aging due to increased stress in the equipment insulation,
increased audible noise from rotating and static equipment,
maloperation of protection relays and false reading of meters,
substantial amplification of currents and voltages due to resonance,

= =4 =4 4 =4
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9 communication interference due to inductive coupling between power and
communication circuits.

In general, problems related to harmonic distortion are not expected in modern PV power plants.
All applicable limits are not usually exceeded. Current harmonic injection from inverters is
relatively low because of their technology, leading thus to low harmonic currents in the network.
However, the distortion of voltage due to harmonic current sources depends also on the electrical
network and its characteristics (weak or strong network, short-circuit capacity, etc) where the
power generating facility is going to be connected.

The I nstitute of Electrical and Electronic Engine:¢

of powering and grounding electronic equipment in a manner that is suitable to the operation of
that equipmentand compati bl e with the premise wiring
Power Factor Correction with Capacitor Banks is the most common solution for improving the
Power Quality in industrial and utility networks (Figure 9).

Figure 9: Capacitor Banks installation

The installation of power factor correction equipment raises some or all the concerns listed below:

1 Harmonic resonance,

Harmonic distortion,

Switching transients,

Overvoltage during light load conditions,

Short circuit duty requirements,

Switch/Breaker requirements for both back-to-back and normal capacitor bank
switching requirements.

= =4 =4 4 =4

2.3.2 Power Quality measurements in industrial RES power plants

2.3.2.1 General

Prior to the installation of generation plants to the electrical network (e.g., PV power plants) the
required grid code compliance studies shall be performed including the analysis of power quality
performance. To this end, properly parameterized static, dynamic and harmonic models of the
generation units shall be developed and used in the analysis. To be more specific the main scope
of this harmonic analysis study will be to calculate the Total Harmonic Distortion at the Point of

syst
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Common Coupling (PCC) and verify that the relevant limits are according to standards IEEE Std
519 [15] and IEC 61000-3-6 [16].

Reasons to conduct a harmonic analysis study for power systems include, but are not limited to:

9 assess the impact of harmonic sources on system voltages and currents,

9 calculate the voltage and current harmonic distortions on each individual frequency, as
well as the total harmonic distortion (THD),

91 check if any violations in harmonic voltage and current distortion level occur, based on
standard limitations.

Generally, harmonic analysis for PV facilities is focusing on harmonic load flow simulations. From
the harmonic load flow calculation, the harmonic components for bus voltages and branch
currents are determined, and then the relevant harmonic indices are computed accordingly (THD,
IHD, etc.).

The computed bus voltage THD and IHD indices are compared with the associated standard
limits. The voltage and current distortion limits are evaluated at PCC between the PV power plant
and the utility. The purpose of harmonic load flow is to assess the amount of harmonic distortion
transferred from the PV power plant to the utility.

In PV power plant, the presence of many inverters could cause deterioration in the power quality.
Therefore, a harmonic analysis is performed to determine the effect of the harmonic injections
from such nonlinear loads on the voltage and current waveforms, complying with the applicable
standards.

Generally, the harmonic model of inverters is simulated as harmonic current source.

2.3.2.2 Industrial Measurements

Usually in existing networks (industrial, transmission, distribution) the power quality (e.g.,
harmonic content, flickering level and voltage unbalance level) is evaluated by performing power
guality measurements prior the construction of the PV and wind Parks. The measurements are
performed in the electrical substations (Point of Interconnection). The period of the measurements
is in terms of weeks and special equipment is used for this purpose (e.g., DRANETZ Power Guide
4400, see Figure 10)

D3.2 Stability, reliability and restoration report [27]
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Figure 10: Industrial measurements equipment

All tests are performed according to national and international standards as well as the relevant
grid compliance testing procedures that exist in each region. Indicatively, the tests could follow all
rules and guidelines as outlined in:

IEC61000-4-15 ATesting and me aisRiaker metenit Furtctorahand desigre s
specifications [17]

| EEE 1453 ARecommended Practice for Analysis of FIlu
[18].

IEC 61000-4-7 A EIl ectr omagnet i ci Raa4np Bestingand MeasyementE MC )

Techniquesi General Guide on Harmonics and Inter harmonics measurements and
instrumentation, for power supply s[®tems and equip
| EEE Std 519 Al EEE Recommended Practice and Require
Power Systems,[1581992 & 20140

IEC61000-3-6, AEIl ectromagneti c c o Aspeasmenbdfdmission linitEMmC) : Li mi
the connection of distorting installafl6lons to MV, F

All the aforementioned standards, provide different harmonic limitations, thus all the requirements
should be taken into consideration when performing industrial measurements. To this end, in the
next figures the harmonic analysis compared to the different standards are presented:

D3.2 Stability, reliability and restoration report [28]
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Figure 12: Harmonic content compared to IEC 61000-2-4 (2008) [21]
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Figure 14: Current Harmonic content compared to IEEE Std 519 (2014) [21]

ined Case Study at a Wind Power Plant

The purpose of this test was to evaluate the harmonic content by performing power quality

measurements
week.

prior the construction of the wind park. This test took place for a period of one
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The present tests have been carried out following the Grid Compliance Testing Procedure. The
test has followed all rules and guidelines as outlined in [17] and [18]. The results are depicted at

the following figures.
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Figure 16: Current RMS
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Figure 17: Voltage Total Harmonic Distortion

Voltage Harmonics (max 95% percentile, % of the fundamental)

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50
Harmonic Order (n)

Figure 18: 95% Percentile of maximum individual harmonic in % of fundamental

D3.2 Stability, reliability and restoration report [32]



pste! .z;

)
T
Current Total Harmonic Distortion (% fundamental)

10 f T f

8
= €

4]

2] ]

—A IThd

84 T

7]

&1

5]
E

3]

2]

1]

7

6]

5]
= 4]

3]

2

1] )

—C IThd
T T T T T T T T u
29-01-20 30-01-20 31-01-20 01-02-20 02-02-20 03-02-20 04-02-20 05-02-20 06-02-20
Wednesday Thursday Friday Saturday Sunday Monday Tuesday Wednesday Thursday

Figure 19: Current Total Harmonic Distortion

2.3.2.4 Power Measurements at a PV Power Plant

The purpose of this test was to confirm the ability of the RRG to operate within the limits specified
in the official Grid code compliance document. This test took place for a period of one week after
all generating units had been individually commissioned. The present tests have been carried out
following the Grid Compliance Testing Procedure.

The test has followed all rules and guidelines as outlined in [17] and [18]. The results are depicted
at the following figures:
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Figure 23: 95% Percentile of average individual harmonic in % of fundamental
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Figure 24: Current Total Harmonic Distortion

2.3.3 Harmonic distortion in microgrids

In sections 2.3.2.3 and 2.3.2.4 , Power Quality measurements for high power PV plants were
presented, mainly focusing on Voltage and Current harmonic distortion. These measurements
are mandatory, since the connection of a RES Power Plant to the Grid network will affect the
operation of the entire system, thus the interconnection requirements are tested according to the
international standards (as presented in section 2.3.2.2) such as the [15], which describes the
recommended practice and requirements for harmonic control in electric power systems.
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According to the RE-EMPOWERED project, several ecoTools will be developed and installed at
the four Demo sites. ecoMicrogrid will be responsible for the operation of small microgrid systems
developed and deployed in some of these Demo sites, inevitably leading to several concerns
about power quality and harmonic injection issues similar to those presented in sections 2.3.2.3
and 2.3.2.4. To this end, the harmonic injection of the power generation units needs to be
controlled and limited according to the [21].

According to Table 1, the recommended harmonic voltage limits, for Low Voltage networks should
be limited to 5 % for Individual Harmonic and 8% for the Total Harmonic Distortion.

Table 1 Voltage distortion limits

Bus Voltage V at PCC Individual harmonic (%) Total Harmonic Distortion THD (%) \
VO1.0 kV 5.0 8.0
1 kV<V<69kV 3.0 5.0
69kV<V0O161 15 2.5

A respective recommendation on the Current distortion limits is also mentioned in [21], for
systems nominally rated 120V through 69 kV, and presented in Table 2.

Table 2 Current Distortion Limits for systems rated 120V-69kV

Maximum harmonic current distortion in percent of I,
Individual harmonic order (odd harmonic)

Isc/IL 30h<1 110h< 170h< 230h< 350hc< TDD
<20 4.0 2.0 15 0.6 0.3 5.0
20<50 7.0 3.5 25 1.0 0.5 8.0
50<100 10 4.5 4.0 15 0.7 12.0
100<1000 12.0 55 5.0 2.0 1.0 15.0

>1000 15.0 7.0 6.0 2.5 14 20.0

The ongoing penetration of RES in both Transmission (High Power RES plants) and Distribution
(Low Power RES plants, e.g roof top PVs, small microgrids, etc) networks can lead to the injection
of high harmonic content. Although, the modern power converters produce very low harmonic
content, it is of main importance the RES plants to be in harmonization with the national Grid
Code compliance as well as with the limitations of the respective international standards.

The above thresholds need to be considered in the development phase of the power generation
units (e.g. RES converter units) in order to be in line with the defined limitations coming from the
relevant international standards, in the direction of providing high quality services to the end-users
of the microgrid installations.
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2.4 Restoration of inverter-based power systems

2.4.1 Overview of system restoration and costs of provision of black start services

Black start of microgrids refers to the procedure followed after a blackout, which is caused by
external or internal fault, aiming to perform the restoration process without relying on large power
systems or other microgrids, but on the distributed generations with black start capability driving
other DGs without such capability and gradually expanding the scope of restoration. The black
start of microgrids includes three stages, namely, DG restoration, network reconfiguration and
load restoration. As the connecting stage of the restoration process, network reconfiguration is to
restore the DGsd connection to the network
lays a foundation for the restoration of load by restoring important nodes and reconstructing the
backbone network with key lines.

A black out is a failure inside an electricity system that immediately interrupts the power supply.
Although it is an unlikely event, a power disconnection can have a major negative social and
economic impact, so it is necessary to have effective measures to restore the system. In cases
where the system has strong interconnections, restoration can be carried out by compensating
the power lost by the failure with neighboring systems (top-down strategy) [22]. However, this is
not always possible, so technologies capable of restoring power in a limited period of time must
be developed (bottom-up strategy).

One of the most significant black outs is the one that took place in Italy on 28" September, 2003.
In this case, one interconnection line between Italy and Swiss fell due to a tree collision in a storm.
This resulted in the overloading the rest of the lines [23]. In some seconds, the whole Italian
power grid was disconnected from the rest of the European grid. Operators were not able to
manage the situation and the frequency of the grid began to decrease causing a total blackout in
the country. The situation happened at 3:00 am, and the blackout affected almost the whole
country. The means of transport collapsed and the businesses that were open at that time had to
cease their activity.

L TAl

RE-EMPOWERED
Renamsble Energy EMPOWERIng

and

ge

D3.2 Stability, reliability and restoration report [37]



Q.

RE-EMPOWERED
Renamsble Energy EMPOWERIng

Figure 25: European sky at the night in a normal day (left figure) [24] and European sky at the night during the 2003
Italian blackout (right figure) [25]

At the moment that the blackout happened, the power imports reached 6,651 MW, representing
24% of the total power demand [26].

On 14" August 2003, at 4:00 pm Eastern Daylight Time (EDT), 508 generating units in 265 power
stations in the United States and Ontario went offline, affecting a generation capacity of 61,800
MW [27]. A unit, located at Eastlake Power Plant, was triggered, reducing the total power of the
system in 600 MW. After this, the balance between generation and demand was broken,
destabilizing the system. Due to this fact, several 345 KV lines tripped, leaving around 55 million
people without electricity (45 million people in 8 states of the USA and 10 million people in Ontario,
Canada). This fact led to a $2.3 billion drop in manufacturing deliveries, and a 0.7% decline in
Canadian GDP in a single month.

The interconnection between the power systems PJM (Pennsylvania-New Jersey
Interconnection) and New York ISO (NYISO) suffered a power surge of 3,500 MW through New
York and Ontario, and as a result the system was isolated from New England ISO. The west of
New York city and Ontario were disconnected from the system. The frequency oscillation of the
west of New York led to the disconnection of several combined cycles and nuclear power plants.
The power was not restored for 4 days in some parts of the United States, and some parts of
Ontario continued with blackouts during more than a week.
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Figure 26: United States sky at the night in a normal day (left figure) [28] United States sky at the night during the
2003 blackout (right figure) [29]

Nine years after, in 2012, the Indian electricity system collapsed several times as well, leaving
without electricity around 670 million of people. Two severe power blackouts affected most
of northern and eastern India on 30 and 31 July 2012.

