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Abstract:

Due to the decommissioning of conven-
tional power plants to achieve climate tar-
gets, the development and implementa-
tion of non-traditional black start service
providers is of utmost importance to en-
sure the restoration of normal operation
in future power systems after blackouts.
This master’s thesis presents the applica-
tion of a STATCOM with an integrated
battery storage system (STATCOM-BESS)
with grid-forming (GFM) control. The
aim is to create a power island by en-
ergising segments of a transmission sys-
tem with an overhead line and trans-
formers and a distribution system with a
grid-following (GFL) unit as well as static
The EMT simula-
tions in PSCAD demonstrate the overall

and dynamic loads.

black start capabilities of the developed
STATCOM-BESS control structure by pro-
viding fast power and an inert frequency
response to sudden load changes as well
as a stable interaction with the GFL unit.
Compliance with the black start require-
ments specified by the Belgian and British
transmission system operators (TSO) is

achieved.
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1 Introduction

The fundamental prerequisite for the successful operation of the power grid is the pro-
vision of a reliable and uninterruptible power supply. Despite technological advances
in monitoring, control and protection of power grids, the risk of instability due to an
increasing number of intermittent energy sources, human factors, technical malfunc-
tions, and extreme weather conditions is omnipresent. In the worst case, instabilities
can lead to partial or complete blackouts often due to cascading failures, which confront
Transmission System Operator (TSO)s, Distribution System Operator (DSO)s and plant
operators with unprecedented challenges. Despite their rare occurrence, blackouts are of
significant concern not only for grid and plant operators but also for society, as electricity
is a crucial pillar of modern society. This is also emphasised by two current examples in
Europe that show the consequences of power outages. [1]-[3]

¢ Denmark: A local fault on the Danish island of Bornholm tripped the submarine
cable that connects Bornholm with Sweden in autumn 2022. This led to a power
outage lasting several hours on the island with its 40,000 inhabitants. [4]

* England: A lightning strike on a transmission line in summer 2019 led to unex-
pected losses of generation units, resulting in the frequency reserve allocated by the
of England being exceeded. This triggered a drop in frequency, which resulted
in load shedding and disconnected 1.1 million electricity customers from the grid
for 45 minutes during rush hour. This power interruption had severe consequences
for rail traffic in particular. [5], [6]

The occurrence of these events requires system restoration strategies to ensure the return
to normal operating conditions in the safest and fastest way possible to minimise eco-
nomic losses and the impact on society [7]. To restore normal operation after a blackout,
a black start procedure has to be carried out, i.e. the restoration of a power plant or part
of a power grid without depending on external power sources [8].

The traditional restoration strategy of grid operators usually relies on conventional power
plants with synchronous generators in the form of fossil fuel-fired generators, pumped
storage power plants and, to a much lesser extent, biomass. Interconnectors have also
been technically tested and are being used, but these interconnectors are dependent on
the neighbouring energy markets. However, many European countries, including the
United Kingdom, have committed to the Paris Agreement of 2015 and have set ambitious




1. Introduction

goals of decarbonising their electricity system, which should be achieved in the United
Kingdom by 2035. Achieving this goal has and will increasingly involve the installation
of renewable energy resources, while fossil fuel power plants are being phased out. [7],
)

A prospective future scenario for the installed capacities for 2022 to 2050 can be seen in
Figure This is presented in the annual reports Future Energy Scenarios published

by the British [TSO|National Grid Electrical System Operator (NGESO).

Convential Power Plants & Interconnectors (2022 - 2050)

I Coal
I Gas
I Nuclear
Interconnectors
I Eydro
I Biomass
RES & Hydrogen & Battery (2022 - 2050) I Onshore Wind
f f f ! Offshore Wind
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Hydrogen
I Battery
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Installed Capacity [GW]
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Figure 1.1: Installed capacity in Great Britain for the years 2022-2050 predicted by the scenario Leading the
way [10], which leads to the fastest credible decarbonisation and thus to the most optimistic scenario of the
energy scenarios presented in [10].

This scenario expects that the majority of conventional power plants will be phased out
already by approximately 2035, while new technologies such as hydrogen power plants
and battery storage systems will be introduced to the market. It can also be noted that
Variable Renewable Energy (VRE)s, in particular Offshore Wind Power Plant (OWPD)s,
will see enormous growth. This development requires an adaptation of current restora-
tion strategies in Great Britain, as keeping conventional power plants on standby, for
the sole purpose of providing black start, is not cost-efficient. Also, starting generators
from cold leads to less reliability and longer restoration times. However, to maintain the
same level of safety and reliability with new restoration strategies, the basic capabilities
of Inverter-Based Resources must be expanded to provide black start services in the
form of grid-forming control structures, and, if necessary, an auxiliary power supply. IEI],

[11]




2 State of the Art

This chapter focuses on the challenges and current developments regarding power sys-
tem restoration. This includes reviewing current restoration strategies and regulations,
focusing on concepts and the requirements published by the of Great Britain and
Belgium. In addition, an overview of the challenges when using non-traditional black
start service providers and a review of the characteristics of Grid-Following and in
particular Grid-Forming control structures will be given.

2.1 Power System Restoration

The strategies of system operators to achieve power system restoration can be categorised
into Bottom-up and Top-down. The definitions of both strategies, according to [12] and [13],
are briefly described below:

* Bottom-up: The system re-energisation is carried out by generation units with black
start capability within the control area of the respective system operator, including
those which are islanded on their house load.

¢ Top-down: This restoration strategy is based exclusively on HVDC or HVAC inter-
connections and thus on energy from neighbouring[TSOk.

Some system operators also rely on a hybrid form, i.e. a combination of Bottom-up and
Top-down strategy [7]. However, due to the change in the energy landscape in Europe
towards a higher share of and a simultaneously declining number of Synchronous
Generator (SG)s, as shown in Chapter [I| using Great Britain as a representative exam-
ple, the number of traditional black start service providers is falling. This development
confronts European grid operators with the challenge of outlining the capability require-
ments for the restoration of future power systems with a high penetration of [BRk with-
out relying on the services provided by [9]. Therefore the of Belgium and
Great Britain, i.e. ELIA and have independently conducted studies to assess
black start capability requirements for non-traditional black start service providers [9],
[14]. These studies are the basis for the following sections.

2.1.1 From Blackout to Restoration

In the event of a blackout, various steps have to be taken to restore normal operation
conditions in the power system [9]]. Therefore, this section focuses on the steps required

3



2. State of the Art

for power system restoration after a blackout event, following the Bottom-up restoration

strategy illustrated in Figure 2.1 which has been introduced by in [9].

/Partial or Total Black Start Restoration
Shutdown
s Outward
De-energisation
Energisation
Emergency Control Create/Expand |:>
Power Functionality Power Island

Synchronise

Figure 2.1: Stages for a power system restoration based on non-traditional black start service providers.
Based on [9].

Energisation
Power Island

Figure [2.1{shows that the restoration process is characterised by three main phases: Par-
tial or Total Shutdown, Black Start and Restoration, in order to create microgrids, so-called
power islands, to gradually extend the energisation of the network [9]]. The specific in-
termediate steps, shown in Figure that are involved in achieving this objective are
described in the following.

In the event of a partial or complete shutdown, the power plant operators are informed
to carry out a safe de-energisation of their power plant [9]. The most typical approaches,
according to [9] of how to de-energise a power plant are as follows:

* Trip: The power plants are disconnected from the utility grid and thus no longer
import or export any power.

* Ramp down: If a power plant is instructed to ramp down, it has to decrease its
output power until no more power is exchanged with the utility grid.

* Trip to house load: In this case, a tripping sequence ensures that the power plant
is disconnected from the utility grid, but ensures the supply of certain critical in-
house loads that are necessary to run the generation unit itself.

Despite being de-energised, most generation units still require a power supply, whether
for the emergency control of wind turbine rotor blades or to supply the cooling system of
a thermal power plant. This is also crucial for maintaining the ability to provide restora-
tion services at a later stage. [9], [15]

The black start phase is initialised by re-energising the power plant. However, to be able
to provide black start services, the generation unit must possess, according to [9], the
following three fundamental capabilities:

e Start up itself without being dependent on external power supplies.

* Energise a part of the network.
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* Accept block loading of local demand.

In the following, two restoration strategies will be presented. Both rely on the Bottom-
up approach for power system restoration based on non-traditional black start service
providers shown in Figure

Black Start from Distributed Energy Sources

The traditional restoration strategy in Great Britain relies on large synchronous gener-
ators that directly energise the skeleton of the transmission grid first and regulate load
demand as shown in Figure However, the Distributed Energy Resource based
restoration strategy introduced in [9] aims to re-energise the network, i.e. passive compo-
nents, and subsequently creates a microgrid at the distribution level that operates inde-
pendently of the main utility grid. This is to be achieved through a coordinated process
of different grid-forming units, which involves in the first step the re-energisation of
based generation units and in a subsequent step the restoration of a certain quantity of
loads at once, i.e. block loading. The described process refers to Stage 1 illustrated in

Figure [9], [16]

Transmission ! Distribution
grid grid
Loc,

i

Traditional -
energisation :
path
P <€

1IN\ o o
2B I

ilczmt&@#&

Figure 2.2: Development of microgrids, so-called power islands, for abased restoration strategy.
Based on [16].

i

It should be noted that at Stage 1, the power island, which has an expected size between
1 MVA and 20 MVA, can either be synchronised with the transmission grid, in case this
has already been restored, or the power island can be expanded by energising neighbour-
ing parts of the distribution network (Stage 2), as shown in In Stage 3, the generation
units of the expanded power island could be pooled together to form a virtual power
plant in order to energise parts of the transmission grid or synchronise with other power
islands. However, reaching Stage 2 and Stage 3 is highly dependent on the available gen-
eration units and the existing critical loads that have to be supplied within the power
island. [[11f], [16]

Black Start from Offshore Wind Power Plants

An alternative restoration approach based on a in combination with an energy
storage system connected to the transmission system is presented in [17] and [18]]. As
for the[DERlbased restoration strategy, this approach follows the basic steps presented in
Figure[2.1|and can be divided into three stages as shown in Figure[2.3|[17].
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Figure 2.3: Development of power islands based on a restoration strategy using|(OWPP| Based on [[17].

In the first stage, the system has to be energised, which includes primarily pas-
sive components such as cable connections, substations and the based Wind Tur-
bine (WT)s themselves. This process requires the availability of a black start-capable unit
with control, such as an energy storage system with reactive power capability. The
objective of this phase is to operate the[OWPP]in islanded mode and to be able to keep its
generation in balance with the system’s internal load demand (Stage 1). After reaching
a satisfactory stability level within the islanded system, Stage 2 can start. This
involves initially energising passive components of parts of the transmission and distri-
bution grid, followed by block loading and possibly also the energisation of [GFL]based
generation units at the distribution level. As for the restoration strategy based on [DERS,
the aim is again to create a power island. As this power island is still isolated, it has to be
synchronised with other power islands in the final phase, Stage 3, to gradually restore a
synchronous grid and complete the restoration process. [18]

2.1.2 Regulatory Requirements for Black Start

The in Great Britain and Belgium (ELIA) released black start require-
ments to include non-traditional black start providers. has therefore made re-
gional tender zones as well as one supra-regional wind tender for its transmission sys-
tem. The generation unit operators that fulfil the requirements listed in the tender can
provide their service to[NGESO| The requirements of ELIA are also split into tender zones
but differ between the restoration of the 380kV "backbone" transmission system and the
restoration of four underlying regional tender zones. Table [2.1| summarises the require-
ments from both [TSOk [19], [20]. For only the wind tender is considered and for

ELIA the underlying regional tender zones are considered.
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Table 2.1: Black start requirements given by [NGESO|(wind tender) and ELIA (underlying regional tender)
to connect non-traditional black start providers [19]], [20].

Requirements
National Grid ESO ELIA
Self-start Yes Yes
Time to connect <2h <15-3h
Service availability >80 % Depending on provider
0s <t<2s: U>70% Upy;
+ 10 %
2s < t<12s: U>85% U,;
Voltage control (for energisation and
12s < t: U>90% U,
block loading process)
(only block loading)
Frequency control
475Hz-52 Hz 475Hz-51.5Hz
(for block loading)
Black start service
>10h -
resilence of supply
Black start auxiliary unit(s)
>72h >24h

resilence of supply

> 10 MW (with a

Block loading capability > 10 MW
cos ¢ > 0.8 inductive)

> 50 Mvar leading

Reactive capability > 50 Mvar leading
Depending on provider
Sequential start-ups >3 >3
Short-circuit level t < 80ms: Iz%[kA] ;
(following the start of t> 80ms: IZ%[I(A] ; -
a system disturbance) U = connection voltage [kV]

Inertia value
> 400 MVAs -

(stored energy)

Overall, both demand a self-start within a defined time, after which the generation
unit must be able to provide power to the Point of Common Coupling and keep
it upright for several hours. Further parameters that need to be controlled are voltage,
frequency, short circuit level following a disturbance, and inertia provision. As it is not
further specified in [19] and [20] whether the defined voltage limits refer to instantaneous
or RMS values, the voltage limits are considered to be RMS values. This is also in accor-
dance with the specified voltage limits in the grid code of [21].

Despite the changes and lowered requirements compared to earlier tenders [15], it is still
a challenge for non-traditional black start service providers to meet the requirements. It is
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unlikely that any single-generation unit fulfils all listed requirements. Therefore, NGESO|
and ELIA both allow aggregated generation units to fulfil the requirements. [14], [19],
[20]

2.1.3 Challenges of Black Start

The transition to restoration strategies that rely on non-traditional black start service
providers, as described in Section poses new challenges of various natures. In [18], a
summary of the technical challenges for OWPPf as black start service providers is given,
which is the basis for this section.

¢ Self-Start Capability: At present, usually do not contribute to power sys-
tem restoration as they are equipped with converters and thus most of them
are energised through their grid connection. Integrating black start capability into
the is fundamental for providing sufficient and reliable black start service
providers in the future. The implementation of control topologies in com-
bination with energy storage systems is therefore of great importance. [18]]

* Service Availability: like wind and solar power plants are weather-dependent
and periods of little to no power supply occur. This limits the capacity and reliabil-
ity of black start services. As and ELIA require high availability, and the
output power of fluctuates, can only guarantee the requested black start
service availability for a fraction of their nominal power. The implementation of
energy storage systems can boost the service availability of and increase the
black start service capacity. [18], [22]

¢ Inertia Provision: Conventional power plants provide inertia support through the
rotating mass of their synchronous generators. While some such as solar
power have no inertia at all, others like wind power plants are often not designed
to provide inertia. As an alternative to physical inertia, can provide vir-
tual inertia. However, this requires controlled as a Virtual Synchronous Ma-
chine and energy storage capabilities. Proving inertia support is crucial for
slowing down Rate of Change of Frequency in case of frequency distur-
bances through power imbalances. [18], [23]

¢ Harmonic Performance: The harmonic performance of a system depends on its
components, such as power converters, cables and other passive elements. In addi-
tion, transformers draw transient inrush currents superimposed by harmonic com-
ponents during the energisation process. This is due to the non-linear flux-current
characteristics of the transformer. The magnitude and harmonic content of the mag-
netisation current depend on the switching time and the corresponding residual
flux. According to [8]], large inrush currents can occur especially during the energi-
sation of large transformers in the transmission grid, where no soft-charging of pas-
sive components is possible. To avoid overloading the power converters through
inrush currents, the controller should have current limiters. [8], [24], [25]
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¢ Transient Behaviour: Transient behaviour through switching operations has to be
taken into account in the energisation process, as the harmonic components might
excite resonance, leading to resonant Temporary Overvoltage (TOV)s. This can be
a challenge for the system, as these overvoltages can last for several periods and
might exceed the normal operating voltage. This can trigger protective mechanisms
or cause damage to the devices and in the worst case lead to the restoration process
being aborted. [18]], [25]

¢ Control, Stability and Interoperability: The use of aggregated generation units to
tulfil the black start requirements complicates the energisation process and the op-
eration of the power island in terms of controllability and interoperability. This is
a demanding task as islanded systems are usually weak grids that jeopardise the
stability of the system. Furthermore, the controller of a black start service provider
needs to ensure a smooth transition from islanded operation to grid-connected op-
eration to complete the restoration process. [16], [18]]

2.2 Characteristics of Power Converters

Converters can generally be classified into and based on their control scheme
and operation in power grids. A simplified representation of (GFL|and [GFM| converters

as controllable current or voltage sources is shown in Figure [26], [27]

BUS BUS

| . - Grid o
I N\ ) Grid Zc O {oaa

X
Current z Voltage | ¥

Q* Control c E* Control &Y

b AN AN

(a) Grid-following converter. (b) Grid-forming converter.

Figure 2.4: Simplified representation of power converters as controllable current or voltage sources. Note
that Z¢ represents a low output impedance for the converter and a high parallel impedance for the
converter. Based on [26] and [27].

A converter that injects the maximum available active power into the grid using
Maximum Power Point Tracking , while the reactive power is minimum, refers to
a grid-feeding converter. Therefore this kind of GFL]converter focuses on maximising the
revenue of the[[BR] However, due to the grid code specifications set by grid operators, es-
pecially large-scaled are obliged to support the grid in response to disturbances by
adjusting their active and reactive power output. converters operating in this mode
refers also to a grid-supporting converter. Both modes maintain their active and reactive
power reference values in the grid by regulating the output current as shown in Figure
Due to their synchronization with the phase angle of the grid, which is achieved by
tracking the grid voltage using a Phase-Locked Loop (PLL), at least one voltage source
in the power grid is required that provides voltage and frequency reference. This results

9
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in the key limitations of converter, as they cannot be operated in islanded mode.
Furthermore, due to their grid synchronization, unstable operation of the converter may
occur in the event of voltage and frequency disturbances, especially in weak grids. [27]],
[28]

On the contrary, converters have the ability to create and regulate the grid voltage
as illustrated in Figure and thus can either be the only generating unit in a system in
islanded mode or be operated together with other[GFL]and /or[GFM|converters as well as
with in a grid-connected mode. If a converter can be operated in parallel with
other[GFM}based and [5G, it is also referred to as a grid-supporting converter
[8]. Unlike converters, some[GFM]|do not require a as their self-synchronization
is based on mimicking the principle of power-synchronization of[SGs. However, the con-
verter may become overloaded in stiff grids, as even a small deviation in the phase angle
between the converter voltage and the grid voltage can lead to significant fluctuations in
active power. [26], [27]

According to [27], the most prominent advantages and disadvantages of [GFL] and [GFM]
converters can be summarised as follows:

Table 2.2: Comparison of (GFL|{and control. Based on [27]).

