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Abstract

With requiremets to deal with @&mng infrastructure and to meet environmental
targets, the installed capacity of converters, including ceimtertaced generation and
backto-back converters, is expected to experience a continued grawatitional
power netwdds, synchronous generators provided the overwhelming majority of
electrical power, with some induction generators providing the remaining electrical power.
The dynamics of operation of both machines are well understood, including potential
stability issue$Vith the introduction of convertimterfaced generation, power networks
are becoming diverse systems, associated with which is an increased number of stability

issues to consider.

The majority of modern converters emplgaxis current injectiarontrd (or vector
current control) in which a phdeeked loop is used to synchronise with the voltage at
the point of common couplinghere the converter is connected with the network
recent years, potential issues with performance of PLL when the A€k itets/
connected to is weak have been reported. Poor performance of PLL under such
circumstances will lead to a cascade of errors in the control system, culminating in an

unstable system.

This thesisnvestigatethe stability of the power system whange quantities of
converteibased generation are present. The stability thresholds, termed as system tipping
points in this work, are evaluated for both small and large disturbanceslofnaime
analytical method to assess the tipping points, thegtippint searcimethod, is
introduced. This can be applied to any network model. Additionally, a network frequency
perturbation tool, which can also be applied indom@in model, is introduced to
visualise the response of individual generators to kdteguency fluctuation and

predict potential interactions among the generators.

Following the identification of the limitations of vector current control, alternative
control strategies which emulate synchronous generators, some more so than others, are
investigated. Based on these studies, recommendations for power system engineers are
made to ensure that the transition from a genelatonated network to a converter

dominated network is as smooth as possible.
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1.1  Motivation and scope

Owing to various government policies concerning the reduction efr@€3ions,
future power systems will be predominantiyeped by renewable energy sources, the
bulk of which connect to a power system through converters. Thus, conventional,
directlycoupled synchronous generation will have a smaller contribution to the dynamics
of a future power system; that is, the contobub voltage stability from direetly
coupled synchronous generation will be reduced, but so too will the overall system inertia
be, by which frequency stability is also affgidtéctcordingly, a complete understanding
of the dynamics of the convertarsaa power system where there is a small amount of
directlycoupled synchronous generation, covering all possible operating conditions,

becomes paramount.

Modernconverters are typically controlled using the vector current control approach,
referred to adgaxis current injection (DQCI) control in this work, which operates in a
rotating frame, known as tdgframe, which is, in principle, synchronised with the
voltage at the point of common coupling (PCC); the grid synchronisation is achieved with
a phae-locked loop (PLLJR2). Under the assumption of satisfying synchronisation of the
PLL, i.egaxis voltage is zeamntrol over active power output is then achieved through
regulation of the direct-éxis) component of the current flowing throughfilter
impedance; reactive power output, or AC voltage control, is achieved through regulation
of the quadratureraxis) component of the current flowing through the filter impedance.
The performance of the PLL is dependent on the voltage stabilitygafltteewhich
the converter is supplying power. The lack of a strong voltage source, which will
characterise future power systems with high penetration of converters, manifests itself in
poor grid synchronisation by the PI8] Thus, what is originallgn angle
synchronisatioissue causes, through a cascade of errors in the converter control system,

other issues, such as frequency instability.

There is an existing body of research exploring the effects of converters on system
performance, covering netkdrequency stabilid, 5] angular stabilit}, 7] and
voltage stability6, 8] However, liere are limited studies on the stability issues for
convertetrdominated systems. The penetration level at which the instability phenomenon
is first observeddef i ned as system oOtippingd point

investigate system performance when power generated fresyncmmonous
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distribution generation, including wind and photovoltaic (PV) units, is up to 30% of the
system demand. Helge ef{H0]studied the stability of the Great Britain (GB) power
system under a small, predefined set of operating points penetration ranges of non
synchronous generation (NSG) including high voltage direct current (HVDC)
transmission systems, using a phasadosimulation.

A statespace approach to small signal stability analysis involves deriving linearised
models of each component in the system, before amalgamating the component models
into a single, large model. The electrical part of a synchronoa®gé®é&) is a single
component in a power system, as is the electrical part of the converter; additional
components are the control systems associated with each source of generation.
Accordingly, since the number of states associated with models ofrgetent can
be quite large, the combined model of the power system may comprise a multitude of
state variables. Moreowtuge to the highly naelimearblocks in the PLL such as voltage
controlled oscillator aquhase detectateveloping theoretically et linearised models
of the PLLparticularly when the inertia is low, can be challenging. As a result, a state
space model which would include adequate representation of inverter connected sources

with their controllers can be very difficult and thusaatigal to develop.

Instead, in this thesis, a time domain approach is proposed to assess the system
tipping points, the method which will henceforthdierred to as the tipping point
searching (TPS). In the TPS method, a set of combined viabilidylagdreen defined
to detect instability, which includes the PLL locking status in DQCI controller, system
frequency, rate of change of frequency (RoCoF), voltage magnitude and voltage total
harmonic distortion (THD) level, with the operating limits ohaseording to the
existing network grid codes. This method can be used in adgriiaia power system
model. In this thesis, system tipping points, both in terms of small signal stability and
transient stability, for systems which feature convention@ll @Qnhverters are
investigated using two network models: a reduced GB transmission (RGBT) model in
DIgSILENT PowerFactory (RM&mulation), and an aggregated power system (APS)
model in MATLAB SimPowerSystems (Esiffiulation). The effects of various aitic
parameters including overall system inertia, system impedance, converter capacity factor
and existence of ndimear load (NLL), on the system tipping points are systematically
studied.
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Along with the TPS method, a network frequency perturbation (N&IP)s
introduced to visualise the response of individual generators to a periodic fluctuation in
network frequency. This way potential interactions between different generators can be
identified. With a generator exposed to perturbed network freqtgeacyive power
output is analysed using the Fourier Transform and the NFP response are obtained.
Similar to the traditional frequency domain analysis of control systems, the NFP analysis
can be carried out based on the linearised model of the gendriégdaraantroller; it can
also be applied to the generator model indom@ain with network perturbed by a sweep

of frequency.

In the last two decades, the displacement of conventional generation by renewable
energy sources led transmission system opdmatme concerned with the reduction in
the system inertfd, 11] Consequently, attention was primarily given to investigating
control algorithms which circumvent associated frequency stability issues. That is, control
algorithms which contained tR®CoF equation, were embedded into conventional
DQCI controller [12] For frequency events, droop control algorithms were also
considered. Relatively little attention was paid to voltage stability; indeed, it had been
assumed that any voltage stabilitgsssould be handled by incorporating droop control.
In the last five years, the issue of voltage stability has become significantly more important.
Given that the consensus now is that DQCI control has fundamental issues in weak
systems, alternative altfons have been developed, typically emulating, to one extent or
another, the dynamics of a synchronous mag¢Bin&n such control algorithms,
synchronisation is achieved through power flow considerations. The resulting converter
systems (including thertroller) are referred to as ¢iodming converters by system
operators (e.g. published by GB National (38 and ENTSGE [14) or virtual
synchronous machine (VSM) techniques. In this thesis, having explored the stability
thresholds of DQCI convertehe stability implications of adopting the aforementioned
variations on DQCI control and alternative control approaches are studied in this work.
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1.2 Principal research contributions

The main contribution of the thesis are summarised as follows:

1 A novel timedomain analysis method for investigation of power system stability
threshold associated with the voltage instability issue under high penetration of
converters is proposed. A set of combined viability criteria to detect the instability
has bee defined, which includes the PLL locking signal in DQCI controller,
system frequency, RoCoF, voltage magnitude and voltage total harmonic
distortion level. The operating ranges for those parameters are chosen based on
the existing network grid codes. Aemass of the instability phenomenon and
system tipping points is important to assist system operators and manufacturers
with future system planning and operation. This method can be applied to any
time-domain power system model for tipping point assesshhénis distinct
from traditional stability assessment methods, such as small signal stability analysis,
which involves linearisation of the system and can become very complex (and
thus not practical) when dealing with power systems with high penetration

converters.

1 A novel tool for visualisation of the responses of individual generators to a
periodic fluctuation in network frequency herein referred to as the NFP method.
It can be used to compare responses o0
with traditional SGs. The analysis can be conveniently performed using time
domain model only. With a rapidly increasing penetration of converters, the NFP
analysis tool could be particularly useful in the future power networks where a
variety of control gbrithms may be operating at any instant in time. The NFP
analysis tool combined with the TPS method forms a powerful analytical
framework to study network stability under high penetration of converters.

1 Assessment of the impact of various converteratdetthniques on system
stability thresholds to provide guidance to system operators on network planning
and regulation. While different types of converter control techniques have been
widely reviewed under high penetration of converters, uncertaieiy efféicts
on system stability and potential interactions remain. With utilisation of the TPS
method and NFP analysis tool, such effects can be studied; the results have been

of great interest to manufacturers and system operators. For example, GB
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Nationd Grid [13] and ENTSGE [14] have considered the outcome of this
research in their nestage review.