The 30™ of July 2012 blackout [69] affected over 400 million people and was briefly the largest
power outage in history by number of people affected, beating the January 2001 blackout
in Northern India (230 million affected). The blackout on 31 July is the largest power outage in
history. The outage affected around 670 million people, about 9% of the world population or half
of India's population and spread across 22 states inIndia. An estimated 32 gigawatts of
generating capacity was taken offline. Of the affected population, 320 million initially had power,
while the rest lacked direct access. Electric service was restored in the affected locations between
31 July and 1 August 2012. By that time, the suppliers were not ready to meet the growing demand
of this country. This caused a black out at lunchtime. In this case, the blackout was longer having
bigger consequences and producing a big collapse in this country. At 02:35 IST (21:05 UTC on
29 July), circuit breakers on the 400 kV Bina-Gwalior line tripped. As this line fed into the Agra-
Bareilly transmission section, breakers at the station also tripped, and power failures cascaded
through the grid. All major power stations were shut down in the affected states, causing an
estimated shortage of 32 GW.

The three-member investigation committee consisted of S. C. Shrivastava, A. Velayutham and A.
S. Bakshi, and issued its report on 16 August 2012. It concluded that four factors were responsible
for the two days of blackout.

1 Weak inter-regional power transmission corridors due to multiple existing outages
(both scheduled and forced);

1 High loading on 400 kV Binai Gwaliori Agra link;

1 Inadequate response by State Load Dispatch Centers (SLDCs) to the instructions of
Regional Load Dispatch Centers (RLDCs) to reduce over-drawal by the Northern
Region utilities and under-drawal/excess generation by the Western Region utilities;

f Loss of 400 kV Binai Gwalior link due to mis-operation of its protection system.
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Figure 27: Indian Map during Black out condition in 2012 [69]

Other blackouts have taken place around the world, having always big consequences. Although
blackouts are an unlike event, it is crucial to have systems ready to feed power into the system in
the case that any line falls, or the demand grows due to an exceptional situation. In this document,
the black start technology will be described with the aim of giving a better understanding about its
performance, its costs, and its deployment in the future.

A black start unit is a system able to recover the power supply without the necessity of any other
technology. The purpose is to ensure that in case of a total or partial failure, the grid recovers in
the shortest period. Because of this, a black start unit must be able to start autonomously and
have a power capable of partially covering the power lost due to the interruption. The diagram
below [70] shows the standard operation of a blackout and the consequent Black Start process.

/[ Partial or Total Shutdown " / Black Start Restoration

OQutward

Power Down Energisaton

Emergency Control Join a Power

Power Functionality Island

Figure 28: Black Start and restoration [70]
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As can be seen in the Figure 28, the activation process of the system is linear. The first step is
the analysis of the fault. In this phase, the parties involved in the control of the power system must
be in contact to assess the impact of the black out and determine what damage it makes on the
generation assets.

Once the failure has been located and sized, the necessary devices must be put into operation to
cover the lost power. Before a Black Start Unit is connected, it must have reached the operating
conditions of the system. Only when the generators are working at grid conditions, they can be
connected and can start re-energizing the grid.

Restoration should be staggered in a way that electrical islands are formed in order to re-energize
critical loads as quickly as possible. In addition, most of the high voltage lines in the network must
be re-energized. Once the electrical island is stable, it should be connected to the main system.
Finally, synchronization with neighboring systems must be accompanied by the re-establishment
of n-1 security and the recovery of network points with lower voltages.

In determining the number of Black Start units a system needs, the main premise is to meet the
time limits set for recovery to know the minimum number of units required. To do this, a re-
energization test of the critical loads must be carried out and it must be checked that they can be
reconnected within the time standards. The second phase studies the best routes to restart the
non-black start units from black start units. Through this, the positions of the main generators and
the reactive power requirements to carry out the process are determined.

The third and final step in this process is the re-establishment of the connection to the centers of
high energy density. The aim here is to minimize losses due to blackout. This third step can in
some cases modify the distribution established in the second step to achieve a configuration that
fits perfectly. In the case of Elia, the Belgian Electricity System Operator, the main objective of
this service is to have a 90% re-energization in the first 24 hours after the blackout. Having broadly
analyzed the function and distribution of these systems, it is nhow necessary to determine the
requirements of each unit to become operational.

To connect a Black Start unit to the grid, nominal grid conditions must first be reached. Taking
the National Grid ESO [30] (the United Kingdom) guidelines as a reference, it can be established
that the main characteristics of Black Start service must be:

1 The time that must elapse between the failure and the start-up of the Black Start must be
less than or equal to 2 hours.

The system must be able to provide the contracted service for at least 90% of the year.
The variation of the voltage must be within 10%.

The frequency must be within 47.5 Hz-52 Hz.

The system must be able to work at rated output for at least three days.

The system must be able to vary the load depending on the demand instantaneously.

The system must be able to feed part of the network.

= =4 A4 -4 A -a -2

The system must be able to carry out three sequential start-ups.
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Although regulations vary from different countries, this list helps to understand in a global way the
main points to be taken into account when either building or testing a Black Start system.

On the other hand, it is also necessary to know what the costs associated with a Black Start
system are. There are two cost categories related to provide this service: initial capital costs and
ongoing operations and maintenance costs [31]. The first of these relates to the installation and
equipment of the system, such as a diesel generator or a hydroelectric power plant. This also
includes the electrical equipment and all systems related to the coordination of the generating unit
with the central system. Secondly, the costs associated with the maintenance and operation of
the plant include reliability testing, fuel oil storage, maintenance, and telecommunications
equipment.

In addition, there are different mechanisms to compensate for the services provided by the Black
Start. These can be classified into three different categories:

1. Cost Recovery: Owners are compensated for the actual value of the service (Capital and
operations and maintenance costs) of maintain the black start service available during the
period.

2. Standard Payment: A flat rate payment is set according to the number of black start units.
This payment takes into account the initial investment, operation and maintenance costs
and an additional payment for NERC CIP [32] compliance costs.

3. Economic Payment: The prices to be paid for the service provided are determined
through auctions or requests for proposals.

In order to size the black start service compensation cost, the Lake Lynn project standard was
used. This is a 50 MW hydroelectric power plant located in Pennsylvania, Jersey, Maryland (PJM).
As can be seen in the graph below, the compensation for this type of service is smaller than the
compensation for normal operation. Even so, this service is of vital importance to avoid major
damage in the event of a black out.
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Type of Service (S/kW)
474 = Regulation & Frequency
I Response
'5.8 Reactive Supply & Voltage
| Control
40.68 Energy

Black Start Service

Capacity
65.8
1.17

Figure 29: Compensation based on the service provided [32]

As can be seen in the graph above, the compensation for Black Start is 1.17$/kW while there are
payments for other services amounting to 663%/kW or 41$/kW. This indicates that although it is a
totally necessary service, it is still complementary to the utility which owns this 50 MW
hydroelectric plant. To further analyze the potential cost of a Black Start system, a list of units
contracted by the Republic of Ireland will be introduced.

Table 3 Black Start Contracted Units by Republic of Ireland [33]

ESB Aghada OCGT 270 ecnaedTa
ESB Ardnacrusha  Hydro 85,5 EHHODYT
ESB Erne Hydro 65 EHH®AT
ESB Lee Hydro 27 € PPy H I
ESB Liffey Hydro 38 EY PNHI
ESB Turlough HilPumped Hydro 292 Eymodcc
EIDAC HVDC 530 eymbdcecc

As can be seen in the Table 3, there is a predominance of hydraulic technology as a black start

system. In addition, there is also an open cycle gas turbine and a direct current system. In this
case, prices vary according to the capacity of
expensive and 0U9.82/ hour the cheapest.

Following the analysis of the cost of each technology according to its capacity, the total cost of
National Grid ESO's Black Start Service for the relevant year 2020/21 will be discussed.

D3.2 Stability, reliability and restoration report [43]
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Table 4 Costs Incurred for the provision of Black Start for the Relevant Year 2020/21

Availability Payments £ 43.443.510,83
Capital Investments £ 18.769.546,57
Feasibility Studies £ 1.327.663,00
Testing £ 212.380,38
Warming £ 2.478.916,67
Total £ 66.232.017,45

The total cost is more than £66 million. The main expenditure is on Availability Payments at over
£43 million. This item refers to the cost of maintaining capacity throughout the year. This price is
usually agreed before the contract is signed and is paid monthly. In second place, the capital
investment has a slightly lower expenditure of £19 million. This section identifies the investment
to be made by new Black Start service providers. On the other hand, it should be added that the
cost of making National Grid ESO available has risen from £23 million in 2014/15 to the £43
million paid in 2020/21. This reflects the growing concern about avoiding major outages in the
event of any disruption.

Finally, it must be mentioned that this growing concern has prompted different entities to develop
planning strategies for their Black Start systems. UK has published its strategy [34], which is
based on 5 pillars detailing: Restoration Standard and Restoration time, Restoration Approach,
Assessment of capability and short/medium/long strategy.

With this, National Grid is seeking to improve its rules regarding restoration times and percentage.
Its objective in this section is to have a restoration time throughout the year of 24 hours for 60%
of the load. In the short term, it aims to improve this regulation and improve the transparency of
this service. This is intended to clarify doubts regarding certain technical aspects and to make
providers aware of the different opportunities in a clear and continuous manner.

In the medium term, competition from providers of these services is expected to increase. In
addition, National Grid expects to develop new technologies and further improve the efficiency of
these systems. In the long term, it is expected that there will be a Black Start market through
which the best opportunities can be identified. This will make it much easier to improve the choice
and development of new technologies and to develop a pure market that fosters competitiveness
and development.

In conclusion, it can be said that although there have been major blackouts throughout recent
history, governments and entities are working and increasing investment in Black Start systems
in order to minimize this damage. The continuous global development means that the damage
caused by a disconnection is becoming ever greater. On the other hand, the decentralization of
generation is changing the characteristics of the electricity system and thus forcing the main
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entities to adjust their Black Start systems accordingly. Finally, it must be added that renewable
energies are expected to play a role in the future within these types of systems.

2.4.2 Literature review on black start strategies and procedures

There are three main requirements for units providing black start services, namely the ability to
self-start, energize sections of the grid and balance the demand loading [35]. Traditional black
start process can be described by three stages: preparation (evaluation of post-disturbance
system, target system specification and choosing the strategy for restoration), system restoration
(backbone of the system is energized, islands resynchronized, and sufficient load is restored to
stabilize the generation and voltage), and full load restoration is the final stage [36]. The two
conventional black start strategies include build-up strategy (subsystems at lower voltage levels
are energized, synchronized and as a final step interconnected) and the build-down strategy
where the EHV and HV lines are energized and the process trickles to lower levels [37]. However,
these strategies might not be applicable fully for microgrids.

In the context of microgrids, black start can be provisioned in grid-connected or islanded mode.
In both cases, two strategies can be chosen: [38]

1. Central, serial, or backbone restoration which focuses on a single or multiple units to
energize the grid and provide stable voltage and frequency, followed by either connecting
to the main grid and slowly bringing online the grid-following generation units, or by
connecting the units immediately following the energization of the microgrid (islanded
mode).

2. Parallel or zonal restoration is a strategy which includes separating the microgrid into
several sections, and the energization process is commenced at the same time. The
outage loss and restoration time is reduced in this case, but it does involve having multiple
units with grid-forming capabilities and high levels of coordination between the different
sections.

Conventional methods for energization of the grid or sections of the grid include so-called hard
start, where the grid is energized at 90% of nominal voltage. This method is less problematic in a
conventional system with synchronous generators providing the necessary voltage controllability
and high short circuit power. However, in converter dominated microgrids the inrush current
caused by the energization of primarily transformers can lead to tripping of generation units, so
soft start strategies are recommended in this case, where the voltage is gradually increased from
0to 1 [pu] [39].

In [40], a microgrid is split in several sections and they are energized at the same time. The
sections are synchronized and interconnected, at which point load restoration process starts.
Diesel gen-sets are used for initial energization, and subsequently other renewable generation is
synchronized and connected. Critical load is connected to the smaller grid sections. Authors in
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[41] implemented a transformer inrush current limiting strategy in order to provide a stable

energization procedure. Nonlinear components in the system cause harmonics, which leads to a

difficult problem of limiting voltage distortion. In this work, the authors proposed a reference

modifier in order to limit the transformer inrush current. The modifier is activated once current

exceeds maximum current level that the converter can provide. The current reference is modified

in such a way that the maximum current is temporarily decreased. For this strategy anti-windup

is required as the output of the controller is suppressed by the limiter. Battery energy storage

system with grid-forming capabilities is employed in [42] to demonstrate black start for a small

mi crogrid and maintain islanded operation with mot
start are considered in the use cases.

A detailed description of a black start procedure is given in [43]. A microgrid is split into two
sections and two CHP units are used for energization of each section. A diesel gen-set is
subsequently connected to strengthen the sections. Synchronization between the two
subsystems is done by manipulating block of loads and increasing the power generation from
diesel engines. Additionally, some electric vehicle control stations with primary frequency control
ability were connected.