Control Scheme Advantages (+) and Disadvantages (—)

+ Quick regulation

+ Simple control structure

GFL — Lack of frequency and voltage regulation
— Unable to operate in islanded mode

— Instability in weak grids

+ Able to operate in islanded mode

GEM + Ability to regulate frequency and voltage

— Instability in stiff grids

— Easily susceptible to overload

2.2.1 Requirements for GFM Converters

Despite the researched characteristics on[GFM]converters as shown in Table[2.2]and their
already established application in microgrids, there is to date no generally accepted defi-
nition of it [8]. However, a working group of the European Network of Transmission Sys-
tem Operators for Electricity has proposed several capability requirements
for with control at European level in [29], which are listed below:

* Creating system voltage.
¢ Contributing to fault level.

¢ Contributing to system inertia.

10
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* Supporting system survival to allow effective operation of Load Frequency Demand
Disconnection for rare system splits.

e Prevent adverse control interactions.

¢ Acting as a sink to counter harmonics and unbalance in system voltage.

To meet the above requirements, the must behave like a Thévenin equivalent cir-
cuit consisting of a voltage source in series connection with an impedance. This volt-
age source must be controllable in terms of magnitude and frequency to provide inertial
support. This means that the voltage magnitude, frequency and phase angle must only
change slowly during disturbance events, while at the same time allowing large and fast
currents. Besides the first and fourth requirements listed above, which briefly address
the support of restoration after a system collapse, this report also defines that con-
verters must generally be able to support the operation of the network during restoration
without being dependent on [SGp. [29]

2.2.2 Grid Forming Control for Black Start Services

As previously presented, converters can create and regulate a voltage signal and
can operate both in islanded and grid-connected mode, which are the key prerequisites
for a black start service provider as shown in Section and Conversely,
converters are dependent on the synchronisation to an existing grid voltage signal and
can therefore not be black starting units.

In [25], [30] and [31] investigations of various Wcontrol structures with black start ca-
pability are carried out. Based on the investigations of the aforementioned publications,
this section briefly describes their five overlapping topologies and compares their
characteristic properties.

* Droop-Based Control: This control strategy aims to provide active and reactive
power regulation based on Q-V and P-f droop control, which is complemented
by a cascaded current and voltage control loop. The droop-based control strategy
allows the operation of[GFM|converter both in islanded and grid-connection mode.
Another advantage of this control method is the automatic power sharing between
different to balance the power supply, which enables parallel operation with
other generation units, without the necessity of fast and reliable communication,
which can be difficult during a blackout. However, it should be noted that the
droop-based approach can generally lead to steady-state errors. [25], [31]

¢ Virtual Synchronous Machine: The key element of this approach is the implemen-
tation of the swing equation to emulate the inertia provision of a[SG| According to
[23], three categories of implementations can be distinguished based on their
output reference, i.e. current, voltage and power reference. The actual implementa-
tion can be realised with different degrees of complexity up to high-order models.
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The advantage of higher-order models is that the parameters can be set to emulate
the characteristics of real SGp. These can be further adapted digitally depending
on the application, without the physical constraints of a real SG| A disadvantage is
that high-order models might lead to numerical instability. [23], [25]

¢ Power-Synchronization Control: The Power-Synchronisation Control was designed
for HVDC applications in weak grids. It uses active power for grid synchronisa-
tion and calculates the phase angle by integrating the power difference, which dif-
ters from the Virtual Synchronous Machine approach using the swing equation. This
leads to a comparatively higher stability margin. Further, to avoid overloading the
converter a current limit has to be implemented. The disadvantage of the control
structure is that without any modifications it provides no virtual inertia and damp-
ing as well as the necessity to have a for applying current control in the event
of faults in the grid and initial phase synchronisation. [25], [30]

* Distributed [PLL} This control strategy [32] was developed for an[OWPP|that is con-
nected to HVDC, that relies on a diode rectifier. The operating principle is based
on the active power flow determining the d-axis voltage reference and the reactive
power demand of the HVDC diode rectifier determining the frequency using Q- f-
droop control. This approach differs from the conventional purpose of a[PLL} as the
reference voltage of the g-axis is not regulated to zero, but a frequency control loop
is implemented to set the voltage reference for the g-axis. However, in [32] only
limited findings are provided, as this control strategy was only used to perform a
black start of the[OWPP]itself and its synchronisation with an already energised on-
shore grid, thus the effects of energising an export cable and the onshore converter
were not investigated. [25], [30], [32]

* Direct Power Control: The Direct Power Control strategy was initially designed for
Pulse Width Modulation (PWM) converters and is characterised by instantaneous
active and reactive power control without the need for grid voltage measurements
[33]. A modification to a control structure is presented in [34], however, volt-
age measurements are required here, as it includes a[PLLjto perform reference frame
transformations and to detect phase angle deviations when operating in island
mode in the case of a system split. Furthermore, the estimated angular frequency
of the is used to perform P-f drop control for setting the active power refer-
ence to counter frequency deviations. This control structure has two outer control
loops, an active and a reactive power control loop regulating the internal converter
voltage and phase angle respectively. A characteristic of this modification is that it
can cope with Short Circuit Ratio (SCR)s of less than 1.5. As a disadvantage miss-
ing electromechanical characteristics such as inertia emulation or damping can be
identified. [25]], [34]

The five control strategies presented originate from various applications such as
HVDC or and therefore possess distinct characteristics. However, they all show
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potential black start capabilities according to [25]. A comparison of the advantages and

disadvantages of the presented control strategies based on [25] is shown in Table

Table 2.3: Comparison of control strategies. Based on [25].

GFM Control Strategy

Advantages (+) and Disadvantages (—)

Droop based Control

+ Automatic power sharing

— Steady-state errors might occur

Virtual Synchronous Machine

+ Virtual inertia and damping provision
— High complexity and numerical instability

for high-order models

Power-Synchronization Control

+ Developed for applications in weak grids

— Lack of virtual inertia and damping

Distributed PLL

+ Autonomous frequency control and automatic
synchronization techniques
— The research is limited to the synchronisation to

an energised grid.

Direct Power Control

+ Able to work in grids with low [SCRs

— Lack of virtual inertia and damping

2.3 Summary

In this chapter, restoration strategies with non-traditional black start service providers

and the associated challenges were introduced. Moreover, relevant black start require-
ments given by the of Great Britain and Belgium were described. Finally, the char-
acteristics of [GFL]and [GFM] converters were highlighted and a review of potential
control topologies for black start purposes was presented.
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3 Problem Statement

Based on the findings in the Introduction and the State of the Art, it will be important to
investigate the impact and feasibility of new black start service providers as traditional
ones are phased out to reach dedicated climate goals. This leads to a number of chal-
lenges, e.g. in terms of self-start capability, service availability, but also control capability,
to maintain the same level of reliability as traditional black-start service providers. In
[24], a study is conducted, confirming the usability of a STATCOM with an integrated bat-
tery energy storage system for black start services. It is argued that the fast and dynamic
reactive power response of the STATCOM along with the battery unit and its ability for
bidirectional active power flow can provide inertial, frequency and voltage regulation
that fulfil the black start requirements given by the British[TSO|[24]. This master’s thesis
uses the investigations made in paper [24] as proof of concept for this technology and as
an argument for further research, which leads to the following problem statement:

Can a STATCOM with an integrated battery energy storage system (STATCOM-
BESS) with grid-forming control structure be used to energise a transmission system
and subsequently a distribution system while complying with the black start require-
ments specified by the Belgian and British|{TSOp?

Objective

The main objective of this project is to build a controller with black start capability
for the STATCOM-BESS and to evaluate its performance and impact on the system when
energising an islanded system. The focus is initially the energisation of transformers and
an overhead line at the transmission level and subsequently creating a power island with
load and generation units connected to the distribution level. This process refers to Stage

2 shown in Figure
-—> Static Load

— —@ Dynamic Load

HL

Grid Forming Unit

STATCOM

220 kV
o
>
) (
33 KV

BESS

33 kV

( @

Figure 3.1: Basic schematic representation of the system considered in this project.
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The stages for the energisation process shown in this figure refer to Section 2.1.Tand its
part Black Start from Offshore Wind Power Plant. It is therefore assumed that the STATCOM:-
BESS is located at an onshore substation of a network connected to the transmis-
sion grid. It is to be noted that Stage 1 shown in the energisation of the
and Stage 3, the synchronisation with other power islands, will not be considered in this
project. Therefore, this project considers the following objectives:

* Build a system model in PSCAD consisting of a STATCOM-BESS as unit, two
transformers, an overhead line, a unit as well as static and dynamic loads.

* Build a controller for the STATCOM-BESS and the controller for the gen-
eration unit connected to the distribution level in PSCAD. The controller shall
have black start capability.

* Energise the modelled transmission system including an overhead line and trans-
formers and investigate the system response and the developed controller.

¢ Perform block loading of static and dynamic loads at the distribution level to create
a power island. Moreover, the performance of the STATCOM-BESS and the
unit as aggregated units during the block loading is to be analysed.

Sucess criteria

The success criteria for the restoration process and thus for the development of the con-
trollers is to fulfil the following requirements during the energisation process:

* Independent self-start of the unit.

* Maintain RMS voltage and frequency limits during the energisation process includ-
ing block loading.

¢ Comply with the current limits of the controllers at any time.

The first two requirements refer to the released specifications of the Belgian and British
IS0k, given in Table while the current limits will be defined in the corresponding
modelling sections of the controllers.

3.1 Limitations

The project excludes the following topics and makes the following assumptions due to
time constraints, relevance or complexity:

* Constant DC Link voltage: Battery dynamics, state of charge, and potential weather
dependencies are neglected. Therefore an ideal DC-link voltage is assumed for the
STATCOM-BESS and [GFLI model.

¢ Circuit Breakers: No single pole operations of the circuit breakers are considered
in this project, meaning all phases are switched simultaneously.
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3. Problem Statement

Protection: Protective devices, that would lead to disconnection of generation unit
or other power system components during disturbances are not implemented or
investigated in this project.

PWM Signal: The control of the switching devices generating a PWM signal at the
inverter output is excluded from this project. Instead, average models are used
for the [GFM| and [GFL] units, allowing a direct conversion from the dqg to the abe
reference frame to generate the three-phase voltage signal at the output.

e [OWPP| Network: The [OWPP|network, connected to the onshore substation where

3.2

the STATCOM-BESS is located, is not part of this project. This decision was made
at an earlier stage of the project to focus on the control of STATCOM-BESS and the
energisation of the transmission as well as the distribution system.

Structure

The content of the project is structured into the following chapters:

Chapter 1: The first chapter emphasises the necessity of investigating new restora-
tion strategies and new potential providers of black start services.

Chapter 2: The state-of-the-art chapter describes the restoration strategy based on
non-traditional black start service providers. In addition, the challenges and re-
quirements associated with the restoration process are described. Emphasis is also
put on the characteristics of and in particular control topologies.

Chapter 3: In this chapter, the problem statement is presented, including the objec-
tives, success criteria and limitations of the project.

Chapter 4: This chapter will contain the modelling of the system in PSCAD and
the corresponding control scheme of the STATCOM-BESS. Subsequently, the
response of the STATCOM-BESS to a sudden load change will be tested.

Chapter 5: In this chapter, the modelled transmission system will be energised ini-
tially with an ideal voltage source and later with the STATCOM-BESS as the black
start service provider. The response of the system and controller during the black
start will be analysed.

Chapter 6: In this chapter, the modelling of the distribution system including the
the dynamic load and the unit will be described. After this, the block loading
with static and dynamic load models at the distribution level will be performed
aiming to establish a power island. The performance of the STATCOM-BESS and
the [GFL] unit as aggregated units during block loading will be analysed.

Chapter 7, 8 & 9: In the final chapter, an overall conclusion is drawn based on
the results of the black start investigations and relevant findings will be discussed.
Possible future work and improvements for the continuation of this project will be
presented.
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4 System and Controller Modelling

This chapter describes the modelling of the system in PSCAD and the corresponding
control scheme of the STATCOM-BESS. Initially, the components of the system are
briefly described, followed by transformer saturation modelling in PSCAD. Afterwards,
the implementation and the characteristics of the individual control loops of the
controller are presented. Finally, the response of the STATCOM-BESS to a sudden load
change is evaluated through a step response test, to ensure that the built[GFM] controller
works satisfactorily.

4.1 System Description

As described in Chapter |3, a STATCOM-BESS is considered to be the black start ser-
vice provider in this project and is assumed to be located at an onshore substation of an
OWPDP| Figure 4.1|shows the single-line diagram of the system built in PSCAD.

00034 [H]
STATCOM

BESS OHL50

544.5 [ohm]

Figure 4.1: Single line diagram of the modelled system in PSCAD.

The components of the system include a STATCOM-BESS with an LC filter at Bus1, two
transformers and an overhead line between Bus2 and Bus3. The static and dynamic load
model shown connected to Bus4 will be discussed in Chapter [}

The STATCOM-BESS has a rated power of 50 Mvar and 10 MW, following the minimum
requirements given in Table The LC filter of the STATCOM-BESS consists of a series
reactor and a shunt capacitor. The reactance of the series reactor L is 0.0034 H, which
corresponds to 0.05 pu of the base impedance Zpg,,. as shown in the following: [24], [35].

VnZ,SB _ 0.05 - ZBase

Sn.SB Bt 27 - f
Here the parameters V;, sg and S, sp are the nominal voltage and the nominal apparent
power of the STATCOM-BESS respectively. The shunt capacitor Cy has a twofold func-
tion, namely the provision of reactive power and the filtering of harmonic components in

ZBase = (4.1)
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4. System and Controller Modelling

combination with the series reactor by providing a low-impedance path to the ground.
The capacitance of the filter C'; is set to 7.3 pF and is determined following [35]:
1

C = Cy=0.05-C 4.2
Base o - f ) ZBase — f Base ( )

The STATCOM-BESS including its LC filter is connected to the transmission system by
a 33kV/220kV step-up transformer. For the 50 km long overhead line between Bus2 and
Bus3, the Frequency-dependent (phase) model is used to accurately reflect the frequency be-
haviour of the line [36]. The parameters of the line model are based on [37]]. A 220kV/33kV
step-down transformer connects Bus3 with Bus4, where a static and dynamic motor load
is connected to the system at Bus4. Further description for the load modelling will be
covered in Chapter|6]

An overview of the parameters of the line model can be found in Figure |A.1} while the
ratings for the STATCOM-BESS including filter are given in Table [A.1]in Appendix [A]

Transformer Saturation Modeling

In PSCAD a basic saturation characteristic of a transformer is defined by using three pa-
rameters: Air Core Reactance, magnetising current I,,, at nominal voltage V,, and knee
voltage Vj.. Note that the saturation curve asymptotically approaches the line formed by
the knee point and the the air reactance. [38]

The resulting saturation curve describing the relation between magnetic flux A and mag-
netisation current 7,,, given by PSCAD [39] can be seen in Figure

A A Slope based on
air core reactance

Saturation Characteristic

N,

I, T

Figure 4.2: Core saturation characteristics of the transformer model in PSCAD. Based on [39].

In Figure the steady-state operation range at rated conditions is seen as the range
below the red dotted line [39]. The knee point K of the saturation curve is defined in
per unit of the nominal operation point and is typically in the range of 1.15 pu to 1.25 pu
[39]. The relation between magnetic flux and voltage in the linear range is described in
the following Equation [39].

A= / Vi(t) - dt 43)
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4. System and Controller Modelling

Here ) is the magnetic flux, V7, is the winding voltage and ¢ is the time between zero
crossings. The relation of the knee point of the flux A\ and the peak magnetic flux A\s at
nominal operation conditions is defined in the following equation [39].

A =K - Ay (4.4)

These considerations are used in the PSCAD model for this project and built the foun-
dation of the transformer model. The parameters of the transformer model are based on
[37] and can be found in Table[A.2]in Appendix[Al Furthermore, a theoretical description
of the transformer saturation can also be found in also in Appendix [A]

4.2 GFM Controller Description

The control structure considered in this project refers to a control and is based
on [40]. The choice of was made due to its specific ability to provide virtual inertia
and being able to operate in islanded mode [40], [41]. The frequency characteristic of the
is based on the principle of power synchronization by emulating the dynamics of
the swing equation, which is the basis for the determination of the phase angle 6 used
for all dg-abc and abc-dq transformations [41]]. Therefore the does not rely on grid
synchronization methods using[PLLk. The reference for the voltage amplitude is adjusted
by a Q-V droop controller. The cascaded control loops of the can be seen in Figure
where a distinction is made between power, current and voltage control loop [40].

Bus1
STATCOM Ly |
BESS : I
'y iabc,meas Cf J_ Vabe,meas |
Vinw
T T T T T T T
Current Control Voltage Control

Vd,meas ¥d,meas

1
1
1
1
1
1
1
abc 1
dq :
0 ! 1
! 1
I 1
I 1
I 1
L
I : ]
1 P-f Control I Q-V Control I
1
1 1
I Aw Wn N Av *
e () e b (e
1
1 1
1 Wy Prneas 1 vVie 0 v}, Qnmeas I

Figure 4.3: Average model of the based control structure used in the STATCOM-BESS. Based on
[40].
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The input signals vgmeas, Vg,meass td,meas AN %g.meas Of the control structure are based on
the measured voltage and current signals i4pc meas aNd Vgpe,meas- The measured signals are
converted into the dg-reference frame, and fed into the voltage and current control loop.
The active power Py,¢qs and reactive power Qeqs supplied by the STATCOM-BESS and
used in the outer power loops can be described as follows [42]:

Prieas = VUd,meas * Ld,meas T Ug,meas * Lq;meas =~ VUd,meas * Ud,meas (45)

Qrmeas = —Vd,meas * bq,meas T Vg,meas * *dmeas = —Ud,meas * bq,meas (46)

In Eq. (4.5) and it can also be seen that setting the reference v; to zero as shown in
Figure leads to a simplification of the Py,cqs and Qmeqs relations in steady state.

The modelling and characteristics of each control loop are further explained in the fol-
lowing sections:

e Section This section describes the implementation and behaviour of the P-f
control loop that determines the phase angle § by mimicking the inertial behaviour

of a[SGl

¢ Section In this section the Q-V droop control which adjusts the reference for
the voltage amplitude is described.

* Section This section includes a description of the basic functionality and the
tuning process of the current and voltage control loop.