1.3 Thesis Outline

Chapter 2reviews future energy scenarios and power system challenges associated
with increasing penetration of convertdtss chapteralso gives an overview of
operation principles for traditional SGs and power electronic converters, as well as their
control systems. The convertelated literature review includes bothdomemutated
converters (LC@)VDC and voltage source conver®SCIHVDC. The principles of
operation of VSEIVDC and its conventional DQCI control are included. Alternative
converter control techniques that could contribute to the resolution of stability issues in
converteldominated systems are also to be reviewedliscussed. Two algorithms
which emulate characteristics of synchronous machines, namely the Virtual Synchronous
Machine with zero inertia (VSMOH) and M8, are described in detail.

Chapter 3presents methodology used in this thesis, includingt®muahodels for
power networks, the TPS method and its detection criteria, as well as NFP tool for

frequency response visualisation.

Chapter 4 demonstrates and quantifies the power system instability phenomenon
using the simulation models, which con&inchronous generation and DQCI
converters. The tipping points are systematically assessed-figrshalhd transient
stability. NFP responses of conventional converter controlled by DQCI controller are
studied and compared with SGs. Effects of vasimiem model parameters including,
but not limited to, system inertia, system impedance, generation loading level and

existence of NLL are also explored.

Chapter5 explores performance of various converter control techniques reviewed in
Chapter 5 compatdo the conventional DQCI converter, and their potential enhancing
effects on the tipping points. NFP charts for the various converter controllers are also

compared in terms of their effects on system dynamics and potential interactions.

Chapter6 conclues this thesis by summarising the contributions of the research, as

well as future work that can be built upon the finding and outcomes of this work.
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Chapter 2
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technologies
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2.1 Introduction

In this chapter, key motivatifactors for the large scale implementation of non
synchronous devicess well as various challenges associated withilthatdiscussed.
Besides, working principles of main existing generating technologies and their controllers
will be covered. Thisdludes conventional synchronous generation and HVDC based
systemasit is expected that a significant amount of power will be transferred via HYDC
links in future interconnected systefdditionally, the conventional vector current
control technique fdhe VSCGHVDC system based on PLL to synchronise with the AC
grid, i.e. the DQCI controller, will be described.

The principles of operation of the DQCI controller are based on the assumption of a
perfect PLL; that is, one which perfectly tracks the dradj@a@t the point of common
coupling. The departure from perfect phase tracking, as would occur with any real PLL
(particularly in weak systems) leads to acooping phenomenon in the inner current
control loop which could lead to converter and rayststability issues. Therefore,
various converter control techniques that have the potential of resolving system stability
issues under high penetration of converters, which are categorised based on whether
DQCI control and PLL are used or not, will baawed and discuss&EM concepts,
also termed as gifidrming converters, which have been the most popular topic in this
field, mimic the behaviour and characteristics of a real synchronous machine based on
the converter interface. Two representativeels@d VSM are covered in detail in this
thesis: the/SMOH and VSMype converter. Both are considered helpful for system
stability studies and promising to assist the high penetration of converters.

2.2 Driving forces behind power system changes

The combinabn of an increasing global population and the
industrialisation/modernisation of nations has led, and will continue to lead, to an
increased demand for energy. Indeed, according to [1], the total world energy
consumption may increase by 48% between 202240.

At the same time in Asian countries such as China, Japan and Korea, energy demand

can increase by as much as 72% [1]. In particular, the partial liberalisation of Chinese
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markets which begun under Deng Xiaoping led to and continues to drivedva mas
increase in industrialisation and wealth of many Chinese citizens. Combined with the
continued population growth of China, this is yielding a huge increase in energy demand.
With the Chinese government focusing primarily on economic growth ineeadesd

it mainly used conventional, fossil fuel based, energy sources such as coal to power the
economic transformation. However, in more recent times, the Chinese government has
pushed for a massive increase in the deployment of renewable energybiewviaéag

i n the Chinese gover nméais deal Tipisastipulatesithatat i o
full decarbonisation should be achieved by 2050 with the peaking of global emissions
occurring no later than 2020. More immediately, the Chinese govéasrgerdged

that 15% of its energy generation will be contributed from renewable energy resources by
2020 as stated in [2]. Presently, China has the largest absolute value of installed capacity
of renewable energy devices (though this was largely duendoous massive
hydropower plants such as the Three Gorges Dam). Even when hydropower is not

included, China still led the world in wind and solar generation during 2015 [1].

The next largest contributor to €€missions (as measured in 2015) is tH&|US
Due to the significantly smaller population, the US does actually have a higher emission
per capita. Renewable energy sources accounted for about 16.7% of the total installed
capacity in the United States, and 13.8% of the total electricity geloye 2015, with
wind and solar to be the fastgiwing renewable technologies [3]. Approximately
15GW of coafired generation was retired in 2015, which was the highest achieved rate

in a single year to date.

Whilst the US has recently withdrawn fromPtiues deal, all recent administrations
(including the current administration) acknowledge the threat posed by climate change.
As a result, whilst the policy of the US is currently unclear, it is expected that the US will
also move towards more renewabhergy systems and more convdrésed

technologies.

In Europe, the situation is somewhat different. Due to the modernisation of
European countries not being a recent phenomenon and net population growth being
moderate in comparison to nations such as®©hindia, most European countries have
not experienced the same level of growth in electricity demand. However, being

industrialised for more than a century meant that the emissions per capita were already
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high. Indeed, as a unit, the EU contributesf@§lobal emissiorig].In an effort to curb

emissions, the EU and nation states of Europe have set themselves targets for deriving
increasing amounts of energy from renewables. The EU has set itself up targets for
reducing the greenhouse gas emission@ags i vely by202060t afget .
[4], where a 20% cutgneenhouse gamissions is expected by 2020 compared to levels

in 1990, at least 40% by 2030 and 80% by 2050. By 2014, the greenhouse gas emissions
in EU have dropped by 24% below 1880 levels [4].

With the majority of the Member States advancing towards the 2020 target, the gross
electricity power generated from renewables in EU has reached to almost 26% in 2014,
up from 15% in 2012 [FFigure 21 indicates the forecast maximum hourly penetration
level of renewable energy sources relative to system load in the EU countries published
by ENTSOE in 2015 [6] for 2016, 2020 and 2025, where the penetration level of
renewable energy source (RES) isadklip the power output from RES contributing to
the system demand. Of the thiltyee countries in the EU, eight countries (Germany,
Denmark, GB, Greece, Ireland, Northern Ireland, Netherlands and Portugal) are
expected to encounter periods during whiglowaer is provide by convermmnnected
sources; twerdyvo countries (including the aforementioned countries) will reach
penetration levels over 50% by 2025. Note that the 100% penetration levels do not mean
that they occur simultaneously for the @gihmtries mentioned above on the same hour.
Among the different types of renewable energy resources, the most popular ones in EU
areas have been the wind and solar, whose installed capacity are forecast to increase by
80% and 60%, respectively accordirj§]t

The UK government has agreed to EU targets which stipulate that renewable energy
sources account for 15% of total energy consumption by 2020. Since renewable energy
sources are more easily integrated into the electricity system, it is expéeadaimat
impact of renewables will occur in this sector; accordingly, 40% of electricity power is
projected to be derived from renewable energy sources by 2022 under Two Degrees
scenario [7]. Note that the Two Degree scenario defines the scenario @vhere th
environmental sustainability is the top priority, i.e. optimal development of low carbon
energy and high penetration levels of converters. In 2008, UK government adopted a new
Climate Change Act [8] where it is specified that the UK should reduenitsuse

gaemissions by at least 80% below 1990 levels by 2050. In spite of the deindustrialisation
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of GB, which caused (and is projected to cause) a short term fall in electricity demand as
shown inFigure2-2, the electricity demand in GB will increasée medium to long

term. This is for the following reasons: a growing population, increased deployment of
electric vehicles (EVs), and the proliferation of electric heating systems.