In [44], authors propose a solution with sectionalizing the grid and energizing each separately.
The system is divided into several areas, which are interconnected following a blackout. Each
area contains sufficient number of black start capable generation units and automatized in order
to restore the power independently and operate the microgrids autonomously. The authors in [45]
propose employing grid-forming converter interfaced distributed generation to serve as black start
generation and the grid-following units are considered uncontrollable loads. Coordination among
the grid-forming units within the same section relies on scarce communication network. Intelligent
electronic devices (IED) capable switches are used as sectionalizers to define the boundaries
between individual sections of the microgrid. The location of the switches is determined by the
following rules:

1. The critical load within that specific section exceeds the capacity of grid-forming
generation.
2. Each section has as minimum one point of connection with the rest of the grid.
3. For radial system, the neighboring sections are connected with a single switch and
eventually, the sections would operate as single system forming so-called dynamic
microgrids.
During the restoration process, the entire system includes several dynamic microgrids, and the
boundarieswoul d vary as per the system operatords requ
on different criteria (economic, reliable and safe operation), defines optimal operating conditions
of dynamic microgrids, taking into consideration the operational constraints.

The restoration process should have predefined strategies and the goal is to bring the system
from a total blackout to operating condition where the system is ready for interconnection with the
main grid. In this context, there are two main stages of power restoration. In the first stage, the
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system is split into predefined sections, which are subsequently energized and operated as
standalone microgrids. During the second stage, the individual sections are interconnected and
operated as a single microgrid. Eventually, the microgrid is synchronized with the main grid and
reconnection is made. The sequence of steps taken in order to realize the proposed two stage
restoration are described as the following.

1. Sectionalization and preparation. All switches are opened following the predefined

sectionalization plan. Generation not participating in the energization process are

disconnected.

Voltage build-up. Each individual section is energized, and critical loads are connected.

3. Network reconfiguration by employing dynamic microgrids principle. Once the sections
are operating in stable conditions, the interconnection process is started to form dynamic
microgrids.

4. Resynchronization and reconnection to the main grid. Once the main grid is operational,
the islanded system is seamlessly reconnected. Prior to reconnection, all grid-forming
units contribute to operating the system synchronously with the main grid.

N

In [45], authors considered a black start operation of offshore wind farm, with using grid-forming
battery energy storage system (BESS) to energize the wind farm. The first step was to energize
the wind farm by BESS and for a wind power island by employing the soft-start strategy. The
passive components in the network are energized initially, which is followed by connecting
individual wind turbines in 3 seconds intervals. Each wind farm is initialized, and the terminal
voltage was controlled to 1 [pu]. Active power reference is set to zero. Once all wind turbines are
connected, a block load is connected, which signifies that the power island has been established.

Several black start trials done in UK by employing distributed energy resources (DER) have
shown that a limited number of generation units can successfully energize sections of the system
[46]. One trial was done with using a hydro generator as an energizing unit with assistance of two
wind farms. A load bank was also used to simulate consumer demand with wind farms generating
the required power. The trials were performed in a test network configured specifically for this test
with maintaining uninterrupted power supply to consumers.

The test was successful in the following:

- Primary transformers were energized by hydro-generator at nominal voltage levels.
- Picking up block load by a single generator, while maintain the frequency above 47.5 Hz
threshold.
- Energizing wind farm cable arrays and transformers by the hydro generator.
- Connecting wind turbines to the weak islanded network and operating in stable conditions
in different control modes.
- Establishing a stable power island comprised of a hydro-generator and two wind farms.
One of the major challenges of black start are the inrush currents, which are high in magnitude
and harmonic content and they can result in temporary overvoltages (TOV), which in turn can
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cause tripping the overvoltage protection of the generating units. In order to avoid these possible
scenarios, the authors in [46] listed and tested several strategies to mitigate this problem.

- Generator terminal voltage reduction. The energization process is performed at reduced
voltage (typically at 75% of nominal voltage), which would increase the likelihood of TOV
generated by the inrush current exceeding the

- Point of Wave (PoW) technique. PoW relays are employed, which control the closing
instance of the circuit breaker in order to reduce the inrush currents. This strategy is
typically used together with voltage reduction in case the latter is not sufficient to keep the
TOV within limits.

- Resistive damping. The trials have shown that connecting dump loads to the network
provides damping to such an extent that it limits the inrush current generated TOV.

- Soft energization. The network is connected to the energizing DER and voltage is ramped-
up from 0 to 1 [pu]. The voltage build-up is achieved within few seconds, but the downside
is that the system will be unprotected until the voltage reaches sufficient magnitude for
protection operation.

Additionally, in [46], the authors validated a black start service provision by using grid-forming
converters. It was done on a simplified network containing the grid-forming converter,
transformer, transmission line, dump load capable of operating at below nominal voltages,
consumer loads and grid PCC. They employed a soft energization strategy with voltage build-up
duration of 10 seconds. Once the grid was energized, consumer loads were connected, and the
grid was synchronized and connected to the main grid through the PCC.

2.5 Power system resilience enhancement against natural disasters

In recent years, extreme weather events (EWEs) around the world have underlined the need for
operative strategies that can significantly strengthen the power grid against those incidents. The
effects of climate change are increasing both the frequency and the intensity of disruptive events
such as floods, windstorms, wildfires, and extreme snowfall which often cause power outages to
consumers and damages in power system infrastructure. Such extreme events occur rarely, but
they have serious effects on the power systems. For this reason, they are commonly termed as
high-impact low-probability (HILP) events. In general, power system resilience is defined as the
ability of power grids to anticipate, withstand, adapt, and recover from high-impact low-probability
events, differing from the concept of reliability which concerns conventional failures. Microgrids
(MGs), thanks to their ability to operate in a controlled, coordinated way, while transferring from
grid-connected to islanded mode, constitute an effective resilience resource. During HILP events,
MGs can supply customer loads while operating in islanding mode or act as an efficient resource
of the upward system. MGs 6stocimy rancdegntrolling Energydnstead | v g e n «
of relying on long transmission lines can decrease the vulnerability of the network, improving at
the same time its resilient response and restoration time thanks to their operational structure and
by exploiting their distributed energy resources (DERs) such as microturbines (MTs), wind
turbines (WTs), photovoltaics (PVs), energy storage systems (ESSs), etc. When an upcoming
EWE is forecasted to hit the MG, the system operator must take proper preventive (day-ahead)
and corrective (real-time, during the natural disaster appearance) actions to mitigate its disruptive
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effects, including the resilience-based scheduling of MG resources. Therefore, a resilience-
oriented preventive MG scheduling strategy is developed and presented in Section 6.1,
addressing this challenge. The resilient preparation of the MG can help avoid partial or total black
outs in the grid. The purpose of this algorithm is to propose optimal short-time smart operational
measures and support the MG operator decisions towards the resilient response of the grid
against the upcoming natural disaster. For the needs of the RE-EMPOWERED project, the
proposed algorithm is applied to Bornholm Island MG demo site. The algorithm is designed as a
potential extension of the ecoEMS tool.
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3.1 Mathematical modelling of inverter-based power systems

As a result of the energy transition and the increased penetration of Renewable Energy Sources
(RES), the dynamic behavior of power systems has changed. Previously, the dynamic
performance of synchronous generators was predominantly based on slow electromechanical
phenomena. Hence, in terms of stability analysis, the fast transients related to fast-response
devices were neglected as they were out of the bandwidth of interest. The extensive penetration
of power electronic converters which are used to interface RES, storage technologies, FACTS,
HVDC lines and power electronic interfaced loads, has significantly altered the evolving dynamic
behavior of power systems, which have additionally introduced faster dynamic phenomena.
Based on the above-mentioned facts and depending on the stability aspects under consideration,
and the related time-scales, some assumptions and simplifications in the modeling can be utilized.

The dynamic behavior of Converter Interfaced Generators (CIGS) is highly related to the control
strategies used to control the power converter. Most CIGs can be divided in three main system
components:

1. The switching device which from the DC side is interfaced with the primary source through
the DC bus, while the AC side is interfaced to the rest of the network through a filter. The
switching device typically operates in the kilo hertz range.

2. The inner-current control loop, which usually utilizes a PLL.

3. The higher-level control loop, depending on the application (voltage control, droop control,
etc). The bandwidth of the specific control layer is typically in the range of 1 to 10 Hz.

The cascaded control layers of a converter, thus, can impact and introduce a wide range of
dynamic phenomena, ranging from electromagnetic transients to voltage stability, and across
small and large disturbance stability. Moreover, the switching devices of CIGs introduce dynamic
phenomena in higher frequencies. For mathematical modeling and system analysis, various
techniques have been suggested depending on the application. Detailed models can be utilized
for accurate time-domain, Electro-Magnetic Transient (EMT), simulations of the CIGs. However,
designing the system with full switching models is not so valuable for functional simulation of
power electronic systems. A common practice is thus to use average models that neglect the
switching phenomena for control system design.

There are two main categories of power electronic converters, Voltage Source Converter (VSC)
and Current Source Converter (CSC). VSCs employ a stiff voltage source, (e.g. a capacitor) in
the DC side, while the CSCs employ a stiff current source (e.g. an inductor) in the DC side. Each
of the VSC and CSC can be operated in either current control or voltage control mode, with single
or multiple control loops. An important difference is that VSC can control independently the active
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and reactive power in the DC side, while in the CSC the reactive and active powers are coupled.
Most of the CI Gs available and used in pgngandti ce al
analysis in this deliverable this type of converter has been chosen.

In Figure 30i and Figure 30ii, widely used models of grid-following and grid-forming inverter-
interfaced DERs are presented. The DC side of the inverter is modeled as an ideal DC source,
the switching device is represented by the averaged ideal three-phase VSC, while in the AC
output a filter, the measurement and the control components can be found. Depending on whether
a grid-following or a grid-forming inverter is under investigation, the control blocks can differ.

DCbus  [Averaged | AM— Y Y

ideal Vtb lb Vsb
three- ——AN— Y Y Aff——
ph ase Vtc IC VSC

VSC ; |
\ labe Vsabe
Mabc
abc abc abc

dq0 dqo0 dq0
l ldqo l Vsdqo Vsdqo

. ldqoref | C t Ref
Current control in qu qore urrent Reference | paQdgoref
generator
(i)
DCbus |Averaged Via AAA ; W_IVSa o5
ideal
l;aea Vtb Ib Vb lob Ps, Qs
three- —F—AAA—Y" Y
phase Vic le Vsc loc
VsC l
lab V/sabc
Mabc o —[U
abc abc abc
dqo dq0 dqo
Vsdqo,
J’ ldqo l Vsdqo ldqo
_ ldgoref] Vdqoref | Voltage Reference
Current control in dg0 |«——| Voltage controlindq0 | ¥ Generator
(i)

Figure 30: Grid-following (i) and Grid-forming (ii) inverter realization
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Typically, the control of a VSC is performed eitheri n P a rake8 eferdnge frame. The reason
behind that lies on the fact that the controlled signals are transformed into DC quantities thus
classic PI controllers can be utilized to effectively control the singles.

The dynamic equations that describe the three system with a grid-following inverter in dq is:
b— O Q YQ & & h
. QQ

U’Qo 9 @ @

While the VSC model in dq is given:

Finally, in grid-forming mode, the instantaneous injected active and reactive powers are described
from the equations:

® 0Q6 ® 0Qo h

w 0Md6 w 000

Nlaniq

Similarly, the dynamic equations that describe the three system with a grid-following inverter in
dq is:

0 x 61 @ O Oh
!Qb —|

. 1o 00

655 01 @

3.2 Impedance-based stability analysis

Impedance based stability analysis have been conducted in several case studies in literature to
explore inverterd s i n t seaforeg avithi theininteraction with passive elements of the grid and
determine when converter driven instability issues arise. Block diagrams have been produced in
literature for the calculation of impedance and resistance of grid-following and grid-forming
inverters respectively, which are linked to the characteristics of the control, the output filter, and
the delay of the system. Characteristics of the inverters for stable operation such as filter values
and tuning parameters can be calculated by plotting pole zero maps for the admittance and
impedance transfer functions respectively.

D3.2 Stability, reliability and restoration report [52]



s

4 TA

RE-EMPOWERED
Renewstle Eneray EMPOWERIn

The block diagram of a grid-following inverter is given in Figure 31, in the frequency domain

(instead of the state-space domain described in the previous section). The PR controller "O is

responsible for regulating the output current of the inverter to the reference value ‘O and the

del ay caused by inverteros modul ati on PWM techni
modelled as "O. An LCL filter is used for harmonics mitigation. The dynamics of PLL and the

outer high level control loops have been neglected.