* Section In this section the response of the STATCOM-BESS to a sudden load
change of 10 MW is analysed to validate the determined control parameters.

4.2.1 P-f Control

An important part of power systems is the stored kinetic energy in the rotating mass of
the [SG| to balance fluctuation between generation and load demand. Under balanced
conditions, the rotating mass runs with nominal frequency and through its inertia, it
behaves as a storage of potential energy. This leads to its ability to resist changes in
rotational speed and therefore changes in frequency. The behaviour of the rotor speed
and therefore the grid frequency to imbalances in power can be described through the
following swing equation according to [43].

d?0,,
dt?
Here wy, is the mechanical angular frequency of the rotor, J is the moment of inertia of

Jwm =P, P, (4.7)

the rotating mass, 6,, is the mechanical angle of the rotor, and P, and P. are mechanical
and electrical power acting on the rotor.

The higher the moment of inertia and the angular frequency, the more kinetic energy Ej;),
is stored in the rotating mass, which is described as Inertia Value by in Table
and has to be at least 400 MVAs. For a the inertia constant H describes for how many
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seconds the rated power of the machine S, can be drawn from the stored kinetic energy
in the rotating mass until the machine would stand still. This can be described through
the following equation [44].

Eiin  Jw?
H = = m 4.
S, 285, (4.8)

With not having a rotating mass, the P-f control of the fulfils the function of
emulating the frequency characteristic of a rotating mass of a|SG|and behaves as a first-
order Low-Pass Filter (LPE), according to the transfer function given in the following

equation [40].
Wn,

=G ms+ D,

(4.9)

Here H represents the inertia constant in seconds, which slows down the change in fre-
quency. D, is the damping constant, and w,, represents the nominal angular frequency
[40]. Note that 2 - H is here defined according to [45] as the moment of inertia .J.

and ELIA do not state a minimum inertia constant in their requirements, but
in grid code, it is given that the inertia constant H can be calculated using the

equation below [21].
Inertia Value [MV A]

~ Rated Machine Power [MV A]
With an Inertia Value of 400 MVAs and a rated machine power of 51 MVA, this leads to an
inertia constant of 7.8s.
To calculate the damping constant D), from the transfer function given in Eq. (4.9), it
was chosen that a change in active power output of 100 % of the STATCOM-BESS, which
equals 0.196 pu of the apparent power, should lead to a change in frequency of 5 % [21].
This corresponds to a change of 1 Hz per 4 MW active power output of the STATCOM-
BESS and results in a droop constant of R = 0.255. Its reciprocal value is the damping
constant D,,, which is calculated through the following Equation and leads to a damping
constant of D,, = 3.92 [45]:

(4.10)

1
D,=— 4.11
p R ( )
The behaviour of the implemented P-f control can be seen in Figure which shows
the correlation of the difference between F,,c.s and P* and the corresponding controller

output frequency.

Power Frequency Correlation
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Figure 4.4: Behaviour of the frequency under change of active power as described in Eq. (#.9). The active
power of 10 MW represents 0.196 pu of the total apparent power output of the STATCOM-BESS.
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The P-f control sets an output frequency of 50 Hz when P,,..s equals P*. At 5s, a load of
10 MW is connected, leading to a drop in frequency down to 47.5 Hz. In the initial mo-
ment, the speed of the frequency drop is limited by the inertia constant, while afterwards
the damping constant limits the frequency to 47.5Hz. The highest occurring is
0.625 Hz/s, which is below the maximum of 1Hz/s, as specified by [21].
When reducing the load at 30 seconds, the frequency increases again to its initial state of
50 Hz.

4.2.2 Q-V Droop Control

For adjusting the voltage reference of the STATCOM-BESS, a Q-V droop control is imple-
mented in the control structure. The Q-V control is based on the following equation
[40].

U:(l = U;; - I(q(c2>k - Qmeas) (412)

The output value v} of the Q-V droop control is defined through the nominal output
voltage v;; and Aw that is adjusted through the droop constant K, and the difference
between setpoint Q* and the measured reactive power Q,¢qs. The droop is calculated to
be K, = 0.051, leading to an 5 % change in v}, per 50 Mvar change in the reactive power
output of the STATCOM-BESS. The output of the Q-V droop control is limited to an
output value between 0.95 pu to 1.05 pu, to ensure that the RMS voltage limits of £10 %
around the nominal voltage given by NGESQ]are fulfilled.

In steady state with an inductive load, the STATCOM-BESS provides reactive power and
therefore increases v;;. When connecting a capacitive load, the STATCOM-BESS absorb
reactive power and the setpoint v}, decreases.

4.2.3 Voltage and Current Control Loop

The cascaded voltage and current control loop shown in Figure form the two in-
ner control loops of the outer power loops. Both inner control loops are based on PI
controllers and consist of decoupling terms for independent control of their d- and g-
components [46]. While the voltage control loop aims to maintain the set reference val-
ues vy and vy, it defines the current references i and i} for the current control loop. The
following current control loop adjusts the output voltage of the STATCOM-BESS accord-
ingly to meet the power demand set by the loads of the islanded system.

Moreover, current limits are implemented for i and i, to ensure that the physical limits
of the STATCOM-BESS are not violated due to overcurrent. Based on [47] inverters are
typically designed for a maximum total current between 1 pu and 1.2 pu of their nominal
current. Therefore, the current limits are set to +0.22 pu for ij; and +1.08 pu for iy, corre-
sponding to a maximum total current of 1.1 pu.

Furthermore, it is constantly monitored whether the specified current limits are exceeded
in order to freeze the output of the PI controller in the voltage control loop. This is done
to prevent the output of the PI controller from rising uncontrollably when the current
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references reach their specified limit, which improves the overall stability of the
controller.

Tuning Voltage and Current Control Loop

Following the design and implementation of the P-f and Q-V power control loops in the
previous section, the control parameters for the voltage and current control loops need
to be determined in order to provide a fast and accurate response while maintaining the
stability of the controller. The tuning of the control parameters in MATLAB is initially
based on the basic structure of the voltage and current control loop illustrated in Figure

4.5

Pl Controller PI Controller
Step Voltage Control Loop Current Control Loop Plant
1 1 1
Kp- (14— + > Kp- (14 —=—) —> — >
p Ot gy) - AT Ls

Figure 4.5: Simplified structure of the cascaded voltage and current control loop for the tuning process in
MATLAB.

Both control loops consist of a PI controller, whereby the voltage controller represents the
outer control loop of the current controller and thus forms a cascaded control scheme. For
the current control loop, the series reactor L of the LC filter acts as the plant with a value
of 0.159 x 1073 pu at 50 Hz based on the design criteria given in Section The plant for
the voltage controller is formed by the closed current control loop.

As the focus of the current control loop is on fast and accurate response, the design cri-
teria for the current control loop are a bandwidth of around 500 Hz, a phase margin of
>45° and a maximum overshoot of 5% [48]-[50]. The dynamics of the voltage control
loop should be about ten times slower than those of the current control loop. This is done
to decouple the two control loops and avoid inferences between them [48].

However, during the initial testing of control parameters in the PSCAD model by apply-
ing a sudden load change of 10 MW to the STATCOM-BESS, the controller response
showed severe oscillations and instabilities. This occurred despite prior assessment of
the control parameters in MATLAB with a step response test using the simplified struc-
ture shown in Figure It was found on an experimental basis in PSCAD that to over-
come these problems and maintain a stable operation of the controller, the response of the
voltage control loop had to be slowed down significantly, resulting in a response approx-
imately 1000 times slower than the current control loop. The selected control parameters
for the PI controllers for the current and voltage control loops are a compromise between
low overshoot and fast response of the controller when applying the aforementioned
sudden load change in PSCAD. Table[4.1|provides an overview of the control parameters
Kp and T; including the bandwidth BW of both control loops.
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Table 4.1: Control parameters for the PI controllers including the bandwidth BW of both control loops.

K, T, BW
Voltage Control Loop | 0.375 0.1 0.47 Hz
Current Control Loop | 0.5 0.05 502 Hz

When applying a step at the input of the control scheme shown in Figure 4.5| with the
control parameters specified in Table 4.1} the following step response can be observed in
MATLAB:

Step Response Test: MATLAB
T T T

—
T

———— Current Control Loop
Voltage Control Loop
I I

Amplitudel[-]
o
<
T

0 I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time [s]

Figure 4.6: Step response in MATLAB of the voltage and current control loop.

Here the significantly lower response time of the voltage control loop compared to the
current control loop can be observed. In detail, the voltage control loop has a settling
time of 1.27s and an overshoot of zero, while the current control loop has a settling time
of 0.0013 s and an overshoot of 0.6 %. Overall, it can be seen that both control loops show
stable responses, with the current control loop fulfilling the defined requirements. The
response of the voltage shows that the requirement to be around ten times slower than
the current control loop is far from being met.

4.2.4 Step Response Test in PSCAD

As aforementioned, the control parameters shown in Table 4.1| were mostly determined
by observing the response of the controller to a sudden load change. A load change
of 10 MW was applied on the STATCOM-BESS including the LC filter in PSCAD. For
the test, the voltage is ramped up from Opu to 1 pu in 0.3s. Afterwards, a resistive load
with 108.9 2, corresponding to 10 MW, is connected to Bus1 at 0.4 s instead of the system
shown in Figure[d.T} The load is then disconnected at 0.6 s. The corresponding phase volt-
age VUmeas, the voltage magnitude |vp,cqs|, the voltage reference v}; of the controller,
the power demand of the islanded system and the frequency of the STATCOM-BESS dur-
ing the test period are shown in Figure 4.7}
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Step Response Test: PSCAD
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Figure 4.7: Response of the phase voltage vmeas, the voltage magnitude |vmeas|, the voltage reference v} of
the[GFM] controller, the power demand of the islanded system and the frequency of the STATCOM-BESS
during the test period. Note that 1 pu correspond to a phase voltages with Upeqr = 26.9kV and that the

voltage magnitude is calculated using the a-f3 reference frame: |vjeas| = /03 + v5.

The first two subfigures show that the controller can satisfactorily follow its voltage set-
point defined by v} and thus can precisely control the voltage v,,cqs during the voltage
ramp-up. To validate the accuracy of the implemented Q-V droop control, Eq. is
applied at 0.39s with Qeqs being —2.473 Mvar, Q* being 0 Mvar and v}, being 1 pu, re-
sulting in a v} of 0.9975 pu. This corresponds precisely to the actual value for v} present
in the second subfigure of Figure[d.7]

When the resistive load is connected at 0.4, the voltage magnitude |vy,cqs| shows a dip
to around 0.83 pu. However, the controller of the STATCOM-BESS responds in a stable
manner to the disturbance by regulating the voltage vycqs back to a steady state within
4.1 ms, considering a tolerance band of 1 %. When the load is disconnected, the voltage
magnitude |vpeqs| sShows a peak of about 1.19 pu and reaches a steady state after 2.5 ms.
The seen voltage transients, mainly occurring in Phase A, are within the tolerable range
according to the RMS voltage limits given by [NGESO|in Table[2.1} as shown in Figure[4.8|
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Figure 4.8: Response of the the line-to-line RMS value of vieqas during the test period. Note that 1 pu
correspond to a line-line RMS voltage of 33 kV. The RMS value is calculated digitally in PSCAD for each
simulation time step with an observation window of 20 ms.

The third subplot in Figure |4.7|shows that the STATCOM-BESS is able to meet the active
and reactive power demand of the islanded system, which is determined by the con-
nected resistive load and the passive components of the filter. Note that the rise and
decay of active and reactive power are slowed down by the smoothing time constant of
0.02s, used for power measurement in PSCAD.

The last subplot shows that the generated frequency of the P-f control decreases slowly
from 0.4s as intended due to the positive difference between P,cqs and P*. It reaches
a minimum of 49.88 Hz after 0.66s and starts rising again due to disconnection of the
load. The reason for the delayed minima after the disconnection of the load is that mea-
sured active power does not decrease immediately to zero, due to the smoothing time
constant of the power measurement. The comparatively small frequency drop is due to
the short time duration of 0.2 s in which the load of 10 MW is connected, as well as the
inert frequency response through the implemented transfer function specified in Eq.
as shown in Section[4.2.1]

4.3 Summary

In this chapter, the system model has been introduced and the corresponding control
loops of the[VSM] control scheme were highlighted. The overall performance of the GFM|
controller and the determined control parameters were tested by simulating a step re-
sponse test in the form of sudden load changes. From this, satisfactory results were ob-
tained, leading to the conclusion that the controller works as intended.
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5 Analysis I: Transmission System Energi-
sation

In this chapter, the behaviour during the energisation of the transmission system till Bus4
will be analysed. The simulations are done in PSCAD with a time step of 100 ps and are
the basis for analysing the response of the transmission system and the corresponding
black start service provider during the energisation of the system. The chapter is there-
fore structured as follows:

* Section This section focuses on the energisation of the transmission system
till Bus4, where an ideal voltage source provides a rigid output voltage before the
series reactor L. The current drawn by the passive components such as the filter,
overhead line and transformers are investigated by connecting them one by one.
Different mitigation techniques are tested to reduce disturbances during the black
start process.

* Section[5.2} This section focuses on investigating the origin of the disturbances dur-
ing black start by measuring at different points of the transmission grid. It follows
the energisation procedure and mitigation techniques introduced in Section

o Section In this section, the energisation of the transmission system till Bus4 will
be carried out with the[GFM|based STATCOM-BESS as black start service provider.
The system and controller responses during the energisation process will be anal-
ysed.

5.1 Initial Black Start Investigations with Voltage Source

In the following section, a constant voltage source is used to represent the STATCOM-
BESS in simplified form, to assess the response of the individual passive components to
the energisation process. The results are presented in the following from the perspective
of the black start service provider.

Energisation Filter and Transformer 1

In the first step, the system shown in Figure 4.1|is energised up to BRK2, including the
LC filter and Transformer 1, by using the soft-charging technique. This is done by slowly
increasing the voltage from 0 pu to 1 pu using a|[GFM]inverter or, as in this case, a voltage
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5. Analysis I: Transmission System Energisation

source [8]. Soft charging has the distinct advantage of being able to limit the transient
inrush currents during the energisation process [17]. The system energisation for the LC
filter and Transformer 1 is considered to be a legitimate procedure as this part of the system
is commonly energised in Stage 1, see Section along with the passive components
of the system. However, soft-charging is only applicable for the first energisation
stage and can not be repeated for the following stages, as parts of the system are already
in operation at this point. For the implementation of soft-charging in this project, three
different voltage ramp-up times are tested in Figure|5.1|to evaluate their influence on the
magnetizing current of Transformer 1 and consequently the transient inrush current in the
system.

%10-3 Magnetization Current Transformer 1

Current [pu]

Current [pu]

Current [pu]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Time [s]

Figure 5.1: Magnetisation currents of Transformer 1 with different voltage ramp-up time applied on the
voltage source: 0.05s, 0.15s and 0.3 s. It should be noted that the voltage ramp-up times are defined by
their duration to increase from 0 pu to 1 pu voltage. Note also that 1 pu corresponds to the nominal phase
current of 1.262kA and that the polarity of the magnetisation current is changed to match with Figure[5.2}
as PSCAD measures magnetisation current in the transformer model with different polarity.

Overall, it can be seen that all applied voltage ramp-up times lead to comparatively low
magnetisation currents since according to [51]], these can reach a multiple of the nominal
magnetisation current of a transformer. The upper subfigure shows that a voltage ramp-
up time of 0.05s still leads to a saturation of Transformer 1. This results in a maximum
magnetising current of about 0.01 pu in Phase B and asymmetries in all phases that decay
over time. A lower magnetising current can be achieved with a voltage ramp-up time
of 0.15s, as shown in the middle subfigure. However, asymmetries are still present in
all phases with a maximum value of about 0.004 pu in Phase B. In the bottom subfigure,
with a voltage ramp-up time of 0.3s, no severe asymmetries can be observed and the
current peak only reaches about 0.003 pu. The overall current waveform corresponds to
a minimum to no saturation of Transformer 1 [51]. Therefore a voltage ramp-up time of
0.3 s is deemed satisfactory for soft-charging the LC filter and Transformer 1.
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5. Analysis I: Transmission System Energisation

Energisation Overhead Line and Transformer 2

In the following energisation step, the passive components of the overhead line OHL50
and the Transformer 2 are energised by hard switching. This is done by energising one
component after another with a sufficient time interval in between [8]. Therefore the
overhead line is first energised at 0.5s followed by the second transformer at 1.5s. The
output current of the voltage source over the whole energisation period is shown in[5.2}

Current of Voltage Source
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Figure 5.2: Output current of the voltage source with two zoomed subfigures when the breaker BRK2 and
BRK3 closes at 0.5s and 1.5 s respectively. The transparent lines show the current without a tap changer,
while the full lines show the output current when the secondary voltage of Transformer 1 is reduced by 10 %
through the tap changer. Note that 1 pu corresponds to the nominal phase current of 1.262 kA.

Considering only the transparent lines in this figure, large transient inrush currents in
the output current of the voltage source can be observed at the two switching instants
0.5s and 1.5s. When the overhead line is energised, a transient current with a peak value
of more than 1.5 pu can be noted in Phase B and C, which decays as underdamped os-
cillation within 0.2s [52]. Phase A shows minimum to no transient response but is also
superimposed by a frequency component of around 350 Hz as Phase B and C due to an
interaction between the line capacitance and the inductive elements in the system. The
lower transient response in Phase A can be explained by the voltage in Phase A being
at zero crossing, while Phase B and C are close to their peak value and therefore have a
higher transient response [52].

During the energisation of Transformer 2 starting at 1.5s, the transient inrush currents
reach a maximum of about 2 pu. These maximum peaks occur several cycles after the
breaker BRK3 was closed. However, here the decay process lasts longer than 1.5s, and
the current signals are superimposed by more than one dominant frequency component
resulting in highly distorted current waveforms. A more detailed analysis of the fre-
quency and DC components contained in the phase currents of the voltage source during
the whole energisation process can be found in Figure B.2]in Appendix

At both switching instants, transient currents at the output of the voltage source would
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5. Analysis I: Transmission System Energisation

exceed far the specified current limits of 1.1 pu as described in Section To mitigate
the observed transient currents, the voltage is reduced by implementing an on-load tap
changer on the high voltage side of Transformer 1 [43]. The basic schematic of the used
tap changer can be found in Figure in Appendix [B.1} Following the lower voltage
limit for the energisation process given in Section the tap changer is set to a value
of —10%. The effect of this implementation can be seen again in Figure marked as
full lines. While this implementation has only a small damping effect on the transient
currents for the overhead line energisation, it leads to a significant reduction of the maxi-
mum current transient of around 60 % when Transformer 2 is energised at 1.5s. Addition-
ally, the previously existing long-lasting decaying process is significantly shortened.