RES penetration level

(based on contribution to the demand power)
110
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m2016 W2020 @2025

Figure2-1. Expected values for maximum penetration leveda@fvable energy resources
(based on power output from renewable generation over the hourly system demand power) by
countries for 2016, 2020 and 2025 (data from ENE BDpublished by 2015)

Figure2-2. Forecast electricity demand in GB power network [7

1This image has been removed by the author of this thesis for copyright reasons.
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Figure2-3. Installed capacity of generation by type under Two Degrees scenario for GB
power system [7]

With a substantial increase of the renewable electricity sources, UK generated 7% of
energy from renewable energy resources in 2014 [9] and ei®¥rgpfis expected to
come from renewable energy resources by 2020 under Two Degrees scenario [7]. The
renewable target in GB power network will be achieved by 2022 under Two Degrees
scenario which falls slightly beyond the targeted time due to reklovely
decarbonisation in the heating and transport sectors [7]. Between 2016 and 2020, as
shown inFigure2-3, fossil fuel including cefiled plant and some old gasd power
stations will be closed due to difficult market conditions and environewgstation
while the last coéited power station will be decommissioned by 2025. Gas generation
will make a valuable contribution to security of the supply. New technologies led by
renewable energy resources, mainly wind and solar, will experiencechedises out
of the total generation capacity. Due to more investment being made by introduction of
Of gemdés Cap and Fl oor Regime [10], a rap
well, with installed capacity expected to ramp up by about 2GwE&&M2015 and 2040
[7]. Electricity storage technology has been evolving rapidly to support system security
and reliability under increasing penetration of NSG, such as balancing and ancillary

services.

In all of the aforementioned regions, the transitarenewablbased energy will
result in power systems that were once dominated by synchronous machines being

dominated by converters. Even when synchronous machines are employed, for example

2This image has been removed by the authbisahesis for copyright reasons.
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in hydropower stations, the location of the plant can bemartlfie demand centres,
especially in large countries such as China. To minimise transmission losses, HVDC
systems are employed, decoupling the SGs of the hydropower station from the grid in
which the demand centre is located. Indeed, HVDC interconnactor@ready
commonplace in China as a result of the large distances between generation and load.

Moreover, as shownkigure2-4, the hourly instantaneous penetration le\5cf
in 2030, i.e. mainly wind and PV, in the GB power network is expectag to va
dramatically from 0% in August (moderate wind and high demand) to 165% in December
(strong wind and low demand), which could potentially pose great challenges on system

operation and security.
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Figure2-4. GB hourly instantaneous penetration levds (%) to demand in 2030

under Two Degree scenario [11]

2.3 Operational challenges

With dramatically increasing penetration level of converters, operability challenges to
the existing power systems have drawn great attention of the system operatenge To achi
a secure and reliable system operation under high penetration of converters, it is
important to overcome such issues and ensure a smooth and efficient transition of the
current power networks. The main challenges on frequency stability and vdlitsgge stab

are discussed in this section.
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2.3.1 Frequency stability

Grid frequency is one of the most important indicators of the health of a power
system. When generation and demand are balanced in a power network, frequency
remains constant. As stated in [12 ti8]Jpperational limits for contractgsherators
the GB power system are +0.2 Hz, i.e. 49.8 Hz to 50.2 Hz. As shoguré2-5 within
the +0.2 Hz operational limits, the system will stay in continuous operation, and control
system will regulate the system frequency to be as close as possible to its nominal value
of 50 Hz.

Frequency
Recovery

Frequency
Regulation

1
Frequency 1 Frequency

Regulation | Containment
|

50.5

50.2

50.0

Frequency (Hz)

Time

49.8

49.5 Post-disturbance

49.2

| |
1 Disturbance 1

Figure2-5. lllustrative frequency management requirewith respect to time [14]

When there is a power imbalance, for example due to loss of a generation, the
electrical torque demand exceeds the mechanical torque being applied to the rotors of the
generators connected t o tdiasvagpledte rotategy st e m
bodies, this results in a natural deceleration of the rotors, as the power imbalance is
compensated by the energy stored in the rotating masses of the machines. Given the
intrinsic relationship between grid frequency and thesp#ed of directly connected
synchronous machines, the grid frequency will drop in this scenario. On the other hand,
e.g. following loss of a major load, system frequency will infeigaa®s2-5 shows the
frequency response stages following a disturfgeemezation and demand loss).
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Figure2-6. Generator with a synchronous coupling to the network (e.g. conventional SGs)
[14]°

Figure2-7. Generator without a synchronous coupling to the network (e.g. cenverter

interfaced generation) [24]

System inertia is understood as the aggregated inertia of all the rotating machines in a
power network (including generators and motors) that are directly coupled to the network.
Such direct coupling allows power disturbances to be transferred to aothange
mechanical torque that acts on the machine rotor, as sheigare2-6, which can be
visualised as a chain that connects a SG to the power system while a speed change can
affect every component connected in the chain. Frequency in an infinitebysteomg
would never be shifted from nominal value, regardless of the magnitude of the transient
event. Practically, the higher the system inertia, the slower the initial RoCoF in response

to any transient, which results in less pronounced system dymdowdagf a

3 This image has been rerad by the author of the thesis for copyright reasons.
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disturbance and contributes to a generally higher level of system stability. However, power
electronic devices, i.e. mymchronous devices, are decoupled from the AC system due

to the static AC/DC converter interface, and therefore are motcabbntribute to

system inertia. It can be described as a roller which allows power transfer between the
generator and the network while a change in the speed on one side will not affect the

other, as shown Figure2-7.

In the GB power system, thetsys inertia level is already low during low demand
periods and it is expected to decrease further between now and 2035. The system
minimum inertia can even drop by over 60% between now and 2025/26 [15]. Even
though the inertia level slowly increases 20@5%/26 due to the construction of new
synchronous generation, especially nuclear generation, it can still drop by more than 30%.
The inadequate system inertia with increasing penetratiorsghobronous devices is

already significantly affecting tperation of some synchronous areas.

Challenges have been raised by the decreasing system inertia levels worldwide, such
as those discussed in [14] for GB and [16] for Ireland and Northern Ireland. First, the
widespread high RoCoF value across the newlloskihg system disturbances, i.e. loss
of a generation or demand, could easily trip the RoCoF relay and lead to cascading
tripping of many affected generators. According to [15, 17], the RoCoF baeéd Loss
Mains (LOM) protection setting which used t®.425 Hz/s, has been changed to 1
Hz/s for all distributed generators, with a delay of 500 ms (i.e. the RoCoF must be
continually above the threshold for a period of 500 ms before tripping is permitted). This
IS to reflect the increasing penetration ofedars and their impact on system dynamics.

In Ireland, the RoCoF grid code standard has been updated to 1 Hz/s for Ireland and
Northern Ireland calculated over 500 ms in 2014 and the suggested compliance of RoCoF
for any studies up to 2 Hz/s [18]. Meaitevthe level of infrequent infeed loss in GB
national electricity transmission system has been increased from 1320 MW to 1800 MW
since April 12014 [19].

With lowering inertia it is expected to become more difficult for the system to be
maintained whiin the desired range, e.g. £1% of 50 Hz in the GB transmission system,
as stated in the Electricity Supply Regulations 1989 [20]. This is due to lack of

natural/conventional frequency response provided by the converter.
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2.3.2 Voltage stability

To facilitate emomic, efficient and safe transfer of active power across the
transmission and distribution networks, voltage levels must be controlled within
acceptable operation margins. In the GB transmission system, normal operating voltage
ranges are defined as +3#400 kV and +10% at lower transmission voltages, with

reference to [12]. Similarly, the ranges for distribution networks can be found in [21].

Voltage depends primarily on the localised balance of reactive power supply and
demand. When thereds excesof reactive power generation, the voltage at busbars
nearby will rise; on the other hand, voltages will drop if there is more reactive power
demand. When the power flows are high, electricity networks tend to absorb more
reactive power (due to seriestaace of the transmission lines and transformers), which
requires additional source of reactive power to maintain voltages in the desired range.

After a disturbance, such as an sticztit fault, voltage level at nearby busbars will
drop rapidly due to increased current as well as increased reactive power consumption. It
is therefore important to ensure a fast fault current injection to aresgpithdrop of
voltages during this period. Skartuit level (or fault level) is an important factor as a
measure of system strength. In the conventional power systems, synchronous machines
can provide high fault currents, typically 6 times the vathe mated current [22],
because such generators operate as voltage sources with low internal iApéuance.
majority of norsynchronous devices are connected to the system via power electronic
devices, their contribution to short circuit Ishehited to a great extent by the maximum
current allowed to flow to prevent oheating of the converter hardwayaditionally,
the characteristics of the thygease current contribution from an inverter in response
to balanced and unbalanced faults carsigr@ficantly different from that of a
synchronous machine. Therefore, increasing penetration of centexftared
generation in the power networks will lead to a significant reduction in short circuit levels

which will impact on various aspects oksystperation such as voltage management.