PR Controller

Figure 31: Block diagram of grid-following inverter

o © —, 0 Q8 88

The Norton equivalent of the inverter is illustrated in Figure 32. @ is the output admittance of the
inverter, i.e., the transfer function between the first input signal @ and the output signal “O. "O
represents the dynamic performance of the grid-following inverter and is modelled as the transfer

function between the second input signal ‘O and the output signal 0.
O 0z0z0 ® h o d)é(i Q

Q0 =h & & Pyg O 88

Using the syst32adPestracted bydhe blackdiagrgm of Figure 31,0, @ and "O
are calculated as follows:

o o 2 '02°0 2@
D ZH Oz Wz O z0zQ
, [A) @ &
@ D2 Oz W zZH 0O z0z® of
O N 8
© (W) D ZH Oz Wz O z0zQ o8
0 "0 2°07 6
0O — o} d

0 Ok Gfd O kG 0076
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A
Gc ’ref K,c I Vpcc

O

Figure 32: Norton equivalent of grid-following inverter

A similar procedure is followed to calculate the grid-forming output impedance. Grid-forming
output impedance and grid-following output admittance are then integrated in the impedance-
based modelling of the system from which information regarding the converter driven stability for
the power system can be obtained with the use of classical control systems theory. Several
techniques have been introduced in literature to address this type of stability: Minor Loop Gain
(MLG) and Global Minor Loop Gain (GMLG) aim to assess the stability of distribution grids by
applying the Nyquist theorem to MLG and GMLG functions respectively. Global admittance (GA)
aims to assess the stability by finding the zeros
The stability can also be evaluated at the points of inverter connection by tracking the poles of
CDS indices which are calculated as the transfer functions between the Vpcc and the respective
inputs of the power system under investigation.

A case study in which two grid-following inverters are connected to a weak grid is illustrated in
Figure 33. For conducting the stability analysis of the system, the impedance based approach
was used and the GMLG criterion has been applied.

Weak Grid pee / Multi-=modules
)
e O ~
Ve + My Az
Vg @ L wd Vpcc YocII ncZI
1L U c,llreﬂ Gc,Z /raf2
ypfc _
PcC

Figure 33: Distribution grid with two grid-connected inverters
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The sum of the output currents that the inverters inject to the system was calculated as :

BEH  DED
Y —mrooEo™ el 5 T T
p R Wh0p Wo  Uh s Wo
W a6 Wo

Given that the voltage and current sources are stable, the stability of this system can be

determined by using the Nyquist theorem to the function : "O0 0 ’)%‘%‘”
) "Qdf90

Figure34depi cts that GMLGO6s Ny g uljospointdnd thgstha systeerisci r c | e s
unstable. It can be seen in Figure 35 that when the inductance Ls of the grid (Yy=1/ (Rs*+s*Ls))
decreases from 1.2mH to 0.3mH the system becomes stable.

Nyquist Diagram
GMLG
15 S 4
9 ~-;,__‘\
//// . \
1 / \. 1
Z’ 5 > ’; 4
< -
ey > . /
@ o X 1
£ /\
) )
8 5 | ]
e /
10+ //'/ N
15 ——) - 4
U 1 1 e
-5 0 5 10 15 20 25
Real Axis

Figure 34: Nyquist diagram for assessing converter driven stability using GMLG function : unstable case
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Nyquist Diagram
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Figure 35: Nyquist diagram for assessing converter driven stability using GMLG function : stable case

A microgrid operating in grid-connected mode consisting of two parallel inverters in grid-following
mode is illustrated in Figure 36. For conducting stability analysis of the system, the impedance
based approach was used and the CDS indexes have been used.

Inverter 1 1
nverter jg‘.' Inverter 2 Fp:c | g and
yacr 'f'ncz - n”ﬂ'ﬂd
\ \ Verid
l Yload s
Gcellrefl Gelref2

Figure 36: Microgridl: 2 grid-following inverters in grid-connected mode
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Figure 37: Block diagram of Microgrid1l

The block diagram of microgrid is presented in Figure 37. The voltage at the point of connection

is expressed in relation to g » ;% 5 g 2as:

P
w 7 = = =
M>""% 20 o ‘6 o 20 >ull
Oz
z - = - = = |-1|
P W Zw W o W Zw u
, Oz
P W Z® O O W W
The number of CDS indices are equal
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o8 &

t he

(3.2.7)

Given that "O , "O transfer functions do not have any pole in the positive real axis, the CDS
stability can be evaluated by tracking the location of & ‘O "¥ndices. MATLAB is used for the
extraction of the poles for the 6 'O "Yransfer function. By plotting the 6 O ™ole zero map for
different values of the proportional gain of the PR current controller of inverter 1 (Kp1l), illustrated
in Figure 38, it is revealed that system becomes unstable when the proportional gain of the PR

current controller of inverter 1 changes from 6 to 6.5.

More information about impedance based stability studies in microgrids can be found in our paper

[47].

number
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Pole-Zero Map
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Figure 38: CDS1 pole zero map for different kpl values

3.3 Modelling of DC dynamics of grid-forming inverters

3.3.1 Overview of the DC dynamics modelling

Grid-forming (GFM) inverters are often operated as voltage sources and are capable of actively
generating their own frequency and voltage independently of the grid [48]. To simplify the design,
this type of inverter is analyzed in most studies with the DC side as an ideal voltage source [49]
[50]. As for the DC side, it practically consists of the primary source and a controllable front-end
converter that may introduce dynamics to the inverter system [51]. For example, photovoltaic (PV)
systems equipped with DC/DC boost converters can interact with inverters or even cause system
instability when the solar irradiance changes significantly or the dynamic response is not fast
enough. It is therefore necessary to choose a proper approach for modelling the DC-side
dynamics in a two-stage GFM-based inverter system.

The detailed switching model is a conventional modelling method that captures the full picture of
DC dynamics, by incorporating all circuit components and control loops, as shown in Figure 39,
with examples given for PV and battery-based systems. However, representing the high-
frequency switching phenomena implies high computational complexity that not only increases
simulation time but also fails to provide any useful system dynamics information related to control
and the grid.
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Using average-value models becomes an alternative approach for power electronic controller
designs [52]. Switches based on the assumption that they operate in Continuous Conduction
Mode (CCM) are replaced by the equivalent current and voltage sources. With the simplification,
such models aim to satisfy the needs for simulations over a longer timescale. It was still found
that they require a large amount of input data when parameterized (e.g., input capacitance and
inductance of DC/DC converters). These data are usually not available in power system studies,
so in these analyses, the DC dynamics are considered in a further simplified equivalent model
representation. This section discusses the development of an equivalent model to provide a time-
saving tool to simulate the DC-side dynamics of the GFM inverter in an easier-to-use manner. PV
and battery systems have shown some similarities in DC/DC conversion and therefore they will
be used as the primary inputs in this chapter to explore the topic in detail. The equivalent model
is modified based on the average-value model, but requires fewer inputs in comparison, and the
user can easily access and calculate the required parameters following the datasheet. Figure 40
depicts this type of model, including a controlled current source for system inputs, a shunt resistor
for power losses, and DC-link capacitors. In contrast to the complete switching model shown in
Figure 39, it retains the external voltage loop that sets the input reference current Is e for the DC
system. This simplification is possible due to the internal high-bandwidth current controller of the
DC/DC converter and its fast response performance. Furthermore, the current controller and
primary source circuitry are represented as a first-order low-pass filter (LPF), with an appropriately
designed gain to capture the system important dynamics. This method of parameterizing the
system circuit dynamics preserves the main dynamic performance of the system while greatly
reducing computational costs.
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- YY >t .
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PV = TLd ol
Array ng__cpv | S — | Vdf-- Cyc| Inverter
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| |

Bi-directional Converter
(a) converter topology for PV (upper) and battery (lower) systems
PI controller with antwindup
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I
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(b) converter control loop
Figure 39: Switching model configuration
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Figure 40: Proposed equivalent model, including circuit and control

3.3.2 Parameters of the Equivalent Model

The equivalent model will be developed based on the following considerations in order to address
the challenges of modelling the DC dynamics of GFM inverters:
i taking into account the operational limitations of the primary sources and DC/DC
converters;
9 capturing power losses by calculation of shunt resistances Rqc;
1 simplifying some system dynamics through a first-order LPF with the proper designed
time constant ¢.
Therefore, this section will discuss the method of how to attain the equivalent model parameters.
The DC-side model basically contains parameters such as primary source voltage Vs, DC link
capacity Cqc, reference voltage Vier, and the PI controller gains kpy, kiv for voltage regulation
control, which readily available in power system studies. To represent the DC dynamic behavior,
the model also contains input current limits lsim max @and lsim,min, parasitic shunt resistance Rqc, and
the time constant . These will be explained in the following sections.

Primary source operational limits

Renewables, as the primary source, are responsible for supplying power to the inverter system,
but there are operational limitations on their capacity. As examples, PV panels are limited by the
performance of maximum power generation; batteries are limited by the level of the State of
Charge (SoC) to prevent over-discharging or charging. In addition, it is worth considering that the
system current should be limited to the rated value from the perspective of the safety use of power
electronics. In this study, the PV and battery-based GFM inverters are analysed separately.

1) Parameters of Modelling PV-based grid-forming inverters
For studying the power limitations of PV, it is necessary to observe the power-current (P-I)
characteristics of the PV array in terms of its power output that varies with the operating point up
to the maximum power point (MPP). Traditional parametric models, such as the five-parameter
model, are the methods that have been proposed to accurately represent the performance of PV
module circuits [53]. However, this detailed approach increases the computational complexity.
The analysis of the P-I characteristics in this study relies on a linear approximation, which
suggests that by considering the PV array as a constant voltage source Vmp, the characteristic
slope can be expressed as

0 & O (3.3.1)

D3.2 Stability, reliability and restoration report [60]



o

RE-EMPOWERED
Renamsble Energy EMPOWERIng

This simplification is based on the principle that the PV has a limited voltage variation in this
common operating region, approximating a constant voltage source [54]. Accordingly, in order to
limit the PV module to a reasonable operating range, only the MPP voltage Vmp and current Iyp
need to be calculated with the assumption of the linear approximation. Here are the data to be
input for the calculation:

1 Standard Test Conditions (STC) is Go = 1000 W/m?, To = 298.15 K;

1 normalized irradiance G;

T cell temperature T (in Kelvin; Y'Y Y “YIL "Y "¥W'Y);

§ at STC, the MPP current and voltage 'O ho , open circuit voltage @ , and

temperature coefficient | andf

The above data can be easily obtained from the operating conditions and datasheets. Thus, the
current and voltage at MPP can be calculated as

O O p | YY (3.3.2)
®w w p -_YoO-p 0O 10 YY (3.3.3)
From equations (3.3.2) and (3.3.3), the normalized temperature coefficients | andf for the

MPP current and voltage and the irradiance factors - and - for the MPP voltage can be
calculated via equations (3.3.4) to (3.3.7).

|  —X (3.3.4)
i U (3.3.5)
S (3.3.6)
- 70 p— p (3.3.7)
where the auxiliary parameters] and 0 are given by
g - (3.3.8)
O ® Q (3.3.9)

WY{.} is the Lambert W function evaluated by the approximation formula. For more details about
the Lamber W function and the calculation procedure above, please refer to [55]. Based on
equations (3.3.2) to (3.3.9), the maximum power Pm, provided by the PV module can be calculated.
It is possible to transform the maximum power limit as the operating range of the converter input
current in the GFM system O RO due to the linear relationship of equation 3.3.1
which can be defined as follows:

O 4 Q¢F0 HO

‘O

L (3.3.10)

‘O isthe rated current for power electronics.
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2) Parameters of Modelling battery-based grid-forming inverters
Aiming to reflect the operation of a BESS system in the DC dynamics of a grid-forming inverter,
the main parameter that needs to be considered is the state of charge (SoC) of the storage device,
reflecting the energy stored in the battery, which is calculated by

YEH  YES - D QO (3.3.11)

where SoCy is the initial SoC; and Q is the nominal capacity (in Ah). Hence, the maximum SoC is
100%, when the battery is fully charged; and the minimum is at 0%, when the battery is empty.
Nevertheless, usually, the battery operation is permitted only in the range of 10%-90%, a
requirement for addressing degradation reasons; this introduces the energy limit. It should be
highlighted that within the operation range described above, the battery is usually modelled in the
literature as a constant voltage source [56], an assumption also adopted in the modelling of this
work.
Of course, apart from the energy limit, a power limit is also present, arising from the thermal rating
of the battery system and the considered DC/DC power electronic converter, which is usually
given as a single value for the entire battery energy storage system (BESS) [57]. Both limitations
analyzed in the prequel can dynamically be also translated into the operational range
'O ; HO j  asfollows:

0 ; @ Q0 HO
. e (3.3.12)
O aww0O HO
where 'O is 0 when SoC drops below 10% and 'O otherwise. Similarly, O is 0 when SoC
rises above 90% and O otherwise, with 'O being the nominal current of the BESS. These
limits are enforced by appropriate control, as explained below.

In summary, the PV and battery sources can be effectively represented by a constant voltage
source Vs (= Vmp Or Viar). Therefore, the PV voltage Vimp can be calculated via equations (3.3.2) to
(3.3.9) and the power limit is achieved by constraining the MPP current as well as the DC/DC
converter rating; similarly, the battery voltage is maintained at the rated voltage Vpa and its energy
limit is further determined by the SoC. The parameters of modelling PV/battery-based GFM
inverters are summarized in Table 5.