Since the maximum transient current still reaches about 1.43 pu, Pre-Insertion Resistor
(PIR)s are additionally implemented in the breakers BRK2 and BRK3. Generally,[PIR|have
the ability to lower the peak and fasten the decay of transient currents [31]. The schematic
of the[PIRstructure used by PSCAD [53]] can be found in Figure[B.1bjin Appendix[B.1} The
value for the resistance is chosen to be 600 €2, while the on-time is set to 10 ms following
[54] and [55] respectively. Figure [5.3|compares the output current of the voltage source
for the energisation process up to Bus4 with and the tap changer to the results in
Figure[5.2 where only the tap changer is used.
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Figure 5.3: Output current of the voltage source with two zoomed subfigures when the breaker BRK2 and
BRK3 closes at 0.5 and 1.5 s respectively. The transparent lines show the current with a tap of —10 % at
Transformer 1, while the full lines show the output current whean[_Kls in breaker BRK2 and BRK3 are
implemented additionally. Note that 1 pu corresponds to the nominal phase current of 1.262 kA.

The damping effect of the additionally implemented can be clearly seen in the fig-
ure above. During the on-time of the in BRK2 between 0.5s and 0.51 s the maximum
occurring current peak can be reduced to 0.86 pu and oscillation are mostly suppressed.
After 10 ms, when the in BRK2 is bypassed, a superimposed frequency component
with a significantly smaller amplitude than without is visible in all phases with the
previously found frequency of about 350 Hz. It can also be seen that the application of
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5. Analysis I: Transmission System Energisation

a leads to a much faster decay of the transient currents when closing breaker BRK2.
When energizing Transformer 2 at 1.5, the[PIR]in BRK3 also leads to significant improve-
ments by reducing the maximum transient currents by more than half to around 0.55 pu.
In addition, the decay process can be significantly further accelerated, leading to an ear-
lier settling of the current to a steady state.

In Appendix the influence of the and implemented tap changer in Transfomrer 1
on the frequency and DC components in the phase currents of the voltage source during
the whole energisation process is further investigated.

5.1.1 Discussion and Summary of Initial Investigations

Overall, it can be seen that the combined application of transformer tap changer and [PIRk
results in a substantial reduction in the maximum transient currents from around 2 pu to
0.86 pu and to a much faster decay process. Moreover, the harmonic components occur-
ring during the energisation process can be successfully damped, as shown in Appendix
However, it should be noted that the implementation of has the disadvantage
that it leads to higher system costs and additional losses during its on-time, i.e. heat
dissipation [31]. The losses during the on-time of 10 ms are investigated in Figure |B.6|in
the Appendix[B.3|and correspond to 0.0072 M.J for BRK2 and 0.0044 MJ for BRK3. These
values define the heat capacity, that the have to be able to absorb. On the other
hand, on-load tap-changers are the most widely used technology for voltage regulation
regardless of the voltage level and are therefore more likely to be available for the black
start process [1]].

Through the investigation of the energisation process carried out in this section, a black
start procedure has been developed to energise passive components. Based on the results
from the investigation in this section, the energisation process can be summarised as
follows:

¢ Step 1: Soft charging of the LC filter and Transformer 1 from 0 pu to 1 pu during Os
to 0.3s.

¢ Step 2: Closing breaker BRK2 at 0.5, the overhead line OHL50 will be energised.
This energisation step is executed with a of 600 2 and an on-time of 10 ms in
BRK2. Additionally an on-load tap changer at the high voltage side of Transformer 1
that lowers the voltage to 0.9 of U, is implemented.

* Step 3: Closing breaker BRK3 at 1.5, Transformer 2 will be energised. As in Step 2,
a[PIR|of 600 © with an on-time of 10 ms is used for this in BRK3 and the tap changer
keeps its high voltage side at 0.9 of U,,.

In accordance with the outlined energisation steps above, the time sequence for the ener-
gisation up to Bus4 is shown in Figure
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Figure 5.4: Visualization of the time sequence for the energisation of the passive components in the PSCAD
model.

5.2 Black Start with Voltage Source

Based on the introduced black start procedure in Section 5.1} the energisation process of
the system shown in Figure[4.1]is repeated. Again an ideal voltage source that represents
the STATCOM-BESS is used, to evaluate the impact of the energisation process on the
system rather than on the perspective of the black start service provider. This section
therefore examines the system response at different measuring points.

As a starting point of this analysis, the phase voltages at the low voltage side of Trans-
former 1 are shown in Figure[5.5|
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Figure 5.5: Phase voltages with an amplitude of Upear = 26.9kV (1 pu) measured at Bus1 with two zoomed
subfigures when the breaker BRK2 and BRK3 close at 0.5s and 1.5 s respectively. The dashed line marks the
maximum operating voltage of 1.05 - Upeqr considered for .

The figure shows that disturbances in the sinusoidal voltage waveform appear when en-
ergising the overhead line OHL50 at 0.5s and Transformer 2 at 1.5s. At around 0.5s when
the overhead line is energised, two prominent voltage spikes appear, reaching 0.47 pu
and 1.06 pu in Phase C and —0.52pu and —1.2 pu in Phase B. These spikes occur again
in the following cycles but to a much lesser extent, and have essentially subsided after
around three cycles. After the Transformer 2 is energised at 1.5s, the overvoltage as well
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5. Analysis I: Transmission System Energisation

as harmonic distortion can be detected in all phases. In Phase A and C, however, higher
distortions and overvoltages can be observed than in Phase B, which reach a maximum
of about —1.09 pu in Phase A at 1.535s and 1.12 pu in Phase C at 1.538s. The decay of the
voltage disturbances takes approximately 0.25s until the phase voltage reaches a steady
state and no more obvious distortion can be detected.

Defining the maximum operating voltage of the system as 1.05 pu according to CIGRE
WG 33.10 [56], the overvoltages observed in Figure 5.5 are considered as [TOVE, as they
exceed 1.05 pu and last for 20 ms or longer [57]. In detail, appear in Phase A af-
ter the energisation of the overhead line and in Phase A and C after the energisation of
Transformer 2. The occurrence of is not considered to be problematic according to
the Technical Guidance Note on published by Here it is defined that
must not exceed the maximum phase operating voltage by 200 %. Consequently,
this corresponds to a maximum permissible value of 2.1 pu, which is not violated in Fig-
ure[5.5|at any time. Moreover, the RMS voltage limits of as defined in Table
are not exceeded as shown in Figure [C.2)in Appendix|C|

In the next step, the current flow between the filter and Transformer 1 is analysed as shown

in Figure @
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Figure 5.6: Phase currents measured between the filter and Transformer 1 with two zoomed subfigures
when the breaker BRK2 and BRK3 closes at 0.5s and 1.5s respectively. Note that 1 pu corresponds to the
nominal phase current of 1.262 kA.

At 0.5s, the current experiences a transient response with a maximum current of —0.64 pu
in Phase B and 0.56 pu in C, which quickly decay but still have highly distorted wave-
forms. From 1.5s on, the distortion of the current waveform is significantly higher than
after energising the line at 0.5s and decay takes more time. The highest spikes appear
at 1.507s in Phase A and 1.55 s and Phase C with about 0.54 pu respectively. Overall, the
observed behaviour is comparable to the tendencies in Figure 5.3|in Section

In addition, the observed transient voltages when energising the overhead line and Trans-
former 2 at 0.5s and 1.5s lead to a slight increase in the magnetisation current of Trans-
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former 1. Therefore, it only has a minor influence on the current shown in Figure The
magnetisation current of Transformer 1 is shown in Figure[C.T|in Appendix

For further assessment of the system response, a second voltage and current measure-
ment point at the high voltage side of Transformer 2 is analysed. The corresponding phase

voltages can be seen in Figure[5.7}
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Figure 5.7: Phase voltages with an amplitude of Upear = 179.6 kV (1 pu) measured at Bus3 with one
zoomed subfigures when the breaker BRK3 closes at 1.5s. Note that the measurement at 0.5 s is not shown,
as Bus3 is not energised at this time. The dashed line marks the maximum operating voltage of 1.05 - Upeax

considered for .

The figure shows that the close distance to Transformer 2 increases the intensity of the
voltage disturbances, which are also visible to a much lesser extent in Figure At
this measuring point, all phase voltages are distorted and overvoltages occur that reach a
maximum of —1.04 pu at 1.52 s in Phase B and 1.09 pu at 1.536 s in Phase C. The decay pro-
cess takes approx. 0.8s until the phase voltage reaches a steady state and no significant
distortion can be detected anymore. Furthermore, no can be seen, as the overvolt-
ages exceed 1.05 pu once, but do not last 20 ms or longer. The seen voltage disturbances
are also within the tolerable range as the corresponding RMS voltage stays within RMS

voltage limits given b O} This can be seen in Figure|C.2|in Appendix|C
g g y g PP

The corresponding current between the overhead line OHL50 and Transformer 2 of this

second measuring point is shown in Figure
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Figure 5.8: Phase currents measured between overhead line and Transformer 2 with one zoomed subfigure
when the breaker BRK3 closes at 1.5s. Note that the measurement at 0.5 s is not shown, as Bus3 is not
energised at this time. Note that 1 pu corresponds to the nominal phase current of 0.189 kA.

In the above Figure, transient inrush currents are visible after breaker BRK3 closes a 1.5,
in particular for Phase A and C, reaching a maximum of about 0.65 pu. The phase currents
in Phase A and C show the typical characteristics of inrush currents with their half-cycle
waveform and superimposed by a DC component [51]. This is the case as the voltages
of phases A and C are comparatively closer to zero crossing at the switching instant,
while Phase B contains only a minimal DC component as its phase voltage is close to the
negative voltage peak at the switching instant.

In order to determine the origin of the high inrush currents in Figure the magnetisa-
tion current of Transformer 2 is shown in Figure
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Figure 5.9: Magnetisation current of Transformer 2. Note that the polarity of the magnetisation current is
changed to match with Figure as PSCAD measures magnetisation current in the transformer model
with different polarity. Note that 1 pu corresponds to the nominal phase current of 0.189 kA.

This figure shows how the voltage value of each phase voltage at the switching time
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of the breaker BRK3 influences the drawn magnetizing current in Transformer 2 due to
the saturation of the magnetic core and thus the inrush current in each phase. Phase B,
which is at its negative voltage peak at the time of switching, only draws a low mag-
netisation current, which is then also reflected in the inrush current of Phase B in Figure
On the other hand, Phases A and C draw a significantly higher magnetisation cur-
rent through their voltage values at the switching instant, which results in higher inrush
currents in Figure The delayed sharp increase of the magnetizing currents shown
at around 1.504 s in Phase A and at 1.508 s in Phase C is due to the saturation range not
being reached immediately. The magnetizing currents behave in the beginning still lin-
ear, as seen in Figure This behaviour occurs periodically after the magnetic core is
desaturated by the opposite voltage half-wave. Moreover, a harmonic analysis of the fre-
quency components contained in the magnetisation current of Transformer 2 is performed
in Appendix This shows time-varying low-order harmonics occur during the ener-
gisation of Transformer 2 and an expected DC component, particularly in Phases A and C.
Itis also observed that the magnetisation currents in Figure[5.9)are higher than the inrush
currents in Figure In order to further investigate this behaviour, a simplified model
was built consisting only of an ideal voltage source, a transformer and a breaker with the
same model parameters. However, it was found that the phenomenon still occurs, con-
firming the accuracy of the model in this project and that the behaviour is caused within
the transformer model of PSCAD.

The active and reactive power of the ideal voltage source during the energisation process
can be seen in Figure
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Figure 5.10: Active and reactive power of the ideal voltage source as the sum of all three phases. Note that
a smoothing time constant of 0.02 s for power measurements in PSCAD is used.

In the first 0.3 s when soft-charging is applied, a steadily increasing reactive power can be
observed, which is absorbed by the ideal voltage source and generated by the capacitance
C' of the filter. This also shows that the filter capacitance provides more reactive power
than Transformer 1 absorbs during and after its energisation. After closing breaker BRK2
at 0.5s, the overhead line OHL50 is energised, leading to an increased reactive power
absorption of —10.3 Mvar by the voltage source. This is due to the overhead line being
unloaded, which results in higher charging currents of the capacitive components than
the actual load current and thus to an overall capacitive and not inductive behaviour of
the overhead line. This behaviour is also known as the Ferranti effect [43]].

With closing breaker BRK3 at 1.5, a significant reduction in reactive power by around
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8 Mvar can be seen, which is due to the energisation of the highly inductive Transformer
2. It absorbs reactive power due to the drawn magnetization current as shown in Figure
As a result, the reactive power of the line is largely compensated for a short time.
However, after the energisation moment, the reactive power increases again, with high
fluctuations due to the observed voltage and current disturbances. It reaches a steady
state slightly below the value before the transformer was energised.

For the active power, two peaks can be detected when the overhead line and the trans-
former are energised and reach a maximum of 1.76 MW and 2.47 MW respectively.

5.2.1 Conclusion

Overall it can be seen that the energisation process leads to significant transient inrush
currents and transient voltages. Furthermore, considerable distortions occur due to low-
order harmonics, particularly in the current signals. While the transient currents do not
lead to a violation of the maximum phase current of 1.1pu of the black start service
provider as specified in Section overvoltages occur on the 33kV side of Transformer
1 and the 220 kV side of Transformer 2. However, these do not violate the limits for TOVp
and RMS voltages specified by Finally, the active and reactive power capacities
of the voltage source are not exceeded during the entire energisation process.
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5.3 Black Start with STATCOM-BESS

After investigating the black start of the system with an ideal voltage source in the pre-
vious section, the black start procedure is repeated with the STATCOM-BESS and its de-
veloped controller. This section aims to prove the ability of the STATCOM-BESS to
carry out a black start of the system shown in Figure {4.1|til Bus4.

Initial Investigations for the Black Start with STATCOM-BESS

While conducting initial black start tests with the STATCOM-BESS as the black start ser-
vice provider, expected voltage and current disturbances caused by the energisation of
the overhead line and the two transformers affected the controller performance of the
STATCOM-BESS and thus the overall system behaviour. The behaviour could be im-
proved by the implementation of signal filtering for the measured input parameters
Vdmeass Vgmeass tdmeas aNd g meqs. This is further described in Appendix It was
found that the implementation of second-order with characteristic frequencies of
100 Hz for ig meqs and ig meas and 2000 Hz for vy yeqs and vg meqs reduce the level of distor-
tion and oscillation of Vgpemeas aNd gbe,meas and improve the overall system behaviour
during the black start.

After implementing the signal filtering in the controller, the necessity of having the
damping capabilities provided by the in BRK2 and BRK3 during black start is veri-
fied once more. This is done by evaluating their effect on the output current STATCOM-
BESS as shown in Figure[5.11]
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Figure 5.11: Output current of the STATCOM-BESS with two zoomed subfigures when the breaker BRK2
and BRK3 closes at 0.5s and 1.5 s respectively. The transparent lines show the current without[PIRk, while
the full lines show the output current when [PIR are applied in the breakers BRK2 and BRK3 for 10 ms.
Note that 1 pu corresponds to the nominal phase current of 1.262 kA.

It can be seen that through damping of the the transient behaviour and the dis-
tortions in the current waveforms can be significantly reduced overall. In addition, the
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5. Analysis I: Transmission System Energisation

maximum current occurring at the output of the STATCOM-BESS also decreases signifi-

cantly from 1.14 pu to 0.75 pu.

This section will investigate the performance of the STATCOM-BESS and the correspond-
ing system behaviour during the black start. As the updated control scheme with the
second-order and the in breakers BRK2 and BRK3 have proven their positive
effect, both implementations are considered.

For the overall black start procedure, it is referred to Section with the only adjust-
ment that no tap changer is used in Transformer 1, as the voltage is lowered by the voltage
reference v}; within the control scheme of the STATCOM-BESS. The system will be
soft-charged from 0 pu to 0.95 pu within 0.3 s using an up ramp block from PSCAD and it
remains at 0.95 pu during the whole energisation of the system.

Analysis Black Start with STATCOM-BESS
Following the order of the analysis in Section the phase voltages vy;,cqs On the low-
voltage side of Transformer 1 are first shown in Figure |5.5|during the energisation of the

system.

Voltage Measurement at Bus 1
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Figure 5.12: Phase voltages vmecas With an nominal amplitude of Upeqr = 26.9kV (1 pu) measured at Bus1
with two zoomed subfigures when the breaker BRK2 and BRK3 close at 0.5 s and 1.5 s respectively. The
dashed line marks the maximum operating voltage of 1.05 - Upcar considered for@ls.

This figure shows that the voltage amplitude increases to 0.95 pu within 0.3 s as intended
and thus soft charges the filter of the STATCOM-BESS and Transformer 1. When the over-
head line is energised at 0.5 s, voltage dips and subsequent oscillating overshoots can be
seen that are most severe in Phase A. The observed oscillations correspond to a frequency
of 1.43 kHz and originate mostly from an interaction between the capacitor C'; and the se-
ries reactor Ly and Transformer 1. The degree of these oscillations is also influenced by
the implemented second-order [LPHin the [GFM]controller as shown in Figure[D.T]in Ap-
pendix At 1.5s when Transformer 2 is energised, increased and distorted voltages
can be observed, which reach a maximum in Phase C with 1.06 pu. Due to the reduced
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5. Analysis I: Transmission System Energisation

phase voltage to 0.95 pu set by the controller and faster decay of harmonic distor-
tion compared to the black start with a voltage source, no as defined in Section
are present.

Overall, it can be seen that the disturbances are attenuated comparatively quickly af-
ter both switching instances, as no can be detected, despite the phase voltages at
0.503s and 1.51 s exceed 1.05 pu twice. Furthermore, the limits for the RMS voltage spec-

ified by [NGESQJare not violated at any time, as shown in Figure[D.3|in the Appendix[D.2}

In the following, the current of the measuring point between the filter of the STATCOM-
BESS and the low-voltage side of Transformer 1 is shown in Figure

Current between Filter and Transformer 1
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Figure 5.13: Current between the filter of the STATCOM-BESS and the low-voltage side of Transformer 1
with two zoomed subfigures when the breaker BRK2 and BRK3 closes at 0.5s and 1.5s respectively. Note
that 1 pu corresponds to the nominal phase current of 1.262 kA.