Apart from the conventional regional voltage stability issues, another type of voltage
stability issue related to the tracking performance of synchronous reference frame (SRF)
PLL in the DQCI controller has also betiscussed in the field specifically for weak

networks, i.e. networks with high impedance, and/or high penetration of converters.
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Traditional synchronous machines operate as balanced voltage sources connected to grid
via a transient reactance [23]. Howesgnventional converters for reynchronous

devices typically use DQCI controller, where active and reactive power setpoints are
translated intalgaxis rotating reference frame. This will be described in nmalendet
Chapte. Such method is usedctantrol the switching bridges or multilevel modules to
achieve actual injected currents closely marched to the reference values, resulting in a
converter behaving as a balanced sinusoidal current source. This is required by the present
GB and EU grid code such as [12, 24], even in the presence of voltage unbalance or
harmonics. The DQCI converters also aim to have high equivalent impedance from the
perspective of unbalance, harmonics andhataronics. When there are harmonics or
unbalance in the measd voltage waveforms, the feedback control signals could be
affected in an undesirable way, leading to converter and system operation failures.
Moreover, most of the existing analyses of the DQCI control scheme neglects the effects
of the PLL. Given thahe PLL has a loWwandwidth, it is more difficult for the PLL to

track the phase of the grid at the point of common coupling, especially in a weak system
where the voltage tends to Ibss stiff hence, the performance of the PLL, and by
extension the DQCctontrol scheme, deteriorates, which could affect the converter
terminal voltage and lead to undesired -cargsling in thelgaxis controller (as the
measured voltage forms an input to the control loops). Such effects have been discussed
widely such asyd.idong Zhang25, 26] QingChang Zhong [27, 28], Ashabani Mahdi

[29, 30], Dong Dong [31], as well as system operators, e.g. GB National Grid [32].

2.3.3 Subsynchronous resonance

Resonant oscillatory modes at a range of frequencies can occur in allagéctrical
electromechanical power systems where most of them are harmless and short lived
because of effective damping in the systeminertia stored in the various devices
However, there are cases where the oscillations can grow with significant fizeignitude
a sufficient period of time, which can cause damage to devices or system instability. This
especially involves those with associated frequencies reflected at the terminals of the
generators close to characteristic frequencies of the connected pbeatricgstem, i.e.
generally lies in the ssfnchronous frequency range below nominal system frequency,

and cannot be damped sufficie[&8}
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Conventionally, the stdynchronous resonance (SS&)mostly related to
reinforcement such as series capdormed compensatid23] Recently and in the
future power systems, the high speed active controls deployed in numbers of power
system technologies, such as HVDC equiparehivind turbine controllersend to
provide negative damping to the systenthardfore exacerbate SSRRsacalled sub
synchronous torsional interaction (SSTI) angdywuthronous control interaction (SSCI)
respectively33] which could become increasingly relevant as regional levels of NSG
increas¢34] Categories of SSR phenomenon are illustrefegline2-8[15] In the GB
national electricity transmission system, SSR has been a risk since the first HVDC
interconnection between GB and neighbouring countries was established, which is
generally related current source converters operating in rectifier mode and it could
become pragmatic when the negative electrical damping introduced by HVDC converter
controller exceeds the positive mechanical damping from nearby synchronous generating
units[35] The @B Grid Code[12] requires the HVDC converter owner to hold the
responsibility to mitigate any SSR risks that arise from the interactions between HVDC

link and other plant by, for example, fitting the controller with an SSR damping loop.

Sub-synchronous
interactions

Sub-synchronous Sub-synchronous
Sub-synchronous . : . . .
ErEE e (SSR) torsional interactions control interactions
(ssTI) (sscl)
Synchronous generators Generators WTG controllers
Series capacitors HVDC and SVC controllers Series capacitors

Figure2-8. Clasification of suisynchronous interaction in power networks [15]
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2.4 Grid code requirements for norsynchronous devices
2.4.1 Synthetic inertia

To overcome the problems of reduced system inertia, an idea of emulating the inertial
response through control loops e®n increasingly popular in recent years, which
enables inverter power setpoint adjustment according to the measured value of RoCoF.
Detailed examination of the synthetic inertia concept will be presented inZrapter
Chapteb.

Some guidance as wadl regulation documents, including the grid codes, have
considered the application of synthetic inertia irspiachronous devices as one of the
possible options to support system operation. For example, EU ENEgOires that
the nonsynchronous devicéss h a | | be capable of providir
to frequency changes, activated in low and/or high frequency regimes by rapidly adjusting
the active power injected to or withdrawn from the AC network in order to limit the
R o C dZ4,636] UK system operator National Grid discussed the need for synthetic
inertia in[37]

2.4.2 Frequency and voltage control

Non-synchronous devices do not possess the inherent capability of frequency/active
power support. With more and more #synchronous devices to installed in the
power networks, the importance of providing frequency support from such devices has
started to be realised. For example, in thé5GdB Code [12], it is required that the
generating units, including the 1synchronous devices, be ableawtinuously adjust
their output in relation to frequency across the normal operating range from 49.5 Hz to
50.5 Hz and maintain stable operation over the entire operating range from 47 Hz to
52Hz. It is also required that the resymchronous devices aspable of performing a
frequency droop between 3% and 5% and deliver a minimum frequency response of 10%
of its capacity with no delay (or 2s delay maximum). Similarly, EU Networld€odes
also have requirements regarding frequency droop responseorfrsymchronous
devices for both undesind oveifrequency situations.
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Similarly, voltage regulation capability is required f&ynohronous devices by the
grid code$12, 24, 36)vith reactive slope characteristic adjustable over a defined range,

wherereactive power control and power factor control modes could also be required.

Such requirements have also been introduced i[B8,S3%] Ching40] and Ireland
[41]

2.5  Synchronous generator

Synchronous generators have been thesmaioeof the electromechanical power
conversion devices in power systems for more than a hundred years. Tieajledle so
because the frequency of generated voltage is directly linked with the rotational speed of
the generator. Synchronous generators caruibe ifo coal, diesel, nuclear and hydro
power plants. Machine ratings can be in excess of 1500 MW; however, most generators

have ratings of a few hundred MVA.
2.5.1 Principles of operation

The two fundamental parts of a SG are the rotor (field) and the stedtur@). The
rotor is equipped with a Bé€xcited winding. The combination of the excited rotor
winding and the rotational motion of the rotor (driven by a prime mover) produces a
rotating magnetic field in the air gap between the rotor and statoisuis alternating
voltage will be induced in the stator windings. Note that a SG and a synchronous motor
share the same configuration. The synchronous machines can be configured to operate in
either mode by changing conversion direction between medrahigalkctrical energy.
An illustration of the operation of a SG is showrignre2-9 (a) while the equivalent
circuit is presented migure2-9 (b), wherek represents the induced voltage at the
generator internal termin&l,represents voltage at thédgconnection point, and
represents the equivalent reactance of the generator. Note that resistance in the stator
winding is neglected in this equivalent circuit as it is typically much smaller than

synchronous reactance.

42



X
vy
Synchronous
generator X

ACgrid Generator * Power +
internal E = V Grid
terminal - v -

Rotating shaft Power

(a) (b)

Figure2-9. (a) lllustration of operation in a single phase of a SG; and (b) its equivalent
circuit when connected to a dvd]

Active and reactive power transfer between the generator terminal and the grid
connection pint can be expressad simplified formsy equation(2-1) and (2-2)
respectively, wheReis the active poweQi s t he reactive power

difference between the phadgeendV, i.e. the power angle.

sind (2-1)

_IVIIE|cosd- |V ]

Q X

(2-2)

2.5.2 Motion mechanics

The rotor motion is deter mi requdtiorf2, t he N
whereJi s t he tot al moment of iZUnistheratorof t h.
angular acceleration inrad/$ai s t he net accelTgisahei ng t
mechanical 1t 0l gueé hieneNamtawamagneti c torgq
rotor acceleration is describeaqyation$2-4) to equation(2-6), wherex m is the rotor
angular velocity in rad/dy is the rotor angular position with respect to the stationary
axis in rad/stim is the rotor angular position with respect to the synchronously rotating

reference axis in rad angsynis the synchronous angular velocity of the rotor in rad/s.

T0=T,0- T.0 =30 23)
_dw (t) _ d’g,(t) ]
am(t) - dt - dtz (2 4)
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dg, ()
dt

Gn(t) = Wsyd + (1) (2-6)

When there is an imbalance between the electrical and mechanical torque, the net

W, (1) = (25

torque produces acceleration (or deceleration) which may be calculaéepiaisimg
(2-3). In steady stat&; andTe and the rotor acceleratiorzeso, resulting in a constant
rotor velocity. When the mechanical torque is larger than the electrical torque, the

generator rotor will accelerate; conversely, it will decelerate if the electrical torque is larger.

By substitutingquation$2-4) and(2-6) into equation(2-3),

19HO 1 - T0=T,0 @7)

It is convenient to express equa(@B) in terms of power rather than torque and
also in p.u. rather than in physical units. In theirperform, the swing equation
expressed in terms of power is given by eq2#pnThe power imbalance is calculated
using equatio(2-9). Here,Pm puis the mechanical power in p.u. Baglin p.u. is the

electrical power output of the generator.