Table 5 Primary source parameters

Source Voltage
source Vs

Vinp 0 & QF0  HO

e G T, Inpos Vinpo, Voco,
] aisc, bvoc

SoC Vbat ad Ow O hO 4 Q€0 HO

Power losses consideration

Power losses exist in power electronic converters that affect system efficiency and limit the
amount of power that can be converted. These losses occur due to a variety of factors, including
losses in power switches, control electronics, etc. This model introduces a shunt resistor Rqc at
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the DC-link terminal, which simply but effectively represents the effect of power losses. The
efficiency of a DC/DC converter is defined as the ratio of output power to input power, as shown
in equation (3.3.13), and can usually be obtained from a datasheet or be assumed. The power
loss expressed in terms of shunt resistance can be given by:

- —ny — (3.3.13)

It is worth noting that power loss is usually not fixed that varies with power and current levels. The
above equation is also a simplification of expressing power loss via a fixed resistance value. This
simplification has been verified by simulation tests to be within acceptable ranges [58].

First-order low-pass filter

The equivalent model is a modification of the average-value model, which simplifies the fast-
responding current control loop and the primary sources to a first-order LPF with a time constant
t delay. Since the inner current control has a high bandwidth and can respond quickly to changes
in the reference value, its simplification is justified. In the current studies, the first-order LPF has
been used for modelling the primary source, but the value of the time constant has still not been
properly analyzed. This section This section focuses on the analysis of the dynamic performance
of the simplified system to quantify the time constants and to demonstrate the effectiveness of
using the LPF representations.

The simplified part of the system model is given in Figure 41, where the input capacitance Cs is
neglected given that both PV and battery inputs are considered as constant voltage sources. It
gives a single-input-single-output model of the system, with the current control reference s as
the input and the current fed into the DC-side circuit lgc as the output.

Idc

Is ref d ‘ﬁ-’tm—'
Pl = conv
+ (2-dy |
% [ 2O+

] _|"VS (1-) Ve

Figure 41: Current control-to-DC current system model

The transfer function H(s) of the current control-to-DC current system is given by the following
equation using small signal analysis:

0i : (3.3.14)

R J— J—

Here, ‘G, denotes the incremental inductance reference input current generated from the

voltage controller, O the incremental DC current, I, and D the steady-state inductor current and
duty cycle, L and V¢ the inductance and nominal DC-link voltage, k, and k; the current PI controller
gains. Therefore, the transfer function can be rewritten as:

0i (3.3.15)

Equation (3.3.15) gives that the transfer function has two pairs of poles p1, p. and zero points zi,
Z». It can be analyzed that the system is mainly influenced by the (z2, p2). The reason is z: and p:
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are located at low-frequency range and close to zero, indicating that their dynamic characteristics
cancel each other. In addition, z, is located at frequencies that do not affect the control-drive or
grid-dominated dynamics, in the hundreds of kHz. Therefore, it is reasonable to approximate H(s)
using a first-order LPF consisting solely of the poles p-

Oi 6 — (3.3.16)

- o T
whered0 Om p O F® (Vs=VmpOr Vi) is the dc gain of the filter,] n Qwi
is the cut-off frequency, and thus the time constant is given by
t —8 (3.3.17)

In order to obtain the time constant, only the current controller gain kp, inductance L and the DC-
link voltage Vqc are required; in case of missing data, a time constant from a few ms to fractions
of ms is a reasonable assumption. As an example, Figure 42 gives the results of a battery system-
based switching and equivalent modelling approach for the case of inverter-side current variation.
Additional details and results on this topic can be found in our paper [59].
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Figure 42: Battery-based system current and DC-link voltage results in the case of inverter-side current change

This section has provided a simple yet accurate approach to model the DC-side dynamics of a
GFM system, using PV and battery systems as examples. The presented scheme avoids all
details in the DC-side circuit, retaining the necessary circuit and control elements. Therefore,
users only need to define a limited number of parameters they can easily obtain from datasheets
or derive from power system studies. It has the potential to be used in applications for the
evaluation of the grid-wide stability with precise DC-side dynamics considerations in inverter-
based power systems.
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4.1 Bornholm island

4.1.1 Overview of the Bornholm power system

The Bornholm power system consists of three voltage levels: 0.4kV, 10kV and 60kV, and it is
connected to Sweden via undersea cable. The generation mix includes conventional and
nonconventional units, as well as a large proportion of renewable sources.

Conventional units on the island include 25MW oil-powered steam turbine, diesel-generators
based plant with 4x4.5MW units, and 10x1.5MW diesel-generators based plant. These units are
active only when the system is operating in islanded mode. The goal of this study is to investigate
the performance of the Bornholm power system when the system is disconnected from the main
grid and the conventional units are not operational, as also documented in the Holistic Test
Description document for Bornholm case study in the Appendix. Nonconventional generation
includes a CHP generator rated at 16MW and two smaller biogas units rated at 1.9MW each.
Renewable generation on the island consists of 37MW of installed wind, 15MW of installed solar
power and 1MW of grid-forming battery energy storage system. The overview of the system is
shown in Figure 43. Minimum load in the island is 13MW, while the peak load reaches 63MW.
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Figure 43: Single line diagram of the Bornholm power system
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4.1.2 Use case and simulation setup

Bornholm power system is usually operated in grid-connected mode. From time to time, the
system operates in islanded mode, usually because of an interconnection maintenance or a fault
on the undersea cable. When the system is operated in this mode, all renewable generation is
curtailed and conventional power plant provide the power needed to balance the system. In this
study, we will investigate how would the system respond to the transition from grid-connected
mode to islanded mode, with high penetration of renewables, and without employing conventional
generators. We will consider four cases, namely with low, medium, and high load, as well as a
case involving a short circuit on the interconnection during a high load interval, which results in
disconnection from the main grid. We will analyze the response of the system in terms of voltage
levels across the network, frequency stability, and control related issues.

Wind turbine types in the Bornholm power system are a mix of DFIG and full-size converter
turbines, and they are represented by a simplified mechanical model including voltage and
frequency controllers, as well as fault-ride-through characteristic, all compliant with the Danish
grid code. The DFIG wind turbine model (type 3 or type C) used in this study is shown in Figure
44,
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Figure 44: Model of DFIG Turbine - Type 3
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As can be seen from Figure 44, the model includes an asynchronous machine, controllers, and a
simple mechanical model. Active and reactive power is controlled through the rotor current. While
there is also an over frequency curtailment controller, which acts to reduce the active power output
when the frequency threshold of 50.2 Hz is exceeded. The model also includes over- and under-
voltage and frequency protection compliant with the Danish grid code. A simple plant level
controller (based on WECC model) is included to ensure grid code compliance by providing the
active and reactive power reference.

Figure 45 shows the model of a full-size converter wind turbine (type 4 or type D wind turbine).
The model is very similar to the DFIG model and the main difference being the rotor current
controller in the type 3 and full-size converter in the type 4.
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Figure 45: Full-Size Converter Model of a Wind Turbine - Type 4

Diagram in Figure 46 gives an overview of the PV plant model. It includes the DC side model, PV
array model, control, over- and under- voltage and frequency protection and an averaged model
of an inverter. Same as the wind turbine models, the PV model is equipped with over frequency
curtailment controller and protection in compliance with the Danish grid code. Active and reactive
power converter controls the DC side voltage and reactive power. For long term studies, the model
includes temperature and radiation profile with measurement data.
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Table 6 Overview of the Generation Mix on Borhnolm Island

Substation PV Wind

Synchronous

Generation Generation Generation
- aggregated 2x130kW type 3
Snorrebakken | - - aggregated 3x800kW tg//rr;e 3 |
- Aggregated 3x2300kW type 4
Hasle - - aggregated 3x1750kW type 4 | -
- aggregated 3*1300kW
- aggregated 3*225kW type 3
Olsker - - single 660kW type 3 -
- single 660kW type 3
- biogas generator A
. - aggregated 2*2000kW type 4 | 1.9MW
Akirkeby 7500kW PV plant | aggregated 5*1300kW tt§|ge 4 | - biogas generator B
1.9MW
Nexg - aggregated 3x900kW type 4 -
Bodilsker 7500kW PV plant | aggregated 3*900kW type 4 -
Poulsker - aggregated 3*225kW type 3 -
Central power
plant - CPH 16MW
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Table 6 gives a summary of all generating units used in this study. In addition to the generation
shown in the table, there is a grid-forming battery rated at 1IMW/1MWh. We will consider four
different scenarios:
1. Low load of 20MW with high penetration of renewables (>90%) and 4% of loading on the
undersea cable.
2. Medium load of 40MW with high penetration of renewables (>85%) and 5% loading of the
undersea cable.
3. High load of 60MW with high penetration of renewables (>80%) and 2% of loading of the
undersea cable.
4. Short circuit on the interconnection followed by transition to islanded mode of operation.

It is worth noting that the undersea cable connecting Bornholm with the Nordic power system is
used mostly for power balancing and the loading in normal conditions stays at 10% or below.

4.1.3 Simulation results and use case analysis

As mentioned in the previous section, we will consider 4 different scenarios to evaluate the ability
of the system to control and maintain voltage level and frequency within the normal range.

a) In the first scenario, we consider that the system operates at 20.5MW load with high
penetration of renewable generation (91%) and 4% of loading of the undersea cable. At 1
seconds of simulation, the interconnection with the main grid is interrupted and the system
transitions into island operating mode. Figure 47 shows the voltage at each bus following
the disturbance.
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Figure 47: Bus voltages during islanding event at low load and high penetration of renewables
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The voltages remain within the normal operating range throughout the event, and we can observe
a sudden voltage increase following to the disturbance. This is to be expected as there is a surplus
of power because the power was being exported prior to the event. This is exemplified further by
the frequency response as shown in Figure 48.
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Figure 48: Frequency in the system following a disturbance for a low load scenario

The frequency keeps increasing, even 15 seconds after the disturbance. There are several
reasons for this, which can be demonstrated by observing the active power response of
generating units shown in Figure 49. Danish grid code requires that all wind and PV plants curtalil
power generation once the frequency exceeds 50.2 Hz with a droop usually set to 4% and with a
maximum ramp rate of 100 kW/s. In this scenario, we have enabled all curtailment controllers for
the wind turbines and for one PV plant (in order to showcase the different responses). One
additional constraint is that the synchronous machines (CHP and two biogas units) have
operational minimum of 10%, meaning that if they are connected to the system, they must provide
at least 10% of their rated power. This can be problematic in a system where the renewable
generation is not equipped with frequency control and cannot curtail the power output resulting in
high frequency in the system. Subsequently, higher frequency could cause the renewable units
to disconnect, thus creating additional issues.
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Figure 49: Active power of generating units following a disturbance for low load scenario

b) In the second scenario, we consider a medium load with high penetration of renewables
(86%), while importing 3MW from the main grid. Figure 50 shows the voltage at each bus
following the disturbance. As the power is being imported from the main grid at the time
of the disconnection, there is a voltage dip reflected across the system. However, the
generating units manage to keep the voltage within normal operating range. The
frequency response is shown in Figure 51. In this case, the frequency is below the nominal
value and the renewable generation cannot increase their power output as they are bound
by the uncontrollable prime mover (wind and solar energy), so the onus is on the
synchronous generation and BESS to provide a response according to their droop setting.
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Figure 51: Frequency in the system following a disturbance for a medium load scenario
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¢) Inthis scenario, we consider a high load with high penetration of renewables (81%), while
exporting LMW to the main grid. In Figure 52, we can observe that the voltage levels are
maintained within normal operating range. The exported power prior to the disconnection
is relatively low (1MW), so the frequency increase is not significant, and consequently the
active power of renewable generation will not change due to the frequency being below
50.2 Hz. The frequency response is provided solely by synchronous machines and BESS.
The generating units would need to be re-dispatched by the system operator or
automatically be Automatic Generation Controller (AGC).
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Figure 52: Bus voltages during islanding event at high load and high penetration of renewables
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Figure 53: Frequency in the system following a disturbance for a high load scenario

d) In the final scenario, we analyze the case when we have a short circuit at the
interconnection and subsequent disconnection from the main grid. This is a similar
scenario to the previous one, with a significant exception having a short circuit as a cause
to disconnect from the main grid. Short circuit occurs at 0.9 seconds and the main grid is
disconnected at 1 seconds. The initial voltage dip across the system is below 0.4pu, while
the post fault voltage is soon brought within the nominal range relatively (within 0.5
seconds), as can be seen in Figure 54. Figure 55 shows the active power of the wind
turbines during the event. The plot on the left side of the figure shows the active power
output from the type 4 wind turbines. The active power drops partially because of the
voltage drop and partially because the priority is given to reactive current injection (fault-
ride-through function of a wind turbine). Once the fault has been cleared, the active power
returns to the pre-fault value in less than 500 ms, which fulfills the grid code requirement.
The type 3 wind turbine response is a bit different as the wind generator is not electrically
separated from the grid. Some of the kinetic energy in the rotating parts of the turbine is
converted into active power, which results in loss of speed. Therefore, once the fault is
cleared, the asynchronous machine absorbs power initially before controls restore the
values to pre-fault. Figure 56 demonstrates the loss of speed of larger synchronous
machines due to the significant amount of kinetic energy converter into electrical.