At 0.5s when the overhead line is energised, a transient current is present in all phases,
with a maximum in Phase A of 0.57 pu. When the in breaker BRK2 is bypassed after
10 ms, a comparatively small current transient with subsequent oscillations occurs before
it returns to a sinusoidal waveform. The energisation of the Transformer 2 at 1.5s leads to
current transients in all phases, which are highest in Phase B with 0.54 pu. The following
distorted current waveforms are rich in low-order harmonics and only decay slowly as
shown in the spectrogram in Figure in Appendix The energisation of the over-
head line and Transformer 2 at 0.5s and 1.5 s result in a slight increase in the magnetisation
current of Transformer 1 and hence have only minimal influence on the current shown in
Figure The magnetisation current of Transformer 1 can be found in Figure in

Appendix

Following the analysis in Section a second voltage and current measuring point lo-
cated at the high voltage side of Transformer 2 is introduced to further analyse the system
behaviour during the black start with the STATCOM-BESS. Therefore, the corresponding
phase voltages are shown in Figure
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Voltage Measurement at Bus 3
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Figure 5.14: Phase voltages with an amplitude of Upear = 179.6 kV (1 pu) measured at Bus3 with one
zoomed subfigures when the breaker BRK3 closes at 1.5s. Note that the measurement at 0.5 s is not shown,
as Bus3 is not energised at this time. The dashed line marks the maximum operating voltage of 1.05 - Upeax

considered for .

The energisation of the overhead line leads to harmonic distortion in all phases along
with voltage deviation with a maximum in Phase C of 1.07 pu. Also noticeable is the
voltage disturbance in all phases that occurs at 1.51s when the in breaker BRK3 is
bypassed. Despite the present overvoltages, the RMS voltage limits specified by NGESQO|
are not exceeded as shown in Figure [D.3]in Appendix[D.2]
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Figure shows the phase current measured between the overhead line OHL50 and
Transformer 2 as well as the magnetisation current of Transformer 2.
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(a) Phase currents measured between overhead line and Transformer 2.
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Figure 5.15: Phase currents measured between overhead line and Transformer 2 (a) and Magnetisation
current of Transformer 2 (b). Note also that 1 pu corresponds to the nominal phase current of 0.189 kA and
that the polarity of the magnetisation current in (b) is changed to match with Figure as PSCAD
measures magnetisation current in the transformer model with different polarity.

When the breaker BRK3 is closed at 1.5 s, transient inrush currents with a characteristic
half-wave shape and DC component occur in the magnetisation current of Transformer 2.
The current in Phase B shows the highest inrush current with 0.58 pu, as the correspond-
ing phase voltage in Figure is at zero crossing when energising Transformer 2. As the
voltage in Phase C is shortly before the negative peak when breaker BRK3 is closed, it
leads to a negative inrush current. Finally, the characteristics of the current in Phase A
also relate to the corresponding phase voltage, which starts in the last third of the posi-
tive half-wave and is followed by a comparatively longer negative half-wave, resulting
in an overall negative inrush current.
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5. Analysis I: Transmission System Energisation

Furthermore, an analysis of the harmonic performance in Section shows that the
magnetisation currents in Phase A and C are rich in time-varying low-order harmonics
during the energisation of Transformer 2. Most noticeable are the 2nd, 3rd and 4th har-
monics and the expected DC components.

In Figure it can be seen that the basic characteristic of the inrush current is shaped
by the magnetisation currents of Transformer 2. However, not all of the behaviour ob-
served in the current waveform in Figure can be linked to the magnetisation cur-
rents. This observation is further illustrated in the Appendix

The following Figure shows the power output and frequency of the STATCOM-BESS
after the series reactor L.

Power and Frequency of STATCOM-BESS
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Figure 5.16: Active and reactive power of the STATCOM-BESS as the sum of all three phases after the series
reactor Ly. Note that a smoothing time constant of 0.02 s for power measurements in PSCAD is used.

The active and reactive power of the STATCOM-BESS after the series reactor L; can be
seen in the upper subfigure. The same tendencies and phenomena can be observed in
Figure in Section However, compared to the ideal voltage source, notable lower
ripples in the output power are visible. This is due to the lower voltage and current
disturbances during the black start, which have a particular effect on the reactive power
when Transformer 2 is energised at 1.5s. The output frequency of the STATCOM-BESS,
which only depends on the provided active power, is seen in the lower subfigure.

As soon as the soft-charging increases the output voltage of the STATCOM-BESS, it has
to provide active power to compensate for losses in Transformer 1, which leads to a first
decrease in frequency. The steepness of frequency decay and the settled frequency per
active power is dependent on the inertia constant and the damping constant as described
in Section At 0.5s, when the overhead line is connected, an initial spike in the
active and reactive power response of the STATCOM-BESS can be seen. Afterwards, the
STATCOM-BESS has a steady active power output of 0.17 MW, which leads to a further
decrease in frequency. At 1.5s, Transformer 2 is connected, leading to higher steady-state
output power of around 0.28 MW. This further speeds up the frequency decay. Due to
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the comparatively short observation period of 3.5 s, mainly the inertia constant affects the
frequency decay, which leads to its gradual decrease. With a longer observation time, the
frequency for an output power of 0.28 MW would settle at around 49.93 Hz as defined
through the damping constant D,

5.3.1 Conclusion

Overall, the energisation processes carried out in this section yielded much smoother re-
sults than those obtained with the ideal voltage source in Section Furthermore, the
overall ability to successfully energise the system using the STATCOM-BESS as the black
start service provider was proven. This is due to the RMS voltages at the considered mea-
suring points staying within the permissible limits specified by In addition, the
defined current limit of the STATCOM-BESS of 1.1 pu was well maintained. These results
can be attributed to the damping properties of the control structure including the
[LPF, the lowered system voltage to 0.95pu and the in BRK2 and BRK3. Finally,
the power demand of the island system during the black start could be covered by the
[GFM}based STATCOM-BESS without exceeding its power capabilities.

54 Summary

In this chapter, the energisation of the system til Bus4 has been performed initially with an
ideal voltage source and subsequently with the[GFM}based STATCOM-BESS. The system
and controller responses were analysed based on relevant limits given by [NGESO} Specif-
ically, emphasis was put on the assessment of voltage and current disturbances during
the energisation of the overhead line and the transformers. Furthermore, the necessity
of signal filtering of the dg-components in the control scheme and the relevance
of mitigation techniques including the reduction of the system voltage and for the
energisation process were demonstrated.
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After the successful energisation of the system til Bus4 in Section the tests in this
chapter aim to prove the overall capability of the STATCOM-BESS to establish a power
island by performing block loading of a 10 MW static load at distribution level accord-
ing to the requirements specified by and ELIA. This corresponds to the final
step to complete Stage 2 as introduced in Figure In addition to the investigation of
the energisation of a static load, a dynamic load model will be designed and analysed.
Furthermore, a based generation unit connected to Bus4 is added, to de-load the
STATCOM-BESS by providing a local power supply for the loads connected at the dis-
tribution level. The expanded system built in PSCAD, which will be considered in this
chapter, can be seen in Figure

STATCOM

BESS OHL50

544.5 [ohm]

Figure 6.1: Single line diagram of the expanded system in PSCAD.

The pure static load is modelled as a resistance with a value of 108.9 2 corresponding
to the required block load of 10 MW as stated in Section[2.1.2] The dynamic load model
consists of an induction motor with a resistance connected in parallel. The total rated
power of the dynamic load model is 5 MVA. The unit, that is additionally connected
to Bus4, has a rated power of 10 MW.

The following sections of this chapter provide a description of the modelling of the com-
ponents connected to the distribution system as well as the analysis of the energisation
of the dynamic and static loads. Therefore this chapter is structured as follows:

* Section This section describes the modelling of the components connected at
the distribution level, including the control structure and the model of the
induction motor.

* Section[6.2} This section covers the test case of energising the pure static load. The
system response and the interaction between the generation units are analysed.
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* Section The test case included in this section analyses the system response
and the generation units when the dynamic load model is energised. Furthermore,
increased proportions of the induction motor within the dynamic load model are
tested in Section

6.1 Modeling of GFL unit and Induction Motor

This section initially describes the control structure and its behaviour during a step
response test, followed by the modelling and characteristic behaviour of the squirrel cage
induction motor.

GFL unit

The generation unit connected to the distribution system is modelled as an average model
with a control structure. For this average model an ideal DC link is assumed,
allowing the nominal power of 10 MW to be provided at all times to fulfil the service
availability requirement given by in Table The current and power control
loop of the|GFL]control scheme shown in Figure[6.2]are based on the "Synchronous Frame
VOC: PQ Closed-Loop Control" given in [42].

Bus4
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GFL T - ? |
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_______________________________ 1
1 Current Control Power Control 1
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B (e}
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f-P Control I V-Q Control 1
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A en{E) o e M o
1 1
50 Hz 1 1pu !

Figure 6.2: Average model of the generation unit at the distribution level with a grid-following control
structure. Based on [42].

The control structure shown in the Figure above consists of a cascaded scheme where
the power references P* and Q* for the power control loop are generated by a f-P and
V-Q droop control. For the voltage magnitude of the V-Q) droop control, a first-order
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LPH is used to smooth occurring disturbances in the measurement, while the estimated
frequency of the used for the f-P droop control is first filtered by a Moving Average
Filter from the PSCAD library, followed by a first-order that smoothes the
resulting active power reference. The relation of the droop constants K; and K, can be
described as follows:

P =K; Af (6.1a) Q" = —K, - Al (6.1b)

Assuming a power factor of 0.95 and a droop value of 10 %, the droop constant K, in
Eq. can be determined as 3.12, leading to a change of 0.312 pu (3.29 Mvar) in re-
active power reference per 0.1 pu change in voltage magnitude. Based on a droop value
of 0.95 %, the droop constant K in Eq. is determined as 2 resulting in a 0.95 pu
(10 MW) change in active power reference per 0.475 Hz change in frequency. This corre-
sponds to characteristic of 21.05 MW /Hz and thus to a 5.26 times higher active power
output per Hz than the active-power-frequency characteristic of the STATCOM-BESS.
Note that the aforementioned per unit values are determined considering an apparent
power of 10.53 Mvar as a base. Additionally, the limits for P* and ¢; are both set to 0 pu
and 1.045 pu, while the limits for Q* and i; are defined as +0.34 pu. The mentioned limits,
refer to a total maximum current of 1.1 pu as defined in Section[4.2.3] An overview of the
parameters of the unit including the filters, controller and can be found in Table

in Appendix

In order to verify the response of the unit during rapid changes in the grid, a step
response test is made. This is done in a simplified system consisting only of an ideal volt-
age source and the unit including its LC filter. For the step response, the frequency
of the ideal voltage source is set to drop at 6s from 50 Hz down to 49.525 Hz. At 8s, the
frequency is set back to 50 Hz. The corresponding power responses after the series reactor
and the frequency estimation of the PLL]before filtering can be seen in Figure

Step Response Test GFL Unit
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Figure 6.3: Responses of the active and reactive power of the unit as the sum of all three phases as well
as the frequency estimation of the during the step response test.
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From these step responses, it can be seen that at a steady state, the active power reaches
10.08 MW (0.957 pu), while the frequency estimation of the corresponds to 49.521 Hz.
Using equation (6.1a), it can be found that the active power in a steady state corresponds
accurately to the frequency deviation from 50 Hz. It should be noted that the frequency
estimation itself has an error of about 4 mHz, leading to this slight deviation of 0.007 pu
in active power. However, this is considered to be acceptable as it is below the measure-
ment uncertainty of 10 mHz defined by the IEC 61000-4-30 standard [59].

Due to the ideal voltage source, the voltage magnitude does not deviate from its nominal
value, and thus the reactive power reference of the unit remains zero during the
step response test. Therefore, it can be seen that the controller can maintain its re-
active power reference at the measuring point and only deviates when the active power
changes.

Induction Motor

Electrical motors are widely used and are responsible for 60 to 70 % of the total consumed
electrical energy in the power systems, whereas squirrel cage induction motors make
up the majority [60]. The dynamic load is emulated by a 3 MVA squirrel cage induction
motor based on [61], with a 2 MW resistance in parallel. This corresponds to a motor load
of 60 % of the entire dynamic load model. The following Figure 6.4/shows the schematic
as it is applied in the Dynamic Load block in Figure|6.1] [61].

W
<_00

TIME

N

M_Speed

Figure 6.4: Model of squirrel cage induction motor based on [61].

The PSCAD wound rotor induction motor model can be set to work as a squirrel cage
induction motor as shown in Figure |6.4) by deactivating the external connection to the
rotor. By setting Input S to zero, the input T'L is defined as mechanical load torque in
pu. To simulate a motor start-up, the speed input W is set to zero, meaning the initial
mechanical rotor speed is zero. In this project, the motor model has a small mechanical
load torque that is dependent on the mechanical rotor speed M_Speed and reaches 0.2 pu
of the nominal load torque at nominal rotor speed. From 10.5s, shortly after reaching the
nominal speed, an additional mechanical torque of 0.7 pu will be applied as a ramp-up.
The time necessary for the motor to reach nominal speed depends on various factors such
as inertia constant and winding resistance. The corresponding specification of the motor
used in this project can be found in Table [E.2in Appendix [61]

It shall be noted that usually, the distribution system operator defines in its grid connec-
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tion regulations a maximum rated apparent power for a Direct On Line motor
starting in utility grids to avoid high inrush currents caused during motor start-up [62].
It is therefore improbable that a single 3 MVA motor will experience a start-up.
However, it can not be ruled out that the simultaneous starting process of multiple small
motors together may cause similar disturbances. Therefore, one big induction motor with
start-up will be considered, to emulate this scenario.

In the following Figure[6.5} the internal measurement parameters of the modelled squirrel
cage induction motor are shown. Furthermore, active and reactive power as well as the
current magnitude are measured at the motor terminals. With this figure, an understand-
ing of the motor behaviour shall be gained for further investigation when connecting the
dynamic load model to the distribution network.

Characteristics of a SMVA Induction Motor
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Figure 6.5: Characteristics of a 3 MVA squirrel cage induction motor start-up process with mechanical load
ramp-up at 10.5s designed as squirrel cage induction motor. Note that the third subfigure shows the motor
current magnitude with 1 pu corresponding to 74.2 A, which is calculated using the a-3 reference frame:

ling| = (/i3 + 3.

The induction motor is energised at 6s. At this moment, multiple events can be observed.
Initially, a strong oscillation in electrical torque is observable in the first subfigure, with
a peak in oscillation building up until around 6.3s and decaying afterwards. This os-
cillation has a frequency of around 50 Hz and is caused by transient currents in the in-
duction motor caused by the start-up [63]-[65]. The effects of the transients in the
motor current magnitude are reflected in the oscillation of the electrical torque, with the
difference that the current magnitude has its highest peak at the initial moment of con-
nection. Due to the smoothing time constant, the oscillation is less visible in the active
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and reactive power. Despite the oscillation in electrical torque and current magnitude,
the average electrical torque is still positive. This accelerates the rotor, leading to an in-
crease in mechanical rotor speed and therefore to an increase in mechanical load torque.
The acceleration process takes place from 6s to shortly after 10s when the rotor reaches
close to synchronous speed (1 pu). During acceleration, the motor draws high reactive
and comparatively small active power. While the drawn reactive power stays on average
at 14 Mvar during the acceleration process, the active power changes proportional to the
electrical torque.

The modelled squirrel cage induction motor has its breakdown torque at around 96 % of
synchronous speed, which is reached at around 10.2s. The high electrical torque causes a
steep acceleration and an overshoot in mechanical speed to above 1 pu, leading the rotor
to rotate faster than the stator field. The induction machine now operates in generator
mode, causing a negative electrical torque and active power flow, followed by a deceler-
ation of mechanical speed and oscillation in electrical torque and active power flow.
With the rotor reaching steady-state mechanical speed, the reactive power consumption
decreases and the mechanical torque, which inhibits the rotor, reaches 0.2 pu. While the
current magnitude decreases after 10s, the oscillating currents drawn by the electrical
torque are still visible.

At 10.5s an additional mechanical torque of 0.7 pu is applied with a ramp-up period of
0.5s. While the mechanical speed of the rotor decreases only very little, the electrical
torque increases to counteract the additional applied mechanical torque. With this in-
crease in electrical torque, also the active power demand increases, now exceeding the
reactive power. The motor is now in steady-state operation condition and if the mechan-
ical torque does not exceed the rated electrical torque of the induction motor, the me-
chanical speed will settle in a steady state between breakdown torque and synchronous
speed.

6.2 Block Loading with GFL unit and Static Load

In the first test, the block load capability of the STATCOM-BESS is proven when the
pure static load with 10 MW is instantaneously connected to the distribution network.
Beyond this, the performance of the STATCOM-BESS and the unit as aggregated
units during block loading is analysed. Therefore this test includes the following steps:

¢ Step 1: Ramping up the voltage amplitude of the STATCOM-BESS from 0.9 pu to
1 pu between 3.5s and 3.8s. This is done with an additional ramp-up block from
the PSCAD library.

e Step 2: The unit including its LC filter is connected to the distribution network
at 4s by closing breaker BRK4.

e Step 3: At 6, the breaker BRK5 is closed to connect the static load of 10 MW to the
distribution network.

50



6. Analysis II: Block Loading

The success criteria of this test are the RMS voltage and frequency limits of and
ELIA given in Table Moreover, the current limits for the [GFM] and [GFL] controllers
must be maintained.

For an initial assessment, the RMS voltage is analysed along with the current magnitude
when the unit including the LC filter is connected and the pure static load is ener-
gised. It should be noted that the current magnitudes have different base values, where
1 pu corresponds to 1.262 kA for the STATCOM-BESS and 0.261 kA for the [GFL] unit.
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Figure 6.6: Response of current magnitude of the STATCOM-BESS and |GFLjunit measured after their series
reactor as well as the line-to-line RMS value at Bus1 and Bus4. Note that the current magnitude is calculated

using the a-f reference frame: [imeas| = 4 /12 + 13-

In the upper subfigure, it can be seen that the voltage is initially rising towards 0.99 pu.
The reason for not reaching 1 pu is the absorption of reactive power by the STATCOM-
BESS and its correspondingly reacting ()-V droop control lowering the voltage reference.
The reactive power flow from the overhead line to the STATCOM-BESS is also the reason
for the slightly higher voltage at Bus4 compared to Bus1. Further, two transient responses
in the RMS voltage can be seen when the LC filter of the unit is energised at 4s and
when the static load is connected at 6 s. In both instances, however, the RMS voltage stays
well within the voltage limit of and ELIA.