We(OTm() - ne(OT() _ B - RO _

=P pu() - P pult ]
Srated Srated m,pu( ) e,pu( ) (2 8)
J;vmt(:) d (;/Fz(t) =Py ou() - Pou(t) = Py pult) 29

The inertia constat is defined byquation2-10 with units in joles/VA, where

the numerator part is the stored kinetic energy at the synchronous speed:

[ -

~ I,
H — 2 msyn (2_1®

S

rated

With the p.u. rotor angular veloaity, defined inequation(2-11) in rad/s,equation
(2-9) can be rewritten as(@12), wherey syncis the base angular frequency (set to be the

23 t i me sstateriel fresuercy),dilys the power angle (rotor angle in electrical
rad).
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a(®)

msyn

d;ct/z(t) = Py pu(t) - Popu(t) =Py (2-12)

Wpu(t) =

(2-19)

2H d’d (t) _ 2H
—Wpu(t) d,?z( ) =

msyn syn

Wy (1)

When taking into consideration the damping torque, whose value is proportional to
the smed deviationequation(2-12) can be expressed [®13), wherePqpu is the
damping power introduced by the speed deviation asperpressed in equatiga4)
andD is the damping coefficient.

2H Wpu(t) dd?Z(t) = Pm,pu(t) - Pe,pu(t) - Pdpu(t) = Pa,pu(t) (2_13
_ D ddt)
Ry pu(t) = o dt (2-19

syn

2.5.3 Controllers

To make sure the poweuality indices are within standard limits, the system
frequency and voltage have to be maintained close to their rated operational values. The
frequency of a SG is exclusively given by the rotational speed of the generator shaft, which
should be contr@t within an acceptable operational range independent of torque
fluctuations. Variations in the frequency are introduced by power imbalance in the
network. Meanwhile, the excitation system must be able to automatically adjust the field
current to maintaithe required terminal voltage. An illustration of the main controllers
of a SG is shown Figure2-10.

Kinetic energy stored in the rotational masses of a tgdrieeator will be released
naturally during a powmnbalance event, such as sudden azaseiof load or a loss of
generation. Rotor speed (or generator frequency) is a key indicator of network power
balance (or imbalance). Hence, it may be used as a control signal for governing the
mechanical output power of the turbine, as shofigume2-10
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Figure2-10. Main controllers of a SG including turlijogernor and voltage contro[é3]

The main objective of the turbigevernor control is to ensure that the rotor speed
is as close to its nominal value as possible. The freqoeveyowerelationship for
turbinegovernor control is shown i§2-15, wherea®n, is the change in turbine
mechanical power outparer is the change in the power reference vBtus, the

frequency droop slope aadlis the change in frequency due to a system disturbance.

1
I:]:)m = DPref - D_[x (2-15

f
To maintain the generator terminal voltagan automatic voltage regulator (AVR)
is required to adjust the output of the generator exciter. As Bapme®-10, when the
reference voltagéer decreases (or increases), the exciter voltage applied to the generator
field winding is decreased (or increased) by the output Vgltagech then causes the

Vi to decrease (or increase).

In addition to turbingovernomand AVR controllers, a power system stabiliser (PSS)
is often implemented in the exciter of a SG. The role of the PSfaunsptite small
magnitude and low frequem@nerator rotor angbscillations introduced by the voltage
regulator actionsvhich a@ in a broad range of frequencies in the power syten
than a single frequeneyg. 0.1 to 2.5 Hz approximatayycontrolling its excitation using
auxiliary stabilising signal{®)is is to reduce any potential detrimental impact on the
system steaebjate stability and power transfer capalgiifyTo provide damping, the
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stabiliser must produce a component of electrical torque in phase with the rotor speed

deviations, such aBown inFigure2-11[23]
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r’h@g.ch(‘s)—:@_. 1+ST3 K2 Z+ \z_:,/ 2HS+KD A(D,- s
Exciter Field circuit )
Av,
K, K,
L] af i K|
4 +
1+sT, 2 L5

Voltage transducer
Figure2-11 Example block diagram representation with AVR an@8|SS
2.6  Power system stability

Power system stability has always been a major concern for secure system operation.
As defined ip45] power system staltitieyability of an electric power system, for a given initi
operating condition, to regain a state of operating equilibrium after being subjected to a physi
with most system variables bounded so that practically the emntiaetslygiane2-ddains i
gives an overall classification of the power system stability problems.

Power System

Stability
Rotor Angle Frequency Voltage
Stability Stability Stability
Small-Disturbance Transient Large- _Small-
Angle Stability Stability Disturbance Disturbance
Voltage Stability Voltage Stability
T ] [ ]
I [
Short Term | Short Term ‘ | Long Term ‘
Short Term Long Term

Figure2-12 Classification of power system stalpliy
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In conventional power networks dominated by synchronous machines, the main
stability issue is to mait synchronous operation after being subjected to a disturbance.
Under steadgtate conditions, there is an equilibrium between the mechanical torque and
the electromagnetic torque of each generator, and their speed is kept constant. When the
system is dturbed, the equilibrium will be disrupted and machine rotors will accelerate
or decelerate accordingly based on the laws of motion. The resulting angle difference
normally could be reduced by reducing the speed difference based on thegb®wer
relatiorship and the Equal Area Criterion, and hence, a new equilibrium will be achieved.
However, when the angle separation is beyond a certain limit, there is insufficient
restoring torque to react to the rotor speed differences, rotor angle instabilityrwill occ
When a synchronous machine losses synchronism with the rest of the system, large
fluctuations will occur at the problematic machine(s) in the power output, current, and
voltage, which will then cause protection system operate and trip the unstaige mach
This stability issue is categorisetbtis angle stability i ¢ h i s the alilily ofe d a s
synchronous machines of an interconnected power system to remain in synchronism after |
a disturbad¢23]

Voltage stability refers dthe ability of a power system to maintain steady voltages at all b
in the system after being subjected to a disturbance from a given irdtial wgeratingconaiion |
factor causing the instability is the inability of the power system toentehénd for
reactive powgR3] o Vol tage collapsed could occur
accompanying voltage instability teatl$ to blackout or abnormadlw voltages in a
significant part of the power sys{@®, 46]With increasing nurer of converters being
introduced into the power systems, such as HVDC links antbieck applications
[25, 47]they are usually associated with stability issues of the controller when connected

to weak AC systems, as well as the unfavourableereaptio we r 01 oa[d5p c har e

For both rotor angle stability and voltage stability issues, there are subcategories based
on the severity of the disturbance, i.e. small distufbasogall signad}ability and large
disturbance (transient) steupil

1 Small disturbance/small signal stability is concerned with small disturbances in
the system, such as continuous small variations in loads and generation, which are

considered sufficiently small for linearisation of system equations to be

48



permissibléor purposes of analysis. The time frame of interest is usually 10 to 20
seconds following the disturbaft®]

Analysis of small signal stability is usually established based on the linearised
model (normally based dqframe) of the network, includidgvices and its

control systems, at a certain operating point and the stedmisyssdahsed on
eigenvalue analysis. The main challenge of the small signal stability analysis is to
connect stability of a ndimear system to the properties of a tised model at

a certain operating point. For example, when analysing small signal stability of a
network which contains a conveitgerfaced generation/link connected with

the grid via transformers and lines, efforts are required to connectltheanon
oconverter framed (shaped by the PLL)
analysis as they are based on diffdcgrames. This could become even more
challenging due to difficulties on interpretation of its linearised model due to the
nortlinear blocksvhen ratings of the synchronous units is relatively low and/or
system inertia is low.

1 Large disturbance/transient stability is concerned with severe disturbances such
as system faults, sudden loss of generation/load, etc. which is also relevant to the
predisturbance operating state of the system. The time frame of interest in
transient staility studies is usuallyo3econds following the disturbance which

could be extended for very large disturbances.

Another type of the stability issues idridguency stalilityi ¢ h rtlefalslitysf t o 0
a power system to maintain steaglyfditegiegm@ severe system upset resulting in a signific:
imbalance between generatiod [@&f FEraduency instability may result in sustained
frequency swings which could then lead to cascaded tripping of generation units and/or

loads.

In this hesis, timelomain stability analysis methods for systems that contains large
amount of converters will be introduced and used to explore system stability thresholds,
which could be beneficial to small signal stability analysis due to the diffichté@s to o
the linearised weak AC system model with the existence of PLL. Both small signal stability
and transient stability will be investigated.
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2.7 Power converters

Power electronic converters have been used extensively in domestic, industrial and
information technology applicationBigure 2-13 illustrates how the modern power
networks work including electricity generation, transmission and distribution. With the
exception of distributed generation, electricity is transferred over long distances through
dedic#ed transmission lines, AC and/or DC, before being dispatched to users in the
distributed network. To reduce transmission losses, the transmission lines operate at a
high voltage. The distribution system will operate at a significantly lower voltege for sa
and other practical reasons. To enable this mode of operation, power transformers are
used to connect high voltage transmission lines to medium and low voltage distribution

systems.
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Rapid development of power electronic converters has led to the steady increase of
their usage in power systems over the past decades. The following examples are

applications of converters:

1 power filtering to enhance power quiigy
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1 reactive power compensation to increase the jr@ansfer capability of the
transmission lines,

1 power conditioning to enable power exchange between two electrical networks in
a contolled manner, such as b#olback HVDC system which interfaces two
AC subsystems at the same or different frequ§s@jes

1 AC/DC/AC conversion for wind generators to transfer power through a DC tie
line between two electrically remote AC subsystems,

1 DCI/AC conversion (for PV solar array, a fuel cell, or a battery storage) to transfer
power from a DC RES unit to the giad, 52]

The ability to connect two or more unsynchronised systems is a major benefit of using
converters. This makes it possibleafaind turbine to operate at varisggeed, which
is beneficial for both maximum energy capture and reduction of mechanical loading.