D3.2 Stability, reliability and restoration report [74]



[p.u.

l

Upper vollt0ége

Lower

v 0 10t985g e

0.9

0.8

.

05 1 15 2 25 [s] 3

Bodi I29MW.Vo | t age,Mahgans drud e Ne xBB/MW. Vo . t.
Hasl eV Vol t age,Mahgans darude — j ki r kle KBty
Has2 eBNV: Vol t age,Mahgansidrude i ki r ke Moy
Has3 e?lMW:Vol t age,Mahgansidrude

w

[p.u.

11

0.9

0.8

0.7

0.6

0.5

0.4

0.3

&

RE-EMPOWERED

Renewsble Energy EMPOWERinG

Upper volltoaége

Lower

v 0 10t9a5g e

0.5

1 15 2 25 [s] 3

—— Ol sHOFI_BMW: Vol t age,Mahgans drude—— Poul sker .
—— Ol skR®OFI_GMW.Vol t age,Mahgans arude——— Snorrebhak
— Ol sBOFI_GMW.Vol t age,Mahgansdrude — Snorrebak

Figure 54: Bus voltages during and post short circuit event
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Figure 55: Active power of wind turbines during a short circuit event
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Figure 56: Speed of the synchronous generators during and post disturbance

4.1.4 Conclusion

This study aimed to investigate the performance of the Bornholm power system when
disconnected from the main grid, and without the use of conventional generators. The non-
conventional generation includes CHP generators and biogas units, while the renewable
generation consists of wind, solar and battery energy storage. The study analyzed four scenarios,
which involved low, medium, and high loads, and a short circuit on the interconnection during high
load. The response of the system was evaluated in terms of voltage levels across the network,
frequency stability, and control-related issues. The wind turbine models were represented by a
simplified mechanical model, which included voltage and frequency controllers and fault-ride-
through characteristics, all compliant with the Danish grid code. Similarly, the PV plant model
included DC side models, PV array models, control, over- and under-voltage and frequency
protection, and an averaged model of an inverter. The results of the study showed that the
Bornholm power system could maintain voltage levels and frequency within the normal range for
all four scenarios. Even with the high penetration of renewable generation, the system
demonstrated its ability to operate in islanded mode effectively. The study highlighted the
importance of proper control and protection mechanisms, which allowed the system to respond
quickly to disturbances. Main contributing factor to these results is of course the large
synchronous machine (CHP unit), but nevertheless we have shown that to overcome the burden
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of having a larger scale microgrid operated with close to 100% renewables, converter control and
battery integration could be essential for maintain stable operation.

4.2 Gaidouromantra microgrid

4.2.1 Overview of the Gaidouromantra

Gaidouromantra is located in the island of Kythnos and was constructed in 2001 to provide electric
power to 14 vacation houses. It is the first microgrid in Europe and operates in islanded mode,
which makes it an ideal testbed for converter-driven stability and grid-forming vs grid-following
inverters investigation studies. Its energy production units include distributed energy resources,
such as photovoltaic panels, a wind turbine and a battery energy storage system which is the
heart of the microgrid. A back up diesel generation of 22kVA is also available.

More specifically, voltage and frequency are controlled by 3 single phase battery grid-forming
inverters, which are used for the interfacing of the battery bank, with nominal capacity
11900Ah/48V and located in the System House. The grid-forming inverters also employ droop
control for power management. As far as the photovoltaic generation is concerned, six
photovoltaic systems are installed producing a total of 11.145 kWp as illustrated in Figure 57.
Each PV installation is equipped with grid-following inverters as illustrated in Figure 58. More
information about the Gaidouromantra microgrid and its components can be found in Deliverable
7.1: Deployment and demonstration plan of the RE-EMPOWERED project.
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Figure 57: Gaidouromantra microgrid
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Figure 58: GFL and GFM inverters location in Gaidouromantra microgrid

4.2.2 Use case and simulation setup

The use case regarding stability of the Gaidouromantra microgrid consists of two parts, focusing
on i) the modelling of dc-side dynamics of grid-forming inverters and ii) converter-driven stability
investigations, as showcase in the HTD document of this case study in the Appendix.

a) DC-side dynamics of grid-forming inverters

In Gaidouromantra microgrid, the battery energy storage system (BESS) is interfaced through
GFM inverters to ensure power quality and energy balance between intermittent PV supply and
demand. The bi-directional converter acts as a bridge for bilateral energy exchange between the
BESS and the grid side. As for the modelling, the DC side of the GFM is typically assumed to be
an ideal voltage source for simplicity. However, DC-side dynamics may pose a threat to the
system stability. The equivalent model, described in Section 3.3, promises a time-saving and
easy-to-use tool to evaluate the impact of the DC dynamics of GFM inverters. Therefore, this
section will use the equivalent model to assess the battery-side dynamics response, while the
required parameters are given in Table 7.

Table 7 BESS specifications for equivalent model

Symbols Parameters Values

Vpat Battery Voltage 450 V

SoCy Battery initial SoC 75%
Battery capacity 15000 Ah
DC-link voltage 800 V
DC-link capacitance 2.5 mF
DC-side shunt resistance 1262 q
DC-side inductance 240 uH
Converter efficiency 99%

Irated Rated current for BESS 112.66 A

Kp; Ki DC-side voltage controller kpv = 1; kiv = 50

U Time constant for LPF 0.0942 ms
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Following the steps discussed in Section 3.3, two cases were set up in this study:
1 Case I: load disturbance at pole 27 of the microgrid;
1 Case II: a three-phase line fault occurring in the GFM inverter and a larger load
disturbance at pole 27 of the microgrid.

Load Disturbance

Line
fault

\‘ Pole 10 Pole 27
! Load

BESS-GFM
System house

Figure 59: Case studies of BESS-GFM dynamic modeling

Case | analyses the BESS dynamic characteristics with the equivalent model, such as the
changes in the DC-link voltage after the load disturbances; Case Il investigates the effect of
considering the DC-side dynamics on the system stability by applying a more severe disturbance
to the system. The results of DC-side voltage, input and output power, and GFM inverter three-
phase voltage are observed in both cases.

b) Grid-following and grid-forming control schemes interactions

Gaidouromantra microgrid consists of multiple inverters operating in GFL and GFM mode, which
makes it an ideal demo site to investigate interactions between different controllers, i.e.
investigate converter-driven stability issues. Moreover, the impact of the controllersétuning on the
stable operation of the microgrid can be thoroughly investigated. To perform this case study, a
model for the microgrid was built in the SIMULINK environment. Initially, GFL inverters and GFM
inverters were modelled as ideal current sources and ideal voltage sources, respectively. To
integrate the dynamics of the inverters and explore their interactions, the model has been
updated; firstly, by integrating the current control of GFL2 inverter and the voltage control of GFM1
inverter, as illustrated in Figure 60, and based on the modelling presented in Section 3.1. The
limit of the proportional gain of the GFL2 inverter has been calculated through time domain
simulations. By incorporating the detailed control scheme for GFL3 inverter, it has been observed
that the limit is affected due to the presence of GFL2 and GFML1 inverter in the grid.
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Figure 60:Gai dour omantra microgrid with the integration of GF

The GFL and GFM inverters parameters of the are presented in Table 8:

Table8GFL and GFL inverterso6 parameters

GFM1 parameters Values
Voltage controller (PI)

Kp

Ki

Current controller (PI)
Kpl
Kiz
Filter LC
L 0.01H/ 0.1
C 5 OF
GFL2 & GFL3 parameters Values
Current controller (PI)

Kp2, Kp3

Kiz, Kis

Filter L

L 0, 001mH/ O.
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4.2.3 Simulation results and use case analysis

4.2.3.1. Modelling of BESS dynamics of grid-forming inverters

This subsection focuses on evaluating the effect of battery system-based DC dynamics on system
stability by developing an equivalent model. The two aforementioned cases were simulated
separately.
a) Case I: load disturbance

There is a load of approximately 2800 W connected at pole 27. In this case, half of the load here
was disconnected at 0.1s and reconnected at 0.4s. The results of its effect on the GFM and BESS
are shown in Figure 61. The inverter-based battery system decreases the power supply during
the reduction in the demand side, as reflected in Figure 61(a). The power loss from the battery to
the DC-link is shown in this figure by power differences, which are facilitated by the shunt
resistance modelled in the equivalent method. Since the primary source supply is not infinite, the
DC-link voltage determines the maximum voltage that can be provided by the inverter. This
voltage is usually considered as the ideal voltage source Vi (green dashed line in Figure 61(b)),
but the equivalent model simulates the influence of the voltage in a battery system subject to
system disturbances (red line in Figure 61(b)). Figure 61(c) confirms that the inverter voltage
operates within the available range of the DC source and is kept stable via GFM voltage control.
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(a) Battery-side input and DC-side output power for BESS
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(c) Three-phase voltage of GFM inverter
Figure 61: Simulation results for BESS-GFM in case |

b) Case Il line fault and large load disturbance

At 0.1s, a three-phase-to-ground fault was applied near the GFM inverter (next to pole 10) and
the fault lasted for 0.05s; after that, at 0.7s, an additional 2800W load was connected to pole 27.
Similar to the previous subsection, the results for BESS power, DC link voltage and three-phase
voltage of GFM inverter are summarized in Figure 62. Figure 62(a) shows that the inverter is
switched off during the fault period and the DC side provides zero power to the inverter, as
expected (Po.:=0). After fault clearance, this inverter is reconnected to the system but its voltage
is limited by the DC-link. In the event of large load disturbances, the inverter behaves similarly to
the case of a fault providing less power. This occurs because this model controls the GFM voltage
at a constant value while limiting the current within safety range.

Input

Qutput|
= 10000 {
3
]

& 5000
o
U L i i J
0 0.2 0.4 0.6 0.8 1
Time (s)
(a) Battery-side input and DC-side output power for BESS
Bzu | 4
Vdc
|= = =wref|
0.4 0.6 08 1

Time (s)
(b) DC-link voltage
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(c) Three-phase voltage of GFM inverter
Figure 62: Simulation results for BESS-GFM in case Il

Figure 62 also gives that the DC voltage fluctuates considerably due to the fault, the effects of
which on the GFM inverter will be discussed below. For comparison, the system was simulated
separately using an ideal DC source and an equivalent model with DC dynamics. The active and
reactive power results for the GFM inverter are shown in Figure 63. It can be found that the DC-
side dynamics affect the active and reactive power generation after the fault clearance.
Furthermore, the pole-zero map (in Figure 64) depicts that the poles considering DC dynamics
move in a direction outside the unit circle. It reveals that the DC-side dynamics may pose stability
challenges for the GFM inverter and can be further considered in the controller design. Note that
the system is modelled in discrete time, so the results of the pole-zero plot are mapped in the z-

plane.
—-
nv

E 10000 f._....... X1O..4.. P, With DC
S 5000 ' [_’\ | ——
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Figure 64: Pole-zero map results after fault clearance (operating point is t=0.16)
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4.2.3.2 Interactions between GFL and GFM inverters

Firstly, as described in the use case subsection, the current control for GFL2 has been integrated

to the model along with the voltage control for the GFM1. The other GFL inverters are modelled

as ideal current sources. The tuning parameters of the PI current controller have been thoroughly
investigated. As illustrated in Figure 65(i), it can be seen that when the proportional gain kp2

(t1=0.2s) of the GFL2 PI controller changes from 20 to 200 system remains stable. Two

di sturbances have been incorporated in the model
the active power setpoint of the GFL inverter at t2=0.3s and a sudden increase of the load at

t3=0.5 s. It can be seen in Figure 65(i) that the voltage at the system house is not affected by the
disturbances and thus the system is stable. Figure 65(ii) and Figure 66 illustrate the output current

of the GFL inverter and the consumption of the load respectively.