Two distinct peaks of 0.94 pu and 0.25 pu with subsequent oscillations can be identified in
the current magnitude measured after the series reactor of the unit when the LC fil-
ter of the|GFLJunit and the static load is energised. Even though the current limits are not
exceeded in any of the generation units at any time, the current spike at 4 s is considered
to be critical, as it is close to the current limit of the unit. Furthermore, the interac-
tion between the two generation units can be observed in terms of load sharing, which is
described in more detail in the following when looking into their power responses.

In Figure the frequency, active and reactive power responses of the STATCOM-BESS
along with the unit are shown.
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Figure 6.7: Frequency response of the STATCOM-BESS along with estimated frequency of the of the
@unit before any signal filtering (top subfigure). Active and reactive power responses of the
STATCOM-BESS and the unit during the energisation of the unit itself and static load (bottom
subfigure).

The first subfigure shows the frequency set by the STATCOM-BESS along with the esti-
mated frequency of the before any signal filtering. The transient responses in the
voltage shown in Figure [6.6/lead to disturbances at 4s and 6s in the frequency estima-
tion of the with a maximum deviation from the frequency of the STATCOM-BESS
of £0.15 Hz. In addition, steady-state ripples of about 11 mHz can be detected as shown
in the zoom-in figure, but these are within the measurement uncertainty of +£10 mHz of
the IEC 61000-4-30 standard [59]. However, these disturbances do not fully affect the
generation of the reference value of the active power in the unit, as the frequency
estimation is filtered by a and the resulting active power reference by a The
effect of these implemented filters in the f-P droop control of the unit is further
demonstrated in Figure [E.T|in Appendix

The active and reactive power response of the STATCOM-BESS along with the unit
are shown in the lower subfigure. It can be seen that the [GFL| unit when connected at
4s, responds to the frequency difference of 50 Hz and the estimated frequency, resulting
in an initial increase up to 0.76 MW at around 4.3s. It is to be noted that the smooth and
inert increase is shaped by the time constant of 20 ms used for the power measurement
in PSCAD and the in the f-P droop control of the unit. The STATCOM-BESS
reacts accordingly to this increase by absorbing the surplus of active power, which leads
the frequency STATCOM-BESS moving back towards 50 Hz. However, due to the inert
frequency response caused by the swing equation implemented in the STATCOM-BESS,
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its frequency increases only slowly, so that the unit reacts to this by gradually reduc-
ing its active power output in return. This leads to the STATCOM-BESS not reaching a
frequency above 50 Hz, as it would be when active power is absorbed for a longer dura-
tion. Instead, through the described active power response of the unit the frequency
set by the STATCOM-BESS levelling off around 49.99 Hz. This ultimately leads to an ac-
tive power output of the unit of 0.25 MW at around 5.5 s and thus to a de-loading of
the STATCOM-BESS.

When the static load is connected, the STATCOM-BESS provides a fast active power re-
sponse to the load change, resulting in a decreasing frequency of the STATCOM-BESS,
as shown in the upper subfigure. The unit reacts to the dropping frequency by in-
creasing its active power output accordingly. This interaction between the generation
units leads to a de-loading of the STATCOM-BESS through its reduced active power out-
put. While any active power support from the unit reduces the drop in frequency,
the unit provides the majority of active power due to its characteristic, which pro-
vides higher active power output per Hz than the active-power-frequency characteristic
of the STATCOM-BESS. This response of the unit limits the frequency drop of the
STATCOM-BESS to about 49.59 Hz. This value corresponds to the highest frequency de-
viation from 50 Hz during the observed period, however, the frequency limits of
and ELIA are not violated.

The reactive power output of the unit remains close to zero due to the low voltage
deviation of 1 pu in the observed period, while the STATCOM-BESS takes over the ma-
jority of the reactive power management in the system. The active power, reactive power
and the frequency response of the STATCOM-BESS during the block loading with and
without the unit connected are further investigated in Figure[E.2]in Appendix
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6.3 Block Loading with GFL unit and Dynamic Load

In the second test, the block loading capability of the STATCOM-BESS is further investi-
gated by connecting the dynamic load model as introduced in Section[6.1]to the distribu-
tion grid instantaneously at 6s. Therefore, the chronological energisation steps and the
success criteria presented in Section [6.2|are followed.

In Figure 6.8, the RMS voltage and the current magnitudes will be investigated, to check
for violations of the defined success criteria.
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Figure 6.8: Response of current magnitude of the STATCOM-BESS and unit measured after their series
reactor as well as the line-to-line RMS value at Bus1 and Bus4. Note that the current magnitude is calculated

using the a-f3 reference frame: |imeas| = /12 + 2.
@ B

In the above figure, the observations until 6 s are identical to the static load in the section
due to the same energisation sequences. At 6, breaker BRK6 closes and the dynamic
load model is energised. In the initial moment of the motor start-up, the RMS voltages
drop significantly to around 0.95 pu, followed by a change in polarity of the voltage dif-
ference between Bus1 and Bus4. The change is caused by a change in reactive power flow
due to the induction motor as shown in Figure It can be seen that when the accelera-
tion period of the motor load is finished, the reactive power demand reduces accordingly,
which causes the voltage at Bus1 to be higher again than at Bus4. Overall no violation of
the voltage limits specified by NGESOJand ELIA can be detected.

In the subfigure showing the current magnitude, high current spikes slightly after 6 s can
be observed, which are slightly delayed to the motor current seen in Figure This
correlates with the transient response of the RMS voltage in the first subfigure. Further
investigations have shown that the current of the STATCOM-BESS is superimposed by
disturbances caused by passive components. In the following, oscillations caused by
the acceleration of the induction motor can be seen. At 10s, the current magnitude of
STATCOM-BESS and unit increase to cover the load demand of the passive compo-
nents of the system and the induction motor.

54



6. Analysis II: Block Loading

The active and reactive power response of the STATCOM-BESS and unit can be seen

in Figure[6.9] Furthermore, their frequency responses are shown.
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Figure 6.9: Frequency response of the STATCOM-BESS along with the estimated frequency of theof
the [GFL] unit before any signal filtering (top subfigure). Active and reactive power responses of the
STATCOM-BESS and the [GFL] unit during the energisation of the[GFL]unit itself and the dynamic load
model (bottom subfigure).

The frequency response of the STATCOM-BESS and the [GFL] unit can be seen in the up-
per subfigure. The STATCOM-BESS sets the frequency according to its active power out-
put, however, it can be seen that the implemented swing equation allows it to provide
a smooth frequency despite oscillations in its active power output. This is particularly
visible after 6 s and after 10.2s when strong oscillations in active power occur due to the
characteristic of the induction motor as shown in Figure |6.5] However, this results in
only minor oscillations in the frequency of the STATCOM-BESS. For the latter instance,
this can be seen in the zoom-in in the first subfigure. This behaviour contributes to the
overall system stability, as the unit reacts accordingly to deviations of the system
frequency from 50 Hz with its f-P droop control.

In comparison, the frequency estimation of the within the unit shows compar-
atively large deviations, reaching more than 49.5 Hz to 50.5 Hz between 6s and 8s. This
is due to the frequency estimation of the being exposed to the disturbances of the
voltage measurement at Bus4 shown in Figure

The bottom subfigure shows the active and reactive power response of the STATCOM-
BESS and the |GFLjunit. At 6s, the dynamic load model is connected. It can be seen, that
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the reactive power demand during the acceleration of the induction motor is majorly
covered by the STATCOM-BESS. Notable is also that the induction motor and its high
demand for reactive power during its acceleration compensate for the reactive power
provided by the overhead line OHL50. The seen behaviour of high reactive power de-
mand of the induction motor results in the STATCOM-BESS providing reactive power
during the acceleration period of the induction motor. Moreover, it can be observed that
the demand for reactive power during the acceleration of the induction motor is a multi-
ple of the consumed active power and is caused by the high start-up currents drawn by
the induction motor as shown in Figure At around 10.2s, the reactive power drops
to around —10 Mvar due to the motor reducing its demand for reactive power. The oscil-
lations in electrical torque seen in Figure 6.5/ cause the oscillations in active power from
10.2 s, that are mostly covered by the STATCOM-BESS, while the active power output of
the unit fluctuates very little due to the smooth frequency output of the STATCOM-
BESS. The oscillation of the electrical torque and the associated operation of the induction
motor in the generator region is also the reason for the temporary negative active power
output of the STATCOM-BESS.

With the increase of mechanical load torque at 10.5s shown in Figure the consumed
active power of the motor increases, which is initially covered by the STATCOM-BESS
and subsequently by the|GFL]unit responding on the frequency drop set by the STATCOM-
BESS. This interaction between STATCOM-BESS and unit reduces the active power
output of the STATCOM-BESS significantly and thus reduces its loading.

From about 135, the active and reactive power outputs are steady. As described for the
static load energisation, the unit provides the majority of active power due to its
characteristic, which provides higher active power output per Hz than the active-power-
frequency characteristic of the STATCOM-BESS. This response of the unit limits the
frequency drop to about 49.8 Hz and stays within the requirements specified by
and ELIA. For the reactive power, the STATCOM-BESS absorbs almost all of it provided
by the overhead line OHL50 and the capacitance of the filters. At the same time, the
unit has a low reactive power output due to its selected droop value and the voltage
magnitude at Bus4 being close to 1 pu.

For a more detailed comparison of active and reactive power response of the STATCOM-
BESS, the dynamic load test case is repeated with and without unit support. It is
therefore referred to Figure[E.3|in the Appendix

6.3.1 Dynamic Load with Increased Share of Induction Motor

While block loading with a static load of 10 MW has proven successful, the same size for
the dynamic load model was initially considered in the previous Section However,
during the initial testing of the dynamic load model with 10 MVA, voltage drops and
current peaks occurred that exceeded their defined limits and, in the worst case, led to
instability of the simulation model. The main cause for this was high transient currents
during the motor start-up, which the STATCOM-BESS and the unit were unable to
provide. To keep the ratio at 60-70 % of the induction motor within the dynamic load
model, its total apparent power was reduced to 5 MVA, as this resulted in stable system
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response.
This section further investigates the influence of the dynamics of the induction motor
model within the dynamic load model and its impact on the stability of the system when
motor-dominated block loads are energised. Therefore, three different proportions of
the induction motor are tested in this section, while keeping the total apparent power
of the dynamic load model at 5 MVA. Starting from a proportion of 70 % (3.5 MVA), the
proportion of the induction motor is then further increased to 75 % (3.75 MVA) and 80 %
(4 MVA) of the total apparent power of the dynamic load model. The corresponding RMS
voltages measured at Bus1 and Bus4, as well as the current magnitudes of the STATCOM-

BESS and unit are shown in Figure
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Figure 6.10: Response of current magnitude of the STATCOM-BESS and unit measured after their
series reactor as well as the line-to-line RMS value at Bus1 and Bus4 during the energisation of the 5 MVA
dynamic load model with different proportions of the induction motor.

The figure above shows that the overall dynamics in the RMS voltage and current magni-
tude caused by the energisation of the induction motor are unchanged from the observa-
tions described in Section Differences in the transient behaviour of the RMS voltage
and the current magnitude can be seen, particularly at the initial moment of the energi-
sation of the dynamic load model at around 6 s. The maximum values of the transient re-
sponse of the maximum RMS voltage and current magnitude at around 6 s are presented
in the following Table[6.T} Note that for the current magnitude, only the STATCOM-BESS
is shown, as the current spikes of the unit at 6s are lower than at 13s, when the
motor is in steady state.

Table 6.1: Maximum RMS voltages at Bus1 and Bus4 and current magnitude of the STATCOM-BESS.

Lnaz,gry [PUl | Vinaz,Bust [Pul | Vinaz,Busa [pul
70% 0.626 0.934 0.924
75% 0.866 0.923 0.91
80% 1.07 0.913 0.896
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It can be seen that, with an 80 % proportion of the induction motor, the voltage drop ex-

ceeds the limits given by but not by ELIA. The current limit of 1.1 pu defined for
the STATCOM-BESS are just maintained. With a proportion of 70 % and 75 %, the voltage

limits and current limits are still maintained. These voltage drops at Busl and Bus4 are
caused by high starting currents of the induction motor, which consequently have to be

supplied by the STATCOM-BESS and unit.

The corresponding response of the STATCOM-BESS and unit in power and fre-
quency for these three proportions are shown in Figure [6.11}
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Figure 6.11: Frequency response of the STATCOM-BESS along with the estimated frequency of the of
the [GFL] unit before any signal filtering (top subfigure). Active and reactive power responses of the

STATCOM-BESS and the[GFJunit during the energisation of the dynamic load (second and third
subfigure).

In the first subfigure, the correlation between the transient behaviour of the voltage and
the frequency estimation of the of the unit can be seen. The increased fluctua-
tions in the frequency estimation are a result of the more severe voltage transients caused
by the current transients of the induction motor, which are proportional to the size of the
induction motor. From the frequency of the STATCOM-BESS however, only a minimal
frequency change can be observed when the proportions of the induction motor are var-
ied, and only during the start-up of the motor between 6s and 10s. During this period,
the induction motor draws high reactive power and comparatively little active power.
Increasing the proportion of the induction motor leads to a decrease in active power con-
sumed by the dynamic load model during the start-up period. This is due to the static
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load being the main consumer of active power and it is decreased with an increasing pro-
portion of the induction motor. However, this behaviour changes at around 10.2s, when
the motor reaches its breakdown torque and draws higher active power. The subsequent
active power oscillations due to the characteristic of the induction motor as shown in Fig-
ure are higher with a higher proportion of the induction motor. After the ramp-up of
mechanical torque between 10.5s and 11 s, the motor reaches a steady state. This leads to
a steady active power consumption by the dynamic load model of 5 MVA, split between
STATCOM-BESS and unit.

In the third subfigure, the behaviour of reactive power can be observed. As only the in-
duction motor draws reactive power within the dynamic load model, a higher percentage
of induction motor increases the reactive power demand. This reactive power is mostly
provided by the STATCOM-BESS, especially in the initial moment of connecting the dy-
namic load to the system at 6s. After the motor reaches its point of breakdown torque
at around 10.2s, it consumes less reactive power, and the deviations between different
percentages of the induction motor are not visible anymore.

6.4 Conclusion Block Loading

Based on the results of this section, it can be concluded that the final step to create a
power island has been successfully completed by performing block loading of a static
load with 10 MW to meet the required block loading capability of and ELIA.
This was successfully achieved not only with a pure static load of 10 MW but also with
a 5 MVA dynamic load model consisting of a 3 MVA induction motor. In both cases, the
success criteria in terms of voltage, frequency and current limits were met at any time.
Moreover, it was proven that the interaction of STATCOM-BESS and unit as aggre-
gated units is an effective solution to provide active power support and thus de-load the
STATCOM-BESS during block loading.

The synchronisation of the unit with its LC filter led to a temporary surplus in ac-
tive power that was absorbed by the STATCOM-BESS. Furthermore, a high current spike
occurred when connecting the unit to Bus4. Despite not violating the limit, the spike
can be considered problematic as it is close to the current limits of the [GFL] unit.

While the block loading of the pure static load was a comparatively smooth event with
only small disturbances, issues were initially encountered with the energisation of the
dynamic load model. This was due to the high currents of the induction motor during
its acceleration period, which led to significant voltage drops at Bus4 and corresponding
oscillations of the frequency estimation of the of the unit. However, by reduc-
ing the dynamic load model to 5 MVA, the voltage, frequency and current limits could
ultimately be maintained at any time. Moreover, the maximum proportions of the in-
duction motor within the final dynamic load model were determined to be 75 % (5 MVA)
without violating defined current and voltage limits. This defines the boundaries for the
block loading of dynamic loads in this system and emphasises the challenges with the
phenomena occurring during the energisation of motor-dominated block loads. Finally,
the importance of the inert frequency response of the STATCOM-BESS was demonstrated
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under rapidly changing load conditions such as the active power oscillations after the in-
duction motor reached its breakdown torque. This was found to be crucial for maintain-
ing a stable active power response of the unit and thus a stable interaction between
the generation units.

6.5 Summary

In this section, block loading of static and dynamic loads was analysed in order to com-
plete the creation of a power island. Initially, extensions to the system model were intro-
duced, including the modelling of the unit and the induction motor. Subsequently,
the energisation of the unit itself as well as the energisation of static and dynamic
load models was investigated based on the limit specified by and ELIA. This
also included the response and interaction of the generation units. Finally, the effects of
increasing the proportion of the induction motor within the dynamic load model were
analysed.
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7 Discussion

In this thesis, a unit with black start capability was built, and a transmission system
and block loads were energised. Furthermore, the system was enhanced with a
unit to support the STATCOM-BESS during block loading. This chapter focuses on some
specific decisions made to achieve the objectives stated in Chapter 3|and their impact on
certain results shall here be further discussed:

¢ Overhead line OHL50: The overhead line is based on a PSCAD model for a wind
park connected to a 33 kV distribution line [37]]. While the voltage level of the over-
head line was raised to 220kV for this project, the size of the tower and the line-
to-line distance of 1 m were left unchanged. This leads to a comparatively high
capacitance of the overhead line and therefore to the high reactive power provi-
sion observed. With a more realistic line-to-line distance of around 3.5m as stated
in [66]], the capacitance and reactive power provision of the overhead line OHL50
would decrease.

¢ Mitigation techniques: For the transmission system energisation till Bus4, miti-
gation techniques such as reduced system voltage and have been proven to
reduce inrush currents sufficiently. While the and the tap changers could be
implemented straightforwardly in PSCAD, it can not be guaranteed that they are
available in real-life applications. Without any mitigation techniques, the require-
ments set by [NGESO|could not be fulfilled in this project and other solutions would
have to be found and tested.

¢ Position and design of the unit: In Chapter[6 a unit was modelled and
connected to Bus4 in the PSCAD simulation model. The position was chosen to
have a more comprehensive Stage 2 of the restoration process with block loading
and a local power supply that de-loads the STATCOM-BESS. Furthermore, with
connecting the unit to Bus4, it was not necessary to repeat the elaborate ener-
gisation steps covered in Chapter 5} When connecting a [GFL|based system
to Busl, the time-demanding energisation of the transmission system would have
had to be repeated to investigate the response of the modified system.