Converters also make it possible to connect energy storage devices such as batteries.

Converters are referred to asezitiectifiers, if the conversion is from AC to DC; or
inverters if the conversion is from DC to AC. In this thesis, the main focus is on the

stability of inverters under high penetration of converters in a power network.
2.7.1 HVDC transmission systems

Electricpower transmission systems have been dominated by HVAC for more than
a century. Debates on AC versus DC began in"tleerd@iry, when the first DC power
system was established by Thomas Edison and the first AC power system was founded
by George Westinghse and Nikola Tes}d3] In recent years, HVDC transmission
system has become increasingly more attractive to power system operators and companies
compared to HVAC transmission for the following red58r}

1 Capability to transmit bulk power overglafistances via overhead lines (or

undersea cables) with significantly reduced power losses compared to AC.

1 Capability to connect AC power networks with different operating frequencies,

I.e. asynchronous connection between AC networks.

1 Active power flow cabe monitored and controlled accurately and quickly
through VSC controllers.
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1 Capability to mitigate or prevent blackouts since cowentlplled HVDC links
cannot be overloaded and power flow can be fully controlled.

1 Capability to segment different A€works to prevent fault propagation from
one system to another.

T Capability ot apntovisdeppobltacdl one AC s
the appropriate converter technology is employed).

1 Capability to improve stability of interconnected syateeach system maintains
its autonomy.

1 Capability to reduce construction costs and complexity since HVDC system
requires two conductors while HVAC system generally requires three conductors
or more (although power transfer capability must also be takaccodnt).

1 Capability, in some cases, to operate in a reduced power transfer mode following

the loss of one conductor.
2.7.2 LCC-HVDC

Conventional HVDC systems are based on LCC (also known as current source
converter) with thyristors as the main switchingedevic an exampl e of wh
Cl as s i c[68] The firsacBrBmercial HVDC link in the world was constructed by
ABB in 1954, which carried 20 MW of power at 100 kV level between the mainland of
Sweden and the island of Gotl§s@] Presently, LGEVDC links can typically have
rated power capacities as high as 1,000~5,00058W.CGHVDC transmission
systems have been mainly used to transmit bulk power from large, concentrated but
remote energy sources, e.g. iscgke hydropower plani®0] and e@er very large
distances in countries such as Russia and [Bhjndahey are also used for short
connections to interconnect independent AC systems, such as the connection between
England and Fran¢é?2]

The HVDC link is connected between the rectifier the inverter stations to
facilitate power transmission, normally in onelgtermined direction that is not easily
changed. LCEIVDC transmission systems utilise thyristor valves to enable the
conversion between AC and DC. Based on the operatinglesirafl thyristor, the
thyristor valves can be switched to conduct current when the polarity of the voltages from

AC system achieves the conditions required to trigger the thyristor. For LCC, the
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thyristors are turned on by a gate signal, while theyna d¢if at the zero crossing of

the AC current which is determined by the AC network voltage; this process is known as
line commutatiofi63} For normal operation of LEEVDC systems, the AC network

has to be strong enough to facilitate completion obthenutation process and to avoid
voltage instability. Strength of an AC network is measured bgirslitrratio of the

AC network to the rated power of the converter. The stronger the AC network, the higher
the shorcircuit ratio will be.

According td63] HVDC converters need a certain minimum recovery time to allow
the stored charge during forward conduction state of the thyristor devices be removed
before reestablishing a forward voltage blocking capability aiffustate. When there
is no suficient time for this recovery process, the converters may experience
commutation failures. If the connected AC system is not strong enough and/or the AC
network in the vicinity of the L&@VDC link is experiencing network transients (in
particular, a shoicircuit fault which may cause an AC system voltage depression),

commutation failures of the converters may occur.

Commutation failures can cause DC short circuits and a breakdown in the ability to
transmit active power. This is the main drawback ofH\MITC transmission systems.
Other disadvantages of LEWDC transmission systems include: AC voltage stability
issues when connected to relatively weak AC networks, requirement for large AC side
filters, limited operating range due to maximum commutatey) dald inability to
control the direction of power flojls4, 64, 65]With the requirement to improve the
performance and flexibility of HVDC transmission systems, VSC based HVDC
technology has been developed. This is believed to be the main techatoleijy th
underpin the vast majority of HVDC systems in the future and will form the main focus
of investigation in this thesis.

2.7.3 VSGHVDC

VSGHVDC systems are markedly different from conventional-HWIIC
transmission systems: they are based offréngieicy pulse width modulation (PWM)
techniques and the use of-selhmutatingnsulateehate bipolar transistqi&BTS) (i.e.
they can complete switching functions independently of the current flowing through
them). Anexample of aVSCVDC sy st eUDC Light™ h by [66] BEC
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HVDC systems are the preferred technology for connection of remote sources of
generation, e.g. offshore wind farms, onshore wind farms, oil and gas offshore platforms,
solar PV, etc., to AC grids. Furthermore, embeddedHVSC links has been utilised

to improve performance of existing HVAC gy&d§

Even though the VSBVDC technology is less mature compared to the LCC
HVDC systems, it is developing rapidly. The firstN'@QC project was commissioned
in 1997 by ABB and wased to interface atvDC connection between Hélsy@and
Gréangesberg in Sweden with a length of 10 km, rated at 3 MW[G&] iA¢cording to
[68] the highest capacity VB@DC links that have been installed to date are the 1000
MW, including the twa2® kV links INELFE between France and Spain built by Siemens
in 2015, a 320 kV link in Xiamen, Fujian in China buiktERRZ in 2015, and a 350 kV
link in Luxi, Yunnan in China built by China Southern Grid in 2016.

A more detailed description of themg@g principles of VSBVDC and its control
system will be presented in the next section.

2.7.4 Comparisons between LCEHVDC and VSG HVDC systems

Based on the findings of a literature re\[&y §975) focused on the characteristics
of both LCCHVDC and \SGHVDC transmission systems, a qualitative comparison
outlining the key differences and merits of these technologies has been performed, as
shown inTable2-1.

For an LCC, the commutation process is controlled by the external circuit, i.e. the
electricaRC system to which it is connected, where the teoniagd turningff of the
converter valves, is initiated by the reversal of the AC voltage polarity. Therefore, the
LCCGHVDC will need additional equipment, such as synchronous compensators to
provide AC commutation voltages for blacksf@d] Conversely, the VSC is a-self
commutated device whose commutation process is independent of the external AC
voltage. That is, it creates its own AC voltages in case of blackstart. Furthermore, the
LCCHVDC can &perience commutation failure as a result of a sudden drop in the
amplitude or phase shift in the AC voltage, which results in temporary DC overcurrent.
This does not occur in VS8/DC as it is immune to any voltage dips or transient AC

disturbance due the seicommutatiorj14, 55]
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As the duration of the commutations in LCC depends on the voltage source level and
the commutation reactance, i.e. mainly dominated by the converter transformer leakage
reactance), even when the firing angle is 0° LCCroaesseactive power, which can be
as much as 580% of the active power of the conve[&, 74] VSC is capable of
generating voltage waveforms at any phase angle relative to the system that is being
supplied, either leading or lagging, and thereforealhgower and reactive power can
be controlled independently. Therefore, reactive compensation is normally required for
LCC-HVDC due to its inductive nature, while it is much less required fé\WSC.

When the HVDC links are used as interconnectovged®ettwo subsystems or
implemented in multerminal DC (MTDC) configuration, sometimes it is required to
reverse the power flow direction on the link. This can easily be doneldWMS@s
the current direction can be changed which simultaneously d¢hangewer flow
direction and there is no need to invert DC voltage polarity. While 6\ [QOC, the
direction of power flow is determined by the polarity of DC voltage, i.e. the entire HVDC
system must be taken offline for a short period of time to etengigime power
direction change of DC power flgk0] Moreover, the amount of reactive power
required in LCC varies with the active power conversion. This means that the converter
filters and amount of reactive power compensation need to be cgraajuated when
the load condition varies, while VSC can provide any amount of reactive power
independently of the active power trar{S#r

Compared to transistors, thyristors have relatively slow switching processes.
Consequently, the switching frequency of-HROC is normally less than 1 kHz,
whereas VSEVDC systems can have switching frequencies as high as 20 kHz. This way
VSGHVDC systera can produce cleaner waveforms. However, higher switching
frequencies are also associated with higher losses. Henceoffirtrasiebe made

between waveform quality and losses when designing an HVDC system.