To evaluate the impact of the inverterds tuning p.
simulation was conducted in which the proportional gain of the GFL2 PI controller changes from

200 to 201 at t=2s. It can be seen in Figure 67 that after this change, converter-driven instability

issues rise, with the output current of the inverter being driven to instability and the system
collapsing.
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Figure 67: Stable operation : i) Voltage at the System House when kp2 changes from 200 to 201 ii) output current of
GFL2 inverter when kp2 changes from 200 to 201

Then, the current control of GFL3 is also integrated to the Simulink model with a view to explore
the interactions between multiple GFL and GFM inverters. The current control along with the filter
characteristics are identical to GFL2 inverter.
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Figure 68: Gaidouromanttami cr ogri d with the integration of GFM1l, GFL2 a

It can be seen in Figure 69 that when both GFL inverters are tuned with proportional gain 130,
their output currents are stable along with the voltage at the System House. When tuned to
kp=200 at t=1 sec, which was the limit for stable operation when the dynamics of a single GFL
and GFM inverter have been taking into consideration, instability issues arise. It is evident that
the limit of the proportional gain for stable operation for each GFL inverter has been decreased
due to the GFL and GFM interactions. Moreover, the number of the interconnected GFL inverters
plays a key role to the stability of the power system.

D3.2 Stability, reliability and restoration report [88]



s

(4 YA

RE-EMPOWERED
Renewstle Eneray EMPOWERIn

kp2=130 i kp2=200

Q Kkp2=130 | kp2=200

Figure 69: Voltage at the System House when kp2 changes from 130 to 200

4.2.4 Conclusion

This study investigated the stable operation of the Gaidouromantra microgrid considering the DC-
side dynamics of the GFM inverter as well as through the interactions between the different
inverters. It demonstrated the effect of system disturbances on the DC-link voltage and that the
dynamics on the DC-side may negatively affect the stability of the inverter. In addition, converter-
driven stability issues related to the tuni
them were investigated through simulations of the Gaidouromantra microgrid. In fact, GFL and
GFM dynamics and interactions between them have been proven to pose a threat to the stability
of the whole microgrid. These results highlight the need of detailed design and planning before
deploying and installing power electronic devices in microgrids and small distribution electrical
systems, as it seems that the stability of the whole system can be compromised.

ng

of
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4.3 Ghoramara island

4.3.1 Overview of the Ghoramara power System.

Ghoramara Island is located approx. 92 km south of Kolkata, in the Sundarban of the Bay of
Bengal, India. The island comprises of five different villages. The nearest mainland is Kakdwip,
which is approximately 5 km away and takes around 1 hour through diesel operated boats. This
island is roughly five square kilometers in area with a population of 3,000 residents (1100 houses)
as of 2016. Out of the whole population, 50% belongs to SC category, and 20-30% belongs to
minority group. Two primary schools, one higher secondary school (420 students), and a primary
health care center are available in the island. A few shops (around 30) are located at the central
area of the island near to the schools. The administration of the entire island is controlled by an
elected Gram-panchayat system.

Utility grid is not available in the island. Hence, the microgrid planned to be installed in the
Ghoramara island will be a stand-alone system. The microgrid consists of PV, wind, and battery
energy storage systems. The total capacity of the planned microgrid is 20kW and comprises of
15kW PV, 5kW wind and 100Wp BESS system. This island is located in a remote area and does
not have internet facility. There is no historical data available for this island. At present the people
in the village do not have electricity at their home. The aims of the RE-EMPOWERED project are
to supply electricity to household and for commercial use like school, irrigation, rice mill, etc. The
total connected load is nearly 100kW. The PV, wind and BESS are connected to a common DC
link of voltage level ranging from 650V-720V. The aim of this investigation is to study the DC
microgrid stability and develop appropriate control algorithms for the Ghoramara island. The
various used test cases are explained below.

4.3.2 Use case and simulation setup

DC microgrid is an attractive and efficient choice to integrate different renewable energy sources
and energy storage devices. Due to better efficiency, interfacing of different type of renewable
energy sources and energy storage units, better fulfillment of consumer electronic, DC microgrid
has been documented as an improved alternative to the widely used AC microgrid [60]. In DC
microgrids, there are less issues with power quality, regulation of frequency and reactive power
flow, which results to a prominently relatively simpler control system. The stability is usually
obtained by controlling the bus voltage when sources are in parallel. Improvement in voltage
stability of solar PV fed DC microgrid in presence of static loads with different condition is the
need. The DC microgrid, consisting of PV modules with their controllers, wind turbine and its
control and variable loads (static load), is modelled in MATLAB software. The main aim is to
maintain the DC bus voltage i.e., voltage regulation at different loading conditions, as also
explained in the HTD document provided in the Appendix.
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Modelling of the system

The DC microgrid consists of PV, wind and battery storage systems. Figure 70 shows the
schematic arrangement of the microgrid consisting of PV, wind and BES systems in Ghoramara.

DC Bus Link 650V

Uni-directional

PV Array (15KW) DC-DC Converter

Resistive Load

\ 4

Uni-directional

Rectifier
DC-DC Converter
Wind Turbine (SKW)
I
4 - =
BESS (100Wp) Bi-directional
DC-DC Converter
Figure 70 Schematic Arrangement of DC Microgrid for Ghoramara Island
Solar PV

PV cells are grouped together to form a PV module. The PV modules can generate direct current
electricity when exposed to sunlight [61]. Based on load requirement, the energy is transferred to
load through DC-DC converter. The terminal PV module current is given by

N0 00 p  — (4.3.1)

where,

I, T Photo-generated current

loT PV module saturation current

Vi Module voltage,

V11 Junction thermal voltage

Rs& Rsn1 Series and parallel resistances of a PV module
ni Number of series connected cells
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Table 9 Solar PV specifications

Parameters Values
Number of series-connected modules

Number of parallel-connected module strings
Number of series-connected cells in the
module

Irradiation reference

Cell reference temperature
PV Power rating

Wind Turbine
The wind turbine power is given as

0 -""Y6 |h w (4.3.2)

where,

P = Wind Turbine Output Power

V = Wind Speed

} = air density (kg/m®)

R = radius of the rotor blade

b = Pitch angle of the rotor blade

Cp = Performance coefficient of wind turbine

In this study, Permanent Magnet Synchronous Generator (PMSG) has been used in the
simulation.

Table 10 Wind Turbine and PMSG specifications

Parameters Values

Rated generator power

Base Wind Speed
Base rotational speed
Pitch Angle

Rotor Type
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The DC-DC boost converter is a non-isolated DC-DC converter. It is used to step up unregulated
DC voltage to regulated DC voltage required by DC loads [62]. The average output voltage is

given by,

0w —

The inductance of boost converter is given by,

The capacitance of boost converter is given by,

where,

Vil Source voltage to converter
D7 Duty ratio

loT Converter output current
V1 Ripple voltage

m!i Ripple current

f1 Switching frequency

Table 11 DC to DC unidirectional converter specifications

Symbols Parameters Values

L1&L2 Coupled inductors
Cy Passive clamp network capacitor 3300c¢

VPV Solar PV voltage 380V

DC link voltage 650 V

BESS

(4.3.3)

(4.3.4)

(4.3.5)

The reliability and efficiency of an electric utility system can be improved by the use of an energy
storage system. For storing electrical energy, the most common device used is a battery. It is a
device, which can store electrical energy as chemical energy and when needed, it can deliver
energy through a chemical reaction. For large storage power applications, lead-acid batteries are

used preferably [5].

Batteries with rechargeable properties are used in energy storage grid applications. It stores
energy during the low demand period, and during peak load demand it returns energy to the grid.
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In general, batteries will help to eliminate the need for expensive peak power plants and reduce
the cost of generating power. Batteries consist of two primary modeling strategies. They are (i)
mathematical modeling and (ii) circuit-oriented strategies. To predict battery behavior, the
following parameters are to be considered: battery capacity, SOC, temperature, age, rate of
charge and discharge, efficiency, and battery runtime. During charging and discharging modes,
terminal voltages of BESS are given as in (4.3.6) and (4.3.7),

wie'Or wxn wn O Yn (4.3.6)
b @y @y O Yn (4.3.7)

where Ve and Vgic are the charging and discharging voltage of a cell, respectively, Eqis open-
circuit voltage, Vop+ and Vopi are voltages at positive and negative electrode, respectively, | is the
cell current and Ry is the polarization resistance.

Table 12 BESS specifications

Parameters Values
Rated capacity

Battery minimum voltage
Battery maximum voltage

Table 13 DC to DC Bidirectional converter specifications

Symbols Parameters Values

L1&L2 Coupled inductors
C Intermediate energy storage 3300
capacitor
DC link voltage 650 V

Battery voltage 300V

4.3.3 Simulation results and use case analysis

In this section, the performance of the DC microgrid is evaluated by connecting static (resistive)
loads, with photovoltaic (PV), wind turbine and BESS. In this study, two different conditions are
considered.

Case |: Constant generation but fluctuating load i In this case the generation from renewables
like PV, wind is kept constant. Solar insolation, temperature and wind speed is constant, but the
load is varying.
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Case II: Constant load but continuously fluctuation renewable output i In this case one static
resistive load is connected throughout the simulation time. The DC shunt motor load is intermittent
in nature.

The main aim is to study and regulate the dc link voltage in both the cases (I and Il). Thus, voltage
regulation is applied by observing and maintaining the dc link voltage on both conditions. A control
algorithm has been implemented to maintain the dc link voltage in those conditions. Simulation
model of this study is shown in Figure 71. The output voltage, output current and the output power
has been calculated and observed for these cases and are given in following section.

(]
(] = =
, . - +*

) —
KW Wind - ;
- T 1 ul
! | e 1= {0
v = Ermr——r—
B -1 | 3 | =
- =]
|‘ " j: 4 ‘. 1 [<] #& ’ D : .E xr.c!wul o ”6
e g - = i
100Wp . 9
- S ]
—_— f wh= i F
B e e, 0 I
=1 15k PV
S .H

DC Microgrid of 20kW in Ghoramara Island

Figure 71 20kw DC Microgrid consist of PV, Wind and BESS in Ghoramara Island

Case |: Constant generation but fluctuating load

In this case, the generation from renewable energy sources is constant and there is fluctuation in
load. The load is increased gradually after some interval. The simulation is carried out for 2s. The
static load is connected from 0 to 2s continuously. As mentioned, renewable energy resources
are kept constant, and the output voltages produced from RES are shown in Figure 72, Figure 73
and Figure 74. When there is a change in the load, the dc bus link should maintain the desired
voltage level i.e., 650V. Figure 75 shows, the output voltage across the dc link or load, output
current and output power is also shown in Figure 76 and Figure 77, respectively.
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Figure 72: Simulation result of PV Output Voltage (V)
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Figure 75: DC Link Bus Voltage around 650V (V)

D
0

0.6

o.4

Output Currgnt (A)

o.2

o 0.05 0.1 0o.15 o.2 0o.25
Time (sec)
Figure 76: Output current across the load (A)

Output Power (W)

1 1 1 1 1 L 1 1
0.56 0.565 0.57 0.575 0.58 0.585 0.59 0.595 0.6
Time (sec)
Figure 77: Output Power across the load (W)

D3.2 Stability, reliability and restoration report [97]



s

pste§ & ...
- RE-EMPOWERED
Ressinbia rara ENPOWTRNG

Case |l: Constant load but continuously fluctuation renewable output

In this case, the load is kept and constant and generation from renewables is changing due to
weather conditions. Solar insolation or irradiance is varying with respect to time. Hence, the output
power from renewable will be fluctuating which can be shown in Figure 78. At this point, the dc
bus link should be able to maintain the bus voltage steady i.e., 650V. Thus, a control algorithm is
implemented for this condition and the output voltage or bus voltage is captured in Figure 79.

PV Qutput Voltage (V)
W
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Figure 78: PV Output Voltage (V) with varying irradiance
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Figure 79: DC Link Bus Voltage (V)

4.3.4 Conclusion

This study addressed the issues related to the voltage regulation of the DC microgrid, connected
with a solar PV, BESS, static load. To meet the desired voltage level of the DC bus, DCi DC
converters are used to integrate the solar PV and the energy storage device. Moreover, the static
load was gradually integrated into the bus throughout the simulation period. When integrated with
BESS, this rise in demand can be met by the storage device. In Ghoramara island, a small DC
microgrid is present, thus maintaining the bus link voltage is the challenging task. Here, a control
strategy for the voltage stability of DC microgrid has been implemented and various graphs have
been observed, validating the proposed topology and control approach.
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5.1 Bornholm island

5.1.1 Overview of the demo site and available resources for black start

The distribution network of the Bornholm power system is operated at three voltage levels, namely
60 kV, 10 kV and 0.4 kV. The island is connected to mainland Sweden with 43 km undersea cable
rated at 60 MVA, so the Bornholm power system is connected via a single link to the Nordic power
system. Occasionally, the system will operate in islanded mode, when there is undergoing
maintenance or faults on the interconnecting cable or substations. The distribution system
operator on Bornholm is Bornholm Energi & Forsyning (BEOF). The minimum and maximum load
in the system is 13 MW and 63 MW, respectively. The generation mix consists of the following
units:

T 16 MW biomass combined heat and power plant (CI
time constant 2H = 6.4 s and apparent power S
droop control at 2%, and automatic voltage regulator. The ramping rate of the generator
is 0.2 MW/ minmin) This thibi¥terfed generation block 6.