* Battery Size and weather dependency of the unit: To support the STATCOM-
BESS during block loading and beyond, an ideal [GFL]unit without any weather de-
pendency was modelled. As shown for the block loading of a static load in Figure
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the STATCOM-BESS has to provide 1.63 MW in steady state, while the remain-
ing power demand is covered by the unit. For a resilience of supply of 72h as
demanded by [NGESO) the battery of the STATCOM-BESS would need a minimum
capacity of 117.4 MWh to cover the total resilience of supply period. This amount
of battery storage is immense as the currently largest battery storage system in Eu-
rope has a storage capacity of 198 MWh [67] and considering that an ideal [GFL] unit
without power fluctuation was used. When using|[GFL]based to support sys-
tem energisation, nominal power can not be provided at all times due to weather
dependencies, which would require an even bigger battery storage. This leaves out
an important consideration for the evaluation of the provided black start service
with aggregated units and resilience of supply in this project.
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8 Conclusion

The main focus of this project was the application of a STATCOM with an integrated
battery storage system for black start services following the requirements specified by
and ELIA. The development and implementation of such non-traditional black
start service providers are of utmost importance for restoring normal operation of fu-
ture power systems after blackouts without relying on conventional power plants with
synchronous generators. Therefore, a[GFM|based STATCOM-BESS was modelled and its
performance and the corresponding system response were investigated when creating a
power island after a blackout. This was realised by re-energising segments of a transmis-
sion system and subsequently a distribution network including and load units. The
key findings and conclusions of this project are highlighted in the following.

Transmission System Energisation

The energisation of the modelled system til Bus4 was initially done with an ideal volt-
age source and afterwards with the developed STATCOM-BESS as the black start service
provider. This energisation step refers to Chapter

¢ Soft-Charging: The voltage ramp for the energisation of the LC filter and Trans-
former 1 has proven to be an effective method to reduce magnetisation currents and
the overall disturbance level for this energisation step.

* Need of Mitigation Techniques: During the energisation of the overhead line and
Transformer 2 through hard switching, various disturbance phenomena were en-
countered with the most challenging being inrush currents. As a result of the inrush
currents that exceeded defined current limits, [PIRs and reduced system voltage
were indispensable mitigation techniques for the successful transmission system
energisation in this project.

¢ Harmonic Analysis: The inrush currents occurring especially when energising Trans-
former 2 were additionally superimposed by time-varying low-order harmonics.
These low-order harmonics were investigated by applying Short-Time Fourier Trans-
form and spectrograms, which have been proven useful in analysing and
representing the amplitudes of the frequency components over time.

Overall, the passive components in the system were successfully energised up to Bus4,
both by the developed controller of the STATCOM-BESS and by the ideal voltage
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source. The encountered level of disturbances during the energisation of the transmis-
sion system, as seen in Chapter 5| allows the conclusion that the STATCOM-BESS coun-
teracts arising disturbances better than the rigid voltage source. However, in both cases,
corresponding success criteria, specifically the RMS voltage limits of +10 % around the
nominal voltage defined by and the current limits of 1.1 pu of the STATCOM-
BESS, were met at any time.

Block Loading

For completing the process of establishing a power island and to fulfil the required block
load capability of and ELIA, a static load of 10 MW was instantaneously con-
nected to the distribution level in Chapter[6] Expanding upon the block loading of the
static load, a dynamic load model of 5 MVA with a proportion of 60 % induction mo-
tor was energised, whereby the proportion of the induction motor was subsequently in-
creased to up to 80 %.

 Energisation unit: The connection of the unit including its LC filter to
Bus4 led to a significant current transient response at the moment of energisation.
During the energisation process, these transients almost reached the nominal cur-
rent of the unit and must be considered when including generation units and
their passive components.

e Interaction of STATCOM-BESS and unit: The interaction of STATCOM-BESS
and unit during the block loading of the static and the dynamic load model
is considered as a promising approach to support and thus de-load the STATCOM-
BESS. It can be concluded that the fast power and inert frequency response of the
STATCOM-BESS enables the integration of other units without the need for
communication. Beyond that, this characteristic is crucial for the overall system
stability, as it ensures stable active power response of the unit.

* Energisation Static Load: From the simulation results obtained in Section[6.2} it can
be concluded that the block loading of the static load of 10 MW poses a compara-
tively smooth event with only small disturbances.

¢ Energisation Induction Motor: The energisation of the induction motor led to sig-
nificant transient currents in the moment of energisation, resulting in voltage dis-
turbances at Bus4 and corresponding oscillations in the frequency estimation of the
[PLLwithin the[GFL]unit. This behaviour limited ultimately the size of the induction
motor due to violation of the current and voltage limits. The acceleration period of
the induction motor can therefore considered to be the decisive period for the suc-
cess of this energisation step.

Overall, compliance with the voltage limits of +10 % around the nominal voltage, the
frequency limits of 47.5 Hz and 51.5 Hz, and the current limits of 1.1 pu were maintained
at any time during the block loading. Consequently, this also includes compliance with
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the black start requirements specified by the[NGESO|and ELIA. In conclusion, this proves
the suitability of the STATCOM-BESS and the unit to work as aggregated units to
cover instantaneous connected block loads, which ultimately leads to the formation of a
power island and thus to the full completion of Stage 2.
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9 Future work

During this thesis, the main focus was on the implementation of control structures for
the STATCOM-BESS and the unit, the energisation of the transmission system and
the block loading of the static and dynamic load. Comprehensive work was done to
achieve successful system energisation, which resulted ultimately in establishing a power
island. However, delimitations had to be made to maintain the focus on these topics, and
some results showed possibilities for improvement and expansions. To address these, the
following points can be further investigated:

* Further restoration stages: In Section different restoration stages were dis-
cussed. This project focuses only on Stage 2, creating a power island with load and
generation units connected to a distribution system. Future work could model an
system connected to BusI and investigate its energisation (Stage 1). In ad-
dition, the energised power island could be synchronised with other power islands
(Stage 3) to investigate the interaction with other [GFM]| units.

* Tuning of the controllers: Unstable responses of the controllers in PSCAD
were encountered when using MATLAB to determine their control parameters by
applying a step response test as described in Section[£.2} As a result, the outer volt-
age control loop had to be made significantly slower than the desired factor of 10
compared to the inner current control loop, to obtain stable controller responses in
PSCAD. A comparable behaviour was experienced with the unit when com-
paring the response of the power and current control loop in MATLAB. The cause
of this could not be determined and should be investigated further.

¢ Comparison of different control structures: In this project, the modelled
controller is based on a control structure. However, all control
structures presented in section [2.2.2]are characterised by their black start capability.
Different control structures could be modelled in the STATCOM-BESS and com-
pared in future work.

¢ Transformer investigations: During system energisation, the relationship between
inrush currents and magnetisation currents was analysed and a harmonic inves-
tigation was performed in Chapter 5| As the harmonic components of the inrush
currents in Section could not be properly allocated to the magnetisation cur-
rents of the unloaded Transformer 2, for future work, the transformer model from
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9. Future work

PSCAD used in this thesis needs to be further investigated. This is also required
to understand the incomprehensible high magnetisation currents compared to the
currents measured at the transformer terminals, observed in Chapter[5.2]

Expansion of the Dynamic Load Model

While the implementation of one single induction motor was interesting for gaining an
understanding of dynamic load behaviour, its start-up caused high current tran-
sients. These current transients required a reduction in motor size for the further stable
operation of the STATCOM-BESS. As these current transients in the initial moment of
the motor start-up were decisive for the success of this energisation step, thoughts have
been put into how to provide different dynamic load models, as the applied motor size
of 3MVA might not accurately represent a realistic scenario as stated in Section[6.1}

To demonstrate the effect on the current transients when applying different load models
of the same size and motor proportion, a dynamic load with two 1.5 MVA induction
motors M1 and M2 is touched upon. These motors are started with a slight time shift of
10 ms. A comparison of the current transients with one 3 MVA or two 1.5 MVA induction
motors is shown in the following figure.

Current Magnitude Induction Motors
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Figure 9.1: The blue line shows the current magnitude of a 3 MVA induction motor. In contrast, the red line

shows the combined current magnitude of the two 1.5 MVA induction motors M1 and M2. The start-up of

motor M2 is 10 ms delayed, leading to a phase shift of 180 ° and a damping of the high current spikes. Note
that 1 pu represents the motor magnitude current of 74.2 A, measured at the motor terminal.

While the total current magnitude of the two 1.5 MVA motors during start-up is still a
multiple of the current drawn at nominal speed, the current spikes at the terminal of
the dynamic load are reduced. Therefore, it can be shown that two 1.5 MVA induction
motors with slightly shifted starting times reduce the transient currents and allow the
energisation of bigger dynamic loads. The results have demonstrated the need for future
work in research and testing of different dynamic load models, to investigate which size
and composition are still acceptable for a successful block loading process. Furthermore,
the application of mitigation techniques for induction motors such as star-delta and soft
starting can be investigated, to avoid and reduce current and voltage disturbances.
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A Appendix: System Data and Transformer
Saturation

This appendix provides an overview of the parameters used to model the STATCOM-
BESS, the frequency-dependent line model of the overhead line and the two transformers
including an explanation of the transformer saturation.

Table A.1: Parameters used for the model of the STATCOM-BESS including the implemented filter.

STATCOM with integrated BESS

Nominal apparent power 51 MVA Nominal frequency 50 Hz
Nominal reactive power +50 Mvar | Nominal voltage (L-L,RMS) | 33 kV
Nominal active power 10 MW Base impedance 21.4 Q)
Nominal phase current (RMS) | 0.892 kA Series reactor 34mH
Nominal phase current (Peak) | 1.262 kA Shunt capacitor 73 uF
e @S] Frequency Dependent (Phase) Model Options
) Additional Options
Segment Name: OHLS0 Travel Time Interpolation: On
- Curve Fitting Starting Frequency: 0.5 Output File DisplaySettings:
Curve Fitting End Frequency: 1.0E6 .
Steady State Frequency: 50.0 [Hz. Total Number of Frequency Increments: 100 Frequency for Calculation:  50.0 [Hz]
Maximum Order of Fitting for Yc: 20 Display Zero Tolerance: 1.0E-19
Length of Line: 50 [km! Maximum Fitting Error for Yc: 0.2 Rated System Voltage (L-L, RMS): 220.0 [kV]
Max. Order per Delay Grp. for Prop. Func.: 20 Rated System MVA: 51 [MVA]
Number of Conductors: 3 Maximum Fitting Error for Prop. Func.: 0.2 Miscellaneous:
Dc Correction:  Disabled ——
Passivity Checking: Disabled Create PI-Section Component?: No

Passivity Enforcement: ~ Disabled

Mid-S| hﬁg,i/

0. {m] for Conductors|

EEEEEEEEEES

Ct Q G3

1.0 [m]
Tower: 3L1
30.0 [m] Conductors: chukar

0.0 [m]
—

Resistivity: 100.0
Aerial:  Analytical Approximation (Deri-Semlyen)
Underground: Direct Numerical Integration
Mutual: Analytical Approximation (Lucca) /
7

Figure A.1: Parameters used for the frequency-dependent line model of the overhead line. The data is
based on [37].
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Base of Per-Unit Quantities : 220.00 kV (L-L) , 51.00 MVA
NOTE: Base values could be changed using Additional Options Component

Positive Sequence (Long-Line Corrected)

Resistance Rsq [pul: 0.179637608E-02
Reactance Xsq [pul: 0.144385130E-01
Susceptance Bsq [pu]: 0.201072698
Surge Impedance Zcsq [pu]: 0.267969078

Zero Sequence (Long-Line Corrected)

Resistance Rsq [pu]l: 0.926841539E-02
Reactance Xsq [pu]l: 0.810828364E-01
Susceptance Bsq [pul: 0.554463501E-01
Surge Impedance Zcsq [pu]: 1.20928310

Figure A.2: Line Parameters at 50 Hz used for the frequency-dependent line model of the overhead line.
The data is based on [37].

Transformer Data and Saturation

As described in Section inrush currents caused by transformer saturation are one
of the major challenges during power system energisation. This makes it necessary to
include saturation characteristics of transformers in power system restoration studies.
Due to the inductive nature of the transformer in steady-state operation conditions, the
magnetic flux lags the primary voltage by 90°. In steady-state, the transformer operates
predominantly in the linear range of its saturation curve between the negative and posi-
tive knee points. This curve can be seen in the Figure [43]

B
Remanence

\_ Saturation

Coercive
field strength

Ty

| Hysteresis loop

Figure A.3: Transformer hysteresis curve [43].

In an ideal scenario, where the transformer is energised exactly at the peak of the sinu-
soidal voltage and the transformer core has no remanence, its flux starts to increase from
zero for one-fourth of a period until the voltage reaches its zero-crossing point. Under
these circumstances, the iron core is operated predominantly within its linear range and
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A. Appendix: System Data and Transformer Saturation

does not saturate, and therefore no inrush currents occur.[43]

However, suppose the transformer is energised at zero-crossing of the voltage. In that
case, the magnetic flux increases linearly until the knee point of the hysteresis curve is
reached. This happens after around one-quarter of a period, at the peak of the sinusoidal
wave or shortly afterwards. After reaching the knee point, any applied voltage drives a
disproportional high current, causing the transformer to go into saturation and to draw
high inrush currents. [43]

When the first voltage halfwave drives the core into saturation, nearly the complete fol-
lowing halfwave of opposite polarity is used for desaturation. This process results in high
inrush currents with a half-wave characteristic for multiple cycles, only being damped
through the leakage inductance, the resistance of the primary winding and the power
line [39], [43]], [51]].

It is also worth mentioning that the saturation of transformers is a highly non-linear phe-
nomenon, as the resulting inrush currents are typically superimposed by a DC compo-
nent and harmonics, especially even harmonics. [51], [68]

The parameters used for modelling the transformers including their saturation charac-
teristic can be found in Table

Table A.2: Parameters used for modelling the transformers. The data is based on [37], except for the air
core reactance as in [39], where it is stated that the air core reactance is typically twice as large as the
leakage reactance. Also note that the same data is used for both transformers, with the high-voltage side
characterised by the grounded star winding.

Transformer data

Configuration Saturation
Nominal power 51 MVA Place saturation on winding | Middle
Nominal frequency 50 Hz Hysteresis None
Nominal voltage (L-L,RMS) | 33/220 kV Remanence None
Connection group Yndl Inrush decay time constant 05s
Ideal Transformer Model Yes Air core reactance 0.09 pu
Leakage Reatance 0.045 pu | Nominal magnetising current | 2 %
Eddy current losses 0.0025 pu Knee voltage 1.17 pu
Copper losses 0.0025 pu
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B Appendix: Initial Black Start Investigations

B.1 Basic Schematics PIR and On-load Tap Changer

Figure [B.T|shows the basic schematics of an on-load tap-changer and a parallel [53].
These schematics are the basis for the implementation of the corresponding mitigation
techniques for the energisation process in Chapter

+10%-0
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0%-°
—5%-o
—10%-0
ULV
Y

J]

U

HV

Y

(a) Schematic on-load tap changer implemented in
Transformer 1 in the PSCAD model.

Circuit Breaker

o[ -

Switch  Pre-Insertion Resistor

(b) Schematic of the parallelused by PSCAD [53].

Figure B.1: Schematic of the implemented mitigation techniques in PSCAD to limit transient inrush

currents.
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B. Appendix: Initial Black Start Investigations

B.2 Harmonic Analysis for Black Start with Voltage Source

For a better understanding of the superimposed frequency components in the currents
shown in Figure[5.2]and especially when Transformer 2 is energised, a harmonic anal-
ysis is performed. In a previous project [69]] by one of the authors, a harmonic analysis of
time-varying voltage and current signals was performed using and spectrograms.
The[STFT]|divides a time-domain signal into several time frames using a window function
and performs a Fast Fourier Transform in each time frame [69], [70]. The intensity
or amplitude of each frequency component contained in each time frame can then be il-
lustrated in a spectrogram. This project [69]] provides the basis for the harmonic analysis
carried out in this section. Therefore, the following MATLAB code based on [69] is used
to run the short-time Fourier transform and to plot the spectrogram of the current signals

shown in Figure5.2land

$Define window length
WindowLength=1024;

$Define overlap length
OverlapLength=0.75+«WindowLength;
$Define sampling frequency

Fs = 1/100e-6;

%$Conduct STFT with defined parameters above
[s,f,t]=stft (I1_A,Fs, 'Window', hann (WindowLength, "periodic"),
'OverlaplLength',Overlaplength, 'FFTLength',Fs,FrequencyRange="onesided");

O ® N U ke W N =

[
- o

%$Convert spectrogram complex data into current amplitudes

[
N

s_mag=abs (s) ;

W

s_mag_conv = (s_mag/ (WindowLength/4));

_
[STRENTS

$Plot spectrogram

=
=N

surf (t, £, s_mag_conv, 'EdgeColor', 'none');grid on

—
3

axis xy; axis tight; wview(0,90);

The defined parameters for the WindowLength, OverlapLength and FFTLength are chosen
according to [69] as a trade-off between a high time resolution and low spectral leakage.
Note also that the total number of time frames is increased by implementing an over-
lap length of 75 % in the used Hann window. The sampling frequency Fs corresponds to
the simulation time step set in the PSCAD simulation. The parameter I1_A represents
the corresponding single phase current signal. The conversion of the short-time Fourier
transform’s output parameters s into the current amplitude s_mag_conv in lines 12 and 13
of the code above is determined experimentally and successfully validated in [69].

Using the code presented above, the following spectrograms of the output current of the
voltage source are created and the effect of the tap changer and the on the harmonic
performances is evaluated. Figure shows the amplitudes of the frequency compo-
nents contained in the output phase currents of the voltage source without applying tap
changers or [PIRs. Note that only low-order harmonics could be detected, which is why
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B. Appendix: Initial Black Start Investigations

the frequency range for the harmonic analysis in this section is limited to 600 Hz.

Spectrogram of Current of Voltage Source
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Figure B.2: Spectrogram of the amplitudes of the frequency components contained in the output current of
the voltage source without tap changer in Transformer 1 and without[PIRp in BRK2 and BRK3. Note that the
colour bar on the right side shows the current amplitude of the frequency components, where 1 pu
corresponds to the nominal phase current of 1.262 kA.

In this figure, a 7th harmonic component can be seen when the overhead line is energised,
which is more prominent in Phases B and C. This 7th harmonic component is consistent
with the behaviour visible in Figure When Transformer 2 is energised, a high DC com-
ponent (0 Hz) occurs in Phase A, which is less distinct in Phase B and C. Additionally, in
all phases, the fundamental component shows a dip between 1.75s and 2s, which is due
to the strongly fluctuating decay of the current transients seen in Figure Further-
more, harmonic orders can be seen from the 2nd to the 11th harmonic, with the 2nd and
7th harmonics having the highest amplitudes. Another notable observation is that the
decay process is not uniform, especially at the 7th harmonic, where up and down swings
of the amplitude can be observed.

As some of these behaviours can already be seen in Figure the fundamental relia-
bility of the methods used for this analysis is considered as satisfactory. However, it is
also important to mention that due to the division into time frames and the overlapping
through the applied windowing function by the a slight temporal mismatch be-
tween the actual presence of the harmonics in current signals and the representation in
the spectrogram becomes visible, e.g. the harmonic distortion increases before the actual
energisation of Transformer 2.

It should also be noted that the spectrogram shows spectral leakage over a wide fre-
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B. Appendix: Initial Black Start Investigations

quency range at sudden amplitude changes due to the selected windowing parameters
[69]. This should also be taken into account for the following spectrograms.

Figures and show the effect on the previously identified frequency components
when in the breakers BRK2 and BRK3 and the tap changers in Transformer 2 are
applied to attenuate the large transient currents. Note that the colour bar on the right
side shows the current amplitude of the frequency components, where 1 pu corresponds
to the nominal phase current of 1.262 kA.
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Figure B.3: Spectrogram of the amplitudes of the frequency component contained in the output current of
the voltage source with tap changer in Transformer 1 but without[PIRs in BRK2 and BRK3.
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Spectrogram of Current of Voltage Source
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Figure B.4: Spectrogram of the amplitudes of the frequency component contained in the output current of
the voltage source with tap changer in Transformer 1 and with[PIRk in BRK2 and BRK3.

The figures B.3|and |B.4|show that the applied mitigation techniques significantly reduce
the previously identified harmonic components, including the DC component. This fur-
ther demonstrates the suitability and importance of their application, even though the
harmonic components including the DC component can only be damped and not elimi-
nated.

For a further investigation of the source of the harmonic components visible in Figure
the spectrogram for the magnetization currents of Transformer 2 shown in Figure
is provided in Figure In this figure, tap changers and were applied during the
simulation. Note that in this spectrogram 1 pu corresponds to a nominal phase current of
0.189kA, as the primary side of Transformer 2 is connected to 220kV.
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Spectrogram of Magnetisation Current Transformer 2
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Figure B.5: Spectrogram of the amplitudes of the frequency component contained in the magnetisation
current of Transformer 2 with tap changer in Transformer 1 and with[PIRk in BRK2 and BRK3. Note that the
colour bar on the right side shows the current amplitude of the frequency components, where 1 pu
corresponds to the nominal phase current of 0.189 kA.

Here it can be seen that the most prominent frequency components in the magnetisa-
tion current of Transformer 2 are the DC component (0 Hz) and the 2nd, 3rd, 4th and 5th
harmonic. These reach their maximum shortly after the energisation of Transformer 2 at
1.5s, which correlates with the magnetisation current shown in Figure It can also
be observed that the amplitudes of the 6th and 7th harmonics in particular do not decay
evenly, but show slight fluctuations.

Overall, the occurrence of low-order harmonics, in particular even harmonics, and the
described harmonic amplitude swings correspond to the typical characteristics of mag-
netisation currents of saturated magnetic cores during transformer energisation [68]], [71].
However, since not all frequency characterises seen in the spectrogram of the current be-
tween the filter and Transformer 2 in Figure [B.4 can be linked to the magnetisation cur-
rent, it can be assumed that further components are involved in the composition of its
frequency components. This is, however, not investigated further in this project.

B.3 Energy Dissipation PIR

In the following figure, the energy dissipation of the implemented in the breakers
BRK2 and BRK3 is calculated.
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Energy Dissipation BRK2 and BRK3
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Figure B.6: Active power loss through breakers BRK2 and BRK3, calculated from the difference between the
active power flow before and after the breakers (upper subfigure) and their respective energy dissipation
during their on-time of 10 ms (lower zoomed subfigures).

The approximated energy dissipation is determined by applying the trapezoidal numer-
ical integration method. This is done by gradually integrating and summing the area
under the active power curve using the MATLAB command trapz.
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C Appendix: Black Start with Voltage Source

This Section provides additional figures for the investigations of the black start with an
ideal voltage source in Section This includes the magnetisation currents of Trans-
former 1 in Figure [C.T|and the line-line RMS voltages at Bus1 and Bus3 in Figure|C.2}
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Figure C.1: Magnetisation currents of Transformer 1, mentioned in Section "Black Start with Voltage
Source". Note that the polarity of the magnetisation current is changed to match other current
measurements, as PSCAD measures magnetisation current in the transformer model with opposite polarity.
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Figure C.2: Response of the line-to-line RMS value at Bus1 and Bus3 during the black start with the ideal
voltage source. Note that 1 pu correspond to a line-line RMS voltage of 33kV and 220kV respectively. The
RMS value is calculated digitally in PSCAD for each simulation time step with an observation window of
20 ms.
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D Appendix: Black Start with STATCOM-
BESS

This appendix provides additional investigations into the black start of the system up to
Bus4 using STATCOM-BESS as the black start service provider.

D.1 Investigations on Signal Filtering

As discussed in Section 5.3} investigations into signal filtering are to be carried out in or-
der to improve the robustness and thus the performance of the controller of the STATCOM-
BESS when voltage and current disturbances are present. Therefore, the effect of differ-
ent characteristic frequencies fy of a second-order i.e. 20kHz, 2kHz and 0.2kHz
ON Vg meas and Vg meqs Will be investigated in this section. The transfer function of the
second-order from the PSCAD library [72] is shown in the following.

1
_1+2c§0+§)

G(s) (D.1)
The damping ratio ¢ of the second-order |LPEs is chosen to be 0.9. The input signals
id,meas aNd igmeqs are also filtered by a second-order Its characteristic frequency is
kept at 0.1 kHz and the damping ratio at 0.9 for this investigation, as these values have

been found to be effective for the attenuation of disturbances in 74 ,,,cqs and ig meas-

The effect of the filtering on vy,eqs and 4,,eqs can be seen in Figure when energising the
overhead line at 0.5s and Transformer 2 at 1.5s. For the investigation of the characteristic
frequency of the filters, the phases with the most severe oscillations were chosen.
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D. Appendix: Black Start with STATCOM-BESS

Figure D.1: Effect of signal filtering on vpeqs (Phase A) and imeas (Phase B) when applying different
characteristic frequencies in a second—orderfor filtering va,meas, Vq,meas, td,meas aNd %4, meas. Note that
a second-order [CPF with a characteristic frequency of 0.1kHz is applied to the current in all subfigures,
while the characteristic frequency of the second-order applied to the voltage is varied.

In this figure, it can be seen that a characteristic frequency of 0.2 kHz even intensifies the
already present voltage and current disturbances significantly, while 20 kHz have mini-
mum to no filtering effect. For a characteristic frequency of 2 kHz the voltage and current
disturbances can be significantly reduced. This value represents a compromise between
damping capabilities and not decreasing the response time of the controller to ensure
rapid counteraction to voltage swells and dips such as at 0.5 s in the first subfigure. It was
also found that a characteristic frequency lower than 2kHz can even lead to an increase
in current transients. Thus a characteristic frequency of 2kHz will be used for filtering
Vd,meas AN Vg meqs and 0.1 kHz for ig pmeqs and igmeqs in the following of this project.
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D.2 RMS Voltages and Magnetisation Current

This section provides additional figures for the investigations of the black start with a
STATCOM-BESS as described in Section 5.3 This includes the magnetisation currents of
Transformer 1 in Figure[D.2]and the line-line RMS voltages at Bus1 and Bus3 in Figure[D.3]
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Figure D.2: Magnetisation currents of Transformer 1 during the black start. Note that 1 pu corresponds to
the nominal phase current of 1.262 kA and that the polarity of the magnetisation current is changed to
match with Figure[5.13] as PSCAD measures magnetisation current in the transformer model with different
polarity.
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Figure D.3: Response of the line-to-line RMS value at Bus1 and Bus3 during the black start with the
STATCOM-BESS. Note that 1 pu correspond to a line-line RMS voltage of 33kV and 220kV respectively.
The RMS value is calculated digitally in PSCAD for each simulation time step with an observation window
of 20 ms.
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D.3 Harmonic Analysis for Black Start with STATCOM-BESS

Based on the descriptions and defined parameters in Section following three har-
monic analyses are carried out in this section:

¢ Current measured between the filter and Transformer 1

¢ Current measured between the overhead line and Transformer 2

* Magnetisation current of Transformer 2
The corresponding spectrograms can be found in the following. Note that the colour bar
only reaches up to 0.15 pu for better visibility of the present frequency components.
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Figure D.4: Spectrogram of the amplitudes of the frequency component contained in current signal
measured between the filter and Transformer 1. Note that the colour bar on the right side shows the current
amplitude of the frequency components, where 1 pu corresponds to the nominal phase current of 1.262 kA.
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Spectrogram of Current between OHL and Transformer 2
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Figure D.5: Spectrogram of the amplitudes of the frequency component contained in the current between
overhead line and Transformer 2. Note that the colour bar on the right side shows the current amplitude of
the frequency components, where 1 pu corresponds to the nominal phase current of 0.189 kA.
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current of Transformer 2. Note that the colour bar on the right side shows the current amplitude of the
frequency components, where 1 pu corresponds to the nominal phase current of 0.189 kA.
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Figure[D.4]shows that low-order harmonics with decreasing amplitude occur after Trans-
former 2 is energised. It can also be seen that the 3rd and 5th harmonics decay the slow-
est and superimpose the current the longest. In addition, the presence of decreasing DC
components can be identified, which is most prominent in Phase B. In Figure[D.§]it can be
seen that the amplitudes of the low-order frequency components are significantly higher
in Phase A and B compared to Phase C. Further, it can be noted that the 2nd and 3rd
harmonic components in Phase A and B superimpose the current magnetisation current
the longest. It is also noticeable that the 3rd harmonic reaches a stagnation point in all
phases, after which no further visible decay can be observed.

The Figures and highlight the difference between the characteristic of the tran-
sient inrush current between the overhead line and Transformer 2 and the magnetisation
currents of Transformer 2. It can be observed that the magnetisation currents in Phase A
and B have higher amplitudes than the current measured between the overhead line and
Transformer 2. In Phase C of the current between the overhead line and Transformer 2, fre-
quency components occur that are not recognisable in the magnetisation currents. This
allows the conclusion that, in addition to the magnetisation currents, further components
are involved in the composition of the frequency components shown in Figure and
thus in Figure However, this is not further investigated in this project.
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E Appendix: Block Loading

In this appendix, relevant parameters used to model the unit and the squirrel cage
induction motor are shown. Furthermore, additional figures and descriptions for the
analysis of the block loading of dynamic and static loads in Chapter[6|can be found.

E.1 Modeling of the GFL unit and Induction Motor

Table [E.T|provides an overview of the parameters used for the modelling of the [GFL] unit
connected to Bus4. The series reactor and the shunt capacitor form the LC filter of the|[GFL]
unit, whose values are calculated based on Section 4.1} It should also be noted that the
parameters 717, pr refer to the time constant of the corresponding marked in Figure
Moreover, the parameters K, and T; refer to the proportional gain and the integrator
time constant of the tuned PI controllers in the corresponding control loops.

Table E.1: Overview of the ratings and parameters used for the modelling of the unit.

GFL unit
Nominal Ratings and Filter Control Parameters
) Ky: 3
Nominal apparent power | 10.53 MVA f-P Control
TL PF. 0.01s
Number of Samples: 200
Nominal reactive power | £+3.29 Mvar MAF Frequency: 50 Hz
Initial Output: 50 Hz
K,:3.12
Nominal active power 10 MW V-Q Control
TL PF- 0.01s
Nominal voltage
33 kV Power Control Kp:0375,T;:0.1s
(L-L,RMS)
Nominal phase current Kp:0375,T;:0.1s
0.261 kA | Current Control
(Peak) TLPFZ 0.001 s
Base impedance 103.41 O) PLL Kp:9.16, K;: 0.82
Series reactor 16.45 mH
Shunt capacitor 1.54 pnF
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Table [E.2| provides the main motor parameter of the squirrel cage induction motor used
for the dynamic load model that is connected to the distribution system.

Table E.2: Overview of the parameters of the squirrel cage induction motor used for the dynamic load
model.

Technical Data Induction Motor

Motor type Squirrel cage induction motor
Nominal apparent power 3 MVA
Nominal voltage (L-L,RMS) 33 kV
Nominal phase current (Peak) 742 A
Base angular frequnecy 314.16 rad/s

Angular moment of inertia 0.742 s

Stator resistance 0.0054 pu

Rotor resistance 0.00607 pu

E.2 Static Load

In Figure the effect of signal filtering in the f-P droop control of the unit is
demonstrated.
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Figure E.1: Effect of the and in the f-P droop control of the unit. It should be noted that the
unit is energised for the first time at 4.

The effect of the on the frequency estimation of the can be seen in the top two
subfigures. It is noteworthy here that the significantly smoothes the frequency dis-
turbances occurring when energising the [GFL] unit including its LC filter and the static
load. In addition, it proves to be efficient in eliminating steady-state ripples in the fre-
quency estimation, resulting in only minor errors in tracking the frequency set by the
STATCOM-BESS in a steady state.
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In the lower subfigures, the impact of the on the active power reference is shown.
Here, it can be seen that rapid changes can be absorbed by the which reduces the
overall rate of change of the active power reference of the unit. In addition, residual
oscillations are damped.

In Figure[E.2Jthe active power, reactive power and the frequency response of the STATCOM:-
BESS during the block loading with and without the unit connected are further
investigated.
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Figure E.2: Active power, reactive power and the frequency response of the STATCOM-BESS with and
without the @unit connected. Additionally, the upper subfigure has a zoom-out showing the total
frequency drop of the STATCOM-BESS without the|GFL] unit for 45s.

For the frequency response of the STATCOM-BESS without the support of the unit,
the frequency drops to a minimum of 47.44 Hz, while with the unit connected, the
frequency only drops to 49.59 Hz. The reason for the frequency dropping below 47.5 Hz
is the active power output of the STATCOM-BESS, exceeding 10 MW, as shown in the
bottom subfigure in Figure This is caused by the active power drawn by the static
load along with transmission losses.

Another notable observation is that the reactive power absorbed by the STATCOM-BESS
is lower when the unit is not connected. This is primarily due to the capacitance
of the filter of the unit providing around 0.5 Mvar and to a much lesser extent to
the local supply of the passive components, e.g. Transformer 2, by the unit. If the
current is only supplied by the STATCOM-BESS instead, it has to flow over a compar-
atively long distance causing reactive power losses at the inductive components of the
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transformer and the overhead line. These reactive power losses slightly compensate for
the reactive power caused by the capacitive components in the system. The described
effects of reduced reactive power in the system due to load current that is provided by
the STATCOM-BESS can also be observed between 6s and 7.5s with the unit con-
nected, where an initial high current from the STATCOM-BESS towards the static load
compensates partly the reactive power provided by the overhead line OHL50.
Furthermore, there is a gradual decrease in reactive power from 6s, which is particu-
larly noticeable in the test case without the unit. The reason for this is the drop in
frequency to 47.44 Hz, which affects the impedance of frequency-dependant components
such as filters and the overhead line OHL50. Therefore the reactive power of these compo-
nents is influenced. In the case with support from the unit, the frequency deviation
is so small, that frequency-dependant deviations in reactive power are not visible.

E.3 Dynamic Load

For a better understanding of the effect of the power response of the unit, the dy-
namic load test case from Figure [6.9)in Section [6.3|is repeated in the below Figure
This time, only the power response of the STATCOM-BESS is shown, while the unit
is connected or disconnected. The dynamic load is again set to be 5 MVA, with 3 MVA
falling onto the induction motor.
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Figure E.3: Frequency and power response of the STATCOM-BESS, with and without support from the
unit. The unit is connected at 4 s and the dynamic load is connected at 6s.

The upper subfigure shows the frequency response of the STATCOM-BESS with and
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without the support of the unit. It can be seen that the unit limits the fre-
quency of the STATCOM-BESS to 49.8 Hz ultimately when the power demand reaches a
steady state. Without|GFL]unit, the frequency is still decaying toward an estimated value
of 48.75 Hz, according to its steady-state active power output of about 5 MW.

The lower subfigure shows that the [GFL|supports the STATCOM-BESS in terms of active
power, but due to its V-Q droop characteristic rarely in reactive power. Still, its active
power support affects the reactive power flow in the system.

From 4s to 6s and after 105, the unit provides the majority of active power, leading
to an unloaded overhead line. The reactive power produced by the overhead line is not
compensated by a load current flow through its inductive components, and the reactive
power has to be absorbed by the STATCOM-BESS. However, during the acceleration pe-
riod of the induction motor, the produced reactive power of the overhead line is helpful
to support the reactive power demand of the induction motor and therefore de-loads the
STATCOM-BESS in this period.

Overall, it can be seen that the connection of the unit does not cause further oscilla-
tions in the power output of the STATCOM-BESS. This proves that the unit and the
STATCOM-BESS have a stable interaction even under fast-changing load conditions, as
seen at around 11s.

95



	Front page
	English title page
	Introduction
	State of the Art
	Power System Restoration
	Characteristics of Power Converters
	Summary

	Problem Statement
	Limitations
	Structure

	System and Controller Modelling
	System Description
	GFM Controller Description
	Summary

	Analysis I: Transmission System Energisation
	Initial Black Start Investigations with Voltage Source
	Black Start with Voltage Source
	Black Start with STATCOM-BESS
	Summary

	Analysis II: Block Loading
	Modeling of GFL unit and Induction Motor
	Block Loading with GFL unit and Static Load
	Block Loading with GFL unit and Dynamic Load
	Conclusion Block Loading
	Summary

	Discussion
	Conclusion
	Future work
	References
	Appendix: System Data and Transformer Saturation
	Appendix: Initial Black Start Investigations
	Basic Schematics PIR and On-load Tap Changer
	Harmonic Analysis for Black Start with Voltage Source
	Energy Dissipation PIR

	Appendix: Black Start with Voltage Source
	Appendix: Black Start with STATCOM-BESS
	Investigations on Signal Filtering
	RMS Voltages and Magnetisation Current
	Harmonic Analysis for Black Start with STATCOM-BESS

	Appendix: Block Loading
	Modeling of the GFL unit and Induction Motor 
	Static Load
	Dynamic Load