An additional consideration to be taken axtoount when designing an HVDC
system is the transformer linking the HVDC system to the AC grid. Fé#\[[DT,
special converter transformers are required to be designed to withstand a harsher electrical
operating environment, such as exposure to high tévearmonics contained in the
generated voltage waveforfi8, 71] As the VSE@VDC systems produce cleaned

voltage waveforms they can connect to the grid via a conventional transformer.
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Table2-1. Comparisons between LEWDC and VSEHVDC technologief5, 69

Attributes

Maturity of technology

Adopted valve
Operation

Commutation failure

Requirements on AC
system forsatisfying
performance
Power control
Reactive power

exchange with AC
system

Reactive compensation

Powerflow reversal

Black start capability

Harmonic filter

Output voltage

Switching frequency

Converter loss

Converter transformers

Multiterminal
configuration

Mostly used for

Converter station
footprint (relative size)

75]

LCC-HVDC

Mature

Thyristor
Line-commutated

Can occur

Strong AC grid

Active power control

~50% of active power
transferred

Required

Not achievable
Require additional equipme

Large AC and DC filter
devices required for removi
of distortion and harmonics

Contains significant lower
order harmonics (if no filter:
applied)

O 1kHz

0.7% to 0.8% of transmitte«
power

Special design required

Complex, limited to 3
terminals

Transmitting bulk power for
long distance

Large due to volume of
harmonic filters, 200m x
120m x 22m (100%)

VSGHVDC

Developing

Transistor (IGBT)
Selfcommutated

Does not occur

No

Active power and reactive
power independently

No

Much less required

Achievable
Yes

Small or no filters required
due to insignificant level of
harmonics

Nearperfect sinusoidal
voltage waveforms

Few kHz to 20 kHz

1% of transmitted powéas a
result of the PWM which is
switched on and off many

times in a cycles)
Conventional transformers
can be used

Simple, no limitations

Transmitting power from
remote area with renewabl
energy

More compact, 120m x 60m
22m (~D%)
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As the process of changing direction of current is not dependent on the direction of
DC voltage, it is relatively momableto build VSEGHVDC with more than a few
terminals, i.&/SGMTDC systemThey could be either radial, meshed, or a combination
of both[54] For LCGHVDC it is much more challenging to form ratgtminal direct
current (MTDC) network due to its operation principles and it is practically limited to a

maximum of three termisg69]

Bearing in mind the aforementioned points, the footprint of the LCC converter

station is normally larger than that of VSC converter giétion

Besides the high switching losses disadvantage-eAIBL its switching devices
can be fatally daaged under overcurrent situations such as DC fault. As the continuous
conduction in the diode will cause a rapid increase in DC fault current (even when the
IGBTSs are blocked) the fault can only be cleared by the dedicated DC breakers at both
ends of theihk which significantly increases the delay in restoring normal system
operatior{69] LCGHVDC outperforms VSEVDC under these circumstances due to
the combination of smoothing reactors (that are used to limit the current peak) and fast
converter contrakhich drives the DC current to zero. The process of restarting the LCC
can be achieved within 100 to 300/

In summary, as VS@VDC overcomes most of the drawbacks of {H8DC
technology, it is almost certain that it will be developed furthetileed in a wider
range of power applications. Therefore, the-MN@OC technology is also the main
focus for detailed modelling and analysis presented later in Grapde@hapted of

this thesis.

2.8  Operation principles of VSCHVDC and its control sysem
2.8.1 Models of VSC

Generally, the most common VSC models are the detailed switching model and the
average&alue model. The detailed representation of VSC includes the modelling of IGBT
valves which allows accurate replication of the switching proceduappidesh is
suitable for electromagnetic studies where the converter switching process is of great

importance. A detailed operation principles of VSC will be introduspgeindix C
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However, it requires small sampling time step to ensure an acaesdategon of the

fast switching actions; naturally this introduces a large computational burden, which
would be considered unacceptable for carrying out studies of large power networks. The
attenuation of high frequency content by the phase reactoogaiidly a capacitor bank)

means that any high frequency content generated specifically by the switching process can
be ignored76] Therefore, for the studies in this thesis, the awealhgemodel is used

which represents the average response ofitbkisgvdevices, controls and converters

by applying controllable voltage and current sources and switching functions, while
neglecting the effects of high order harmonics introduced by the switching process, as

shown inFigure2-14.
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Figure2-14 Averagevalue model (AVM) of VSC in single line diagram

Note that as the power flow direction of MPZDC transmission system is bi
directional, each converter can be controlled as either rectifier or inverter. The rectifier
and inverter VSC operation medee quite similar except that their power reference
values have the opposite polarities due to different power flow direction. In this section,

operation of VSC in the inverter mode, when it is interfaced with an AC grid, is illustrated.

Control of theDC voltage of the VSC is derived from the power conservation
principle, i.e. power flowing on the DC side should be equal to power flowing on the AC
side plus the converter losses. Considering ideal conversion, the(&t8ulaks
powers on AC and Ds§lde, where arcis the voltage generated at the converter terminal,
it.arc the current flowing at the AC side of the converter (into the ACgtd,the DC
voltage across the capacitor on thesigié of the convertelpc is the DC current

flowingfrom the DC side to AC side of the converter.
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Viala T Vipls +Vicle =Vocloc (2-19
The relationship between thesate voltages and DC link voltage is shown in
equation2-17), wheramancis the modulation index of the PWM which is the amplitude
of the modulating signal divided by the amplitude of the carrier signal.

V.
Vt,abc = %Crnabc (2'17)

2.8.2 Configuration of a VSGHVDC

Figure2-15. Historically, the preferred control algorithm has been based on vector
current control, denoted by DQCI in this thesis. The topology of said control system is
illustrated ifFigure2-16. Note that power flow of the VS@/DC link can be controlled

to be in either direction between the two AC systems.

T Power flow direction T

VSC1 VsC 2 AC
PCC1 AC DC Links y pPCC2
filters

filters
AC system 1 ‘ ‘ Reactar Voo Vous Reactor | ‘ AC system 2
M
@ ) rvm‘4@s LT lT % - ) ‘ @

‘ Transformer Transformer

Figure2-15 Genericonfiguration of a symmetrical megualar VSEHVDC link
A generic configuration of a thavel VSEHVDC transmission system is shown in

Typically, there are transformers, phase reactors and AC filters connected between
the converter and the AC grid tooyide satisfactory performance and to meet the

transmission specifications.

1 Phase reactors are applied to enable the control of both active and reactive power
by regulating the current flowing through them. In addition, since the phase
reactor is an indtice element, it also acts as a filter to reducdraglrency
harmonic components introduced by the switching process of the converter.

1 Normally, transformers are required to ensure that the voltages of the VSC output
and the AC system have the cormagnitudes. The transformer, being an

inductive element also, acts as a filter similar to the phase reactor.
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1 For twolevel HVDC systems, the harmonic content is significant even with the
filtering capabilities of the phase reactor and transformer. Gonilsegushunt

AC filter (featuring a capacitor) is often implemented.

Capacitors on the DC bus provide a means of energy storage since there is never a
perfect instantaneous balance between the energy being extracted from the DC bus and
that being injged into it. The DC capacitor also provides a low inductive path for the
turnedoff current, i.e. current flowing in the switch valves that have been turned off.
Furthermore, the capacitor also reduces the voltage ripple on the DC side of the HVDC
link.

2.8.3 DQCI control

As an established control algorithm, vector current control-dowathented54,
72, 76] In this thesis it is termed as DQCI control. Referrikggtare2-16 it can be
noted that the vector current control utilisegfeame. Thelgframe typically employs a
Park and Clarke transform which will be introducégpendix B

T Power flow direction T

=

AC VSC 1 VSC2 AC

PCC1 DC Links " PCC2
filters

filters —
AC system 1 AC system 2
Reactor Vet Vies Reactor [ ‘
- ()—L 4 + F—rm @ ‘ "

Transformer Transformer

Vabe1

: v,
Labect I dq1

tag

VBC2

DC Voltage ‘T N

Controller | o P2
e

Picz

i
Inner Inner <
<

»| Current Current
Controller Controller

ix IVAL‘Z "
q2 AC Voltage
Controller | 4

Outer Controllers Outer Controllers

Figure2-16. VSCHVDC configuration with its vector current control system, i.e. DQCI
control (* represents reference value)

The active powdp, and reactive pow€), flowing through a point of interest as
expressed indgframe are given by equati¢®48 and(2-19, wherevg andvg are the
dgcomponents of voltage measured at the point of interesbadd, are the associated

currents irdgreference frame.
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=g(vdid +V,l,) (2-18

Q=2 (- Wiy *+ %) @19

Active and reactive power through the effective impedance between the converter
and the grid can be fully controlled by modulating the converter terminal voltage, as
shown inequation$2-20) and(2-21).

v.v.sind
p=—ts— ~ 2-2
: (2-20
0= V,(Vv, - v;) cosd (2-21)

wL

2.8.3.1Phaselocked loop (PLL)

Essentially, the PLL acts as a closed control loop, i.e. the synchronisation loop, which
drives they part () of the measured PCC voltage in the convderterme to zero, and
the phase signal it measures is also used to control the @evirenil the converters.
The basic topology of a SREL is shown ifrigure2-17[77, 78]

Normally, a proportional and integral (PI) control is requieet &s the loop filter
andestimate the phase to be used in the Park transform, suchdbetriifgonents are
controlled to become constant in steady state. Thepttase voltagesc measured at
the converter PCC is transformedi¢wariablesqdq. Thegaxis componeng is sent to
the PI controller as the phase error signal and then is added on the grid nominal frequency
Po to form the measured PLL frequemgy.. The output phase angle measured by the
PLL droL is finally calculated by integration of PLL frequérwrdore, he voltage
controlled oscillator (VCO) generates a sinusoidal signal whose phase angle is

proportional to the integral tife measuregpL.

Conventionallythe objective of the SHFLL is to achieve @gframe in which the
voltage at the PCC is aligned withdthgis in order to synchronise the VSC to the AC
grid. Consequently, in ideal conditionsgtbemponent of the voltagg the PCC as

expressed in the Pdigframe is zero. Hence, if the PLL parfs satisfactorily, it follows
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that the DQCI control should make it possible to control active power and reactive power
independently ag, is zero in equatien(2-18 and (2-19. This is one of the main

advantages of the DQCI control.

Howevergconventional DQCI control based on PLL to synchronise with the AC grid
operates under the assumption that the grid is stiff, i.e. has a relatively low impedance
and thevq is controlled to zerdlowever, when the convertare connected to a weak
AC grid the voltage waveform measured at the converter PCC could be more variable
when disturbed, which introduces a weakened phase reference generated by the PLL, i.e.
worsened tracking of the transmission network, and could lead to instability of the
converter This issue has been widely discussed sud2%s31]In [32] it shows that
the capability of PLL based converters to remain stable operation aittthuttugh
is compromised with reduced system short circuit [Eledss potentially the noaj
barrier to achieving very high penetration of converters in power networks and has drawn

a lot of attention from researchers and manufacturers in this field.

Voltage
Controlled
Oscillator
Loop Filter @,
v
vabc abc —dP +
dq > K +— > B — » 0,
S PIL | §
A
PI controller

Figure2-17. Schematic of a SRF PLL
2.8.3.2Inner current control

The objective of the inner curtesontrol loop is to track the current reference
vectors with a feefdrward control scheme and then provide updated voltage reference
vectors to be used by the PWM to generate proper output voltage waveforms, where a
fast independent control of the cutseander system disturbances can be achieved

through voltage orientation fraabaeference frame tigreference frame
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The voltage at the converter terminal may be related to the current flowing through
the converter and the voltage at the point of camuooupling by the following
expression:

V. = Riabc+ L%iabc+vt,abc (2_23

s,abc —

By applying the Clark and Park transformations, theptmase variables can be
transformed into the rotatiordgframe, wherp refers to the angular speed of frequency
in the AC grid,

Vg =Vs Rl + LS i 223

di
Vt,q:Vs,q+Riq+L£+jmd (2-24)

It can be seen that both expressions contain a mixtliaaad current terms. This
is an artefact of operating in tigframe (derivative terms expressed irdtffeame
produce crossoupling). For this reason, the fémavard terms previouslyemtioned
are introduced. These compensate for the cross couplingtetershe assumption of
wellestablishedgframe (withvg aligned to zero), the active power and reactive power
outpus can be controlled independently by varying the reference caluesqqretby

employing outer controllers as will be introduced in the next section.
To represent procedure of the inner current control loop, eqy2tkEhand(2-24)
can be rewritten as follows:

Vi =V - LG - 1)+ i) @29

V, =V, + kg + k(i - ig) +55'(i; - ig) (2-26

Accordingly, the structuretbk inner current controller is showirigure2-18 The
proportional and integral gains for the inner current controller need to be selected based
on specific converter and system parameters, such as the converter switching frequency,
DC and AC voltageVels, phase reactor impedance, AC filter design, etc.
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Figure2-18 lllustration of the inner current controller in the DQCI control algorithm
2.8.3.30uter controllers

The outer controllers for V&&VDC system generate reference current values for
the inner ontrollersigrer is set by either an active power controller or a DC bus voltage
controller;igref is set by either a reactive power controller or an AC voltage controller.
The modes can be selected according to specific system operation requirements. For
HVDC system, one of the converters must employ a DC voltage controller to make sure
the active power flow in the system is balambedcontrol laws of the aforementioned

controllers are given Trable2-2.

Table2-2. Equations for the outer controlieodes

Reference Type of  Equation based on the Equation with PI controller

variable controller circuit

hetive =2 =2 o e - p)

. power 3v, 3v,

Id
DC x 2\/DC dV,e e K, \a
voltage d= 3y, (C—= at +IDC) Id_(Kp+?)(\/DC-VDC)
Reactive _i o _ Q. s

| e 3V |—3Vd+(+<p+ Q- Q)

AC s abc (C abc + |

o K, .
voltage a = 3v, dt oc) lg = (Kp+?)(|VAC |- [Vac )
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2.8.4 Active and reactive power capability

While active power and reactive power in aNAAQC transmission system can be
controlled independently, there are few factors that will affect its power transfer capability,
such as discussed 8, 80]

V. ‘ =09pu.
"
/‘V;‘ =1pu.

Limitation with respect to \ V.|=11pu.
Maximum current : \
— — — . Maximum DC voltage 0

_____________ Maximum DC power

Figure2-19 Active and reactive power capghfitir VSCHVDC transmission

system

IGBTs have a limitation on the maximum current flowing through the transistor in
case of damage to the device. This establishes the maximum MVA circle in the PQ plane,
as shown irigure2-19, which is the result of miplying the maximum allowed current
through the device by the measured voltage at ts&lA@CC of the link. Due to this
limitation, the MVA capability will be reduced proportionally when the AC grid voltage

drops, as seen in the dashed linEgyure2-19.

The second limitation is the maximum DC voltage level. As explained i2 Se2tion
the maximum voltage the VSCs can generate at the AC side is dependent on the voltage
at the DC side, and the amplitude difference between the converter tetiajeahudl
grid voltage will then decide the reactive power flow along the system, referring to
equation2-21). Therefore, when the AC grid voltage is higher, the voltage magnitude

difference will be higher, which enables increased reactive power capdility versa.

The third limitation is the maximum DC current/power flowing through the

transmission link which will affect the active power transfer capability directly.
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As explained before, the VSCs can alter their operating points almost instyntane
within the power capability range, such as rapid active power flow direction reversal by

changing the DC current direction without changing the DC voltage polarity.

2.9 Alternative converter control techniques to assist system stability under

high penetration of converters

In this section, converter control techniques that have the potential of resolving
system stability issues under high penetration of converters will be reviewed and discussed.
In section2.8 the principles of operation of the DQ&Introller are based on the
assumption of a perfect PLL; that is, one which perfectly tracks the grid voltage at the
point of common coupling.he departure from perfect phase tracking, as would occur
with any real PLL (particularly in weak systems)tteadsossoupling phenomenon
in the inner current control loop which could lead to converter and system instability
issues. Therefore in this chapter, the various control techniques are categorised based on
whether DQCI control and PLL are used or M&M concepts, also termed as-grid
forming converters, which have been the most popular topic in this field, mimic the
behaviour and characteristics of a real synchronous machine based on the converter
interface. Two representative models of VSM are caveletdil in this thesigSMOH
and VSMype converter. Both are considered helpful for system stability studies and

promising to assist the high penetration of converters.

2.9.1 Stability enhancing solutions based on DQC/ contro/

This section discusses thentonl strategies which may supplement the baseline
DQCI controller (defined as the combination of an-BRE inner current controllers
and the power/reactive power controllers). These solutions are grouped according to their
objective(s): the emulationiioértia, the provision of frequency droop, the provision of

voltage droop, and/or enhancement of PLL.
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2.9.1.1 Inertia emulation

It is known that the displacement of conventional generators in favour of renewables
will result in a lower overall system inertiativet effect being a higher sensitivity of the
grid frequency to power imbalances. Most power systems impose strict limits on grid
frequency. Furthermore, the rate of change of frequency, which is inverse