1 There are two 1.5 MW CHP gas turbines with inertia time constant of 2H=5.6 s, and they
do not provide primary frequency control.

T 37 MW of installed wind capacity (24 machines
1000 kW; 17 machines >1000 kW. The | argest ma c
turbines at the 60/10 kV sabsPaMWouni nhsHasl pki

T 23 MW of installed PV capacity (8 MW distribu
plants at 10 kV at the secondar y Akskeby arsl o f t h
Bodilsker). There are plans in place to install additional 20 MW of PV capacity close to
Dsterlars.

f 1MW/ 1 MWh battery at Akirkeby substation with grid-forming capabilities.

Besides the listed generation, the Bornholm power system is comprised of conventional units,
which are employed only in case of islanded operation. They provide 58 MW of power reserve.
The ratings of the conventional units is provided below.

T 25 MWp owdr ed steam turbine, named Bl ok 5. | t
apparent power S = 29.4 MVA. I t ipsonteolpu2lop ped wi
and an automatic voltage regulator. The ramping rate of the unitis 0. 25 MWRmi n (
Pnom/min).
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T Four 4.5 MW di tieok#) withe% equencydroep control and automatic

vol tage control. Each unistreratadsat S n=e r5t. | 8eildPVHA = 8
the othertwoatS = 6. 3 MVA.
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control and do not have automatic voltage control. The ramping rate of the units is
1 MW/ mi n pof/n@in [63]. P

Simplified one-line diagram of the Bornholm power system is given in Figure 80.
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Figure 80: Simplified diagram of the Bornholm power system

The wind turbines connected to the same 10kV substation are aggregated and represented by a
single wind turbine. Residential wind turbines and PV installations are not considered in the black
start study. The battery energy storage system (BESS) is connected to a 60kV/10kV Akirkeby
substation and it has grid-forming capabilities. While BESS is currently not operational in the
Bornholm power system, the idea of this study is to show that it can contribute to a fast and stable
restoration of the system in case of a blackout.

The system is initially split into two isolated sections, eastern and western section, corresponding
to the right and left part of the red line in the diagram of Figure 80. The sections are chosen based
on the availability of black start resources and the critical load that can be served within the
sections. The sectionalizing of the system was performed in order to expedite and speed-up the
power restoration process, reduce transients caused by the transformer inrush currents, and
reduce the loading of the power generation units. The resources available for the black start
procedure in the eastern section of the system is the battery and two biogas generators. In the
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western section, a single CHP biomass generator connected to Rgnne substation is used to
energize the network. The detailed description of the black start strategy is provided in the next
section of this report.

5.1.2 Overview of the black start strategy and use case

As mentioned in the previous section, the Bornholm grid is connected to the Nordic system via an
undersea cable, linking Bornholm with Sweden. The system is operated in islanded mode only on
occasions such is a fault or maintenance work on the cable or substations. When the grid is
operated in islanded mode, renewable generation is disconnected from the grid, and the
conventional generation takes over. The conventional units in the island are oil-powered steam
turbine and two blocks of diesel gen-sets, bringing the total generation capacity to 58 MW. Power
balancing is performed through the interconnection with Sweden. The purpose of this study is to
show that the system can be brought online without the use of conventional generation and
operated in islanded mode with renewables remaining connected.

To accelerate the restoration of the system after a blackout, the grid is split into two sections, the
western and the eastern section. The eastern section includes eight 60kV/10kV substations, 17
wind turbines (>100kW) with total capacity of 18 MW, 2 PV power plants rated at 7.5 MW each,
two biogas generators rated at 1.5 MW each, and a battery system rated at 1 MW / 0.8 MWh.
This brings the total generation capacity of the section to 37 MW, whereas the minimum and peak
load are 6 MW and 25 MW, respectively. The western section includes ten 60kV/10kV
substations, 16 wind turbines (>100kW) with total capacity of 18 MW, and a biomass powered
generator with a steam turbine rated at 16 MW. The total generation capacity in the western
section is 34 MW, with minimum and peak load at 7 and 38 MW, respectively.

The black start strategy implemented in this study follows the steps described below.

1. Following a blackout, the Bornholm power system is disconnected from the main grid and
split into two sections, the western and the eastern section. The sections were chosen
based on the availability of black start resources and the critical load that can be supplied
within the sections.

2. The two sections are energized simultaneously using the resources available in each
section.

a. Eastern section is energized by using the battery system. Overhead lines, cables
and transformers were energized employingaso-c al | ed fisoft energi za
means that the voltage was increased gradually from 0 to 1 pu. All overhead lines
and cables in the 60 kV network were energized, including the 60kV/10kV
transformers supplying the critical loads and connecting the other generation
resources used for the black start strategy, namely two biogas units and two wind

turbines. TheidPeoof meem®dgiwaa wused in order
the transformer inrush currents and contain overvoltages and high harmonic
content.
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b. For energization of the western section, the biomass generator was used. The
voltage level of the generator was kept at 0.75 pu before being connected to the
western section in order to reduce the inrush currents and potential overvoltages,
which could result in generator tripping. Once the generator was connected and
the system reached steady state, the voltage was gradually increased to 1 pu.

To increase damping and reduce harmonic content in the sections during the energization
process, a resistive block load was connected in each section rated at 200kW.

Once a stable operating condition in the sections has been reached (steady state with
voltage and frequency within normal range), other generation units are connected.

a. Inthe eastern section, the two biogas generators are synchronized and connected,
followed by two wind turbines.

b. Two wind turbines in the eastern section are synchronized and connected.

After the two islanded microgrids have been established, critical loads in both sections are
connected. For the eastern section, critical load is estimated to be 5 MW, while in the
western section, the critical load is approximately 8 MW.

The active power references of the generating units are set to match the changing
conditions in the system and bring the frequency to nominal level.

For successful and seamless connection of the two sections, a synchronization module
was implemented within the BESS controller. The voltage phase angles of both sections
are compared and the difference is used as an input to the active power loop of the grid-
forming controller, which means that the phase angle in the eastern section is controlled
to match the phase angle in the western section. Two wind turbines control the voltage at
the interconnection point in the western section. Once the connection between the two
sections has been established, the synchronization modules are disabled.

At this stage, the establishment of the Bornholm power system is finalized and other
renewable sources are connected to the grid, as well as the loads.

Once a steady state has been reached, voltage at the interconnection point is controlled
to match the main gridds voltage. The i
phase angles on both sides of the circuit breaker at PCC is close to zero.

Control models for converters and synchronization modules

The control diagram of the grid-forming controller is shown in Figure 81. The control system
consists of several blocks. Virtual synchronous machine control is the implementation of the swing
equation. Voltage control is a droop-based control. One of the major challenges with grid-forming
converters is the implementation of current limits. In this controller, two mechanisms for current
limitation are implemented based on the virtual impedance method and voltage drop over the
converter series impedance limitation method.
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Figure 81: Diagram of the grid-forming controller

The active power controller for the battery system is based on the virtual synchronous machine
(VSM) given in [64]. This is a simple model of implementation of the swing equation given as:

Q

a5 N n Q1 T VPP

"

Where H is the iswmies ttitne caomgulaart ,f rye.gisteerfrequencyf t he
of the grid, pres is the active power reference, pmeas is the power output, and kq is the damping
coefficient. The block diagram of the modelled swing equation is given in Figure 82.
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Figure 82: Block diagram of the virtual synchronous machine
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The voltage controller is based on droop control, and it is modelled according to the following

equation:
30 0O ) Tt n N VPR

Qref
(meas -

>+

an
Kq

Uref + . u

AR Kp+Kils —=

Umeas T

Figure 83: Block diagram of the voltage controller with droop

Virtual impedance mechanism for current limitation modifies the voltage reference by subtracting
the voltage drop over the virtual impedance, as described by the following equation:

o o N i ® VDD

For severe transient events, such as short circuit, virtual impedance can be further modified in
order to provide additional limitation. The current is fed through a high pass filter, which prevents
steady state voltage drop over the virtual impedance. The modified voltage reference is given as:

3 0 t 01 ™Mo tsQ s Q i © hQEBQ s Q vp8
) 0 30
To provide additional safety against converter overcurrent events, a maximum voltage drop over

converterb6s series iampaddddatotheevoltage referantec Thé maximuim
voltage drop over series impedance can be calculated as:

30 Q ti @ VBB

The actual voltage drop over the series impedance is given as:

30 0 0 VP

T 30 30
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Finally, the limited reference voltage of the converter is given as:

0 0 30 VP
The synchronization module compares the voltage phase angles and the voltage level in the
eastern and western section at Olsker substation. The voltage phase angle is controlled in the
eastern section by grid-forming BESS, while the voltage level is controlled in the western section,
remotely by wind turbines connected to the Hasle substation. The angle synchronization module
diagram is shown in Figure 84. The module is part of the grid-forming BESS controller and it
provides reference in the active power loop.

PLL doLseast
Eastern Section

p
®d Kp+Kifs —2C

PLL dOLSWest
Western Section

Figure 84: Angle synchronization module for the two sections

Two wind turbines connected to Hassle substation in the western section of the Bornholm power
system control the voltage at the interconnection. Figure 85 shows the block diagram for the
breaker operation control. As already explained, the breaker will operate once the two condition
for the interconnection are fulfilled. Namely, the voltage angle difference needs to be less than
Ud and it needs taperimadofTdelaysn otddr t avoidlrdconndctin in
unstable or transient conditions.
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PLL

Western Section

L deiay

N
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SHEr R Section Comperaar

<&y
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Figure 85: Block diagram for breaker operation
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A similar approach is taken for the other condition, which pertains to the difference in voltage level
between two sections at the point of interconnection, a comparable method is employed. When
the Bornholm power system is fully established, a wind turbine and BESS are in charge of
regulating the voltage difference at the Rgnne Syd substation. This means that if the voltage level
is not within the acceptable range, the wind turbine and BESS will work to adjust it until it meets
the required conditions for the second interconnection to be established.

It is worth noting that for connecting the biogas generators in the eastern section (Akirkeby
substation) a conventional method for synchronization is used. The generators are operated
slightly above the nominal speed in order to reconnect them at the moment when the voltage
angle difference at the PCC and the terminal of the generators is less than Ch.

5.1.4 Simulation results and discussion for the Bornholm Island use case

As previously mentioned, the system is split into two sections. The energizing procedure is started
simultaneously in both sections. The eastern section is energized by the grid-forming battery
system by employing a soft start strategy, increasing the voltage from Opu to 1pu in approximately
4 seconds. During this time, a block load capable of sustaining low voltages is connected in order
to increase the damping and oscillations in the system. Figure 86 shows the voltage and current
of BESS during the first 6 seconds of the simulation. Once the voltage of the system reaches 80%
the synchronization module of the two biogas generators is activated and the two generators are
connected to the system around 5 seconds into the simulation. We can observe that the voltage
and current are well within the limits and there are no significant overvoltages or voltage/current
distortions.
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Figure 86: Energization of the Eastern Section

3

4

5

[s]

6

—— — BESS current phase C [pu]

In the western section, the CHP generator is used for energizing the system. The terminal voltage
of the generator at the moment of connection with the system is at 75%, and the main reason for
that is to keep the voltage, current, and harmonics within limits and avoid tripping of the

generatorbés protection.
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t he

energizatio

value of 1pu. Figure 87 shows the results of the simulation in terms of voltage and current, which
demonstrates a successful energization of the western part of the system.
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Figure 87: Energization of the Western Section

The frequency of the system is shown in Figure 88 (represented in terms of speed of synchronous
machines). Once the frequency and voltage are within nominal range in both sections, we start
the process of restoration of power supply to critical loads and additionally two larger wind turbines
are connected to the isolated system (2x2MW in eastern section and 2x2.5MW in the western
section). We can notice a significantly larger dips in frequency in the eastern section of the system
due to lower inertia availability. Generators are redispatched in order to restore frequency to
nominal range.
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Figure 88: Frequency in both section of the system

The voltage in the eastern section is slightly more prone to larger dips, as shown in Figure 89,
due to the fact that this part of the grid is weaker in comparison to the western section. This can
be resolved by choosing to connect larger loads once the two systems are reconnected, as this
will provide more controllability in terms of voltage levels.
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Figure 89: Bus voltages in the system during black start

Once the two sections have been established, a synchronization module is activated (30 seconds
into the simulation). Figure 90 shows the phase difference measured at the interconnection point
at Olsker substation. Voltage phase angle in the eastern section of the system is controlled by
grid-forming battery system. Once the two conditions for reconnection are met, namely the phase
angle and voltage difference between the sections are below predefined threshold (0.5 degrees
and 0.02pu, respectively), the breaker at Olsker substation is activated and the two sections are
interconnected. The synchronization modules ensure a smooth transition without significant
transients. Figure 91 shows the phase angles in both sections. The left plot of Figure 91 shows
the phase angles before the activation of the synchronization module, while the plot on the right
shows that the phase angles are synchronized around 49 seconds of simulation.
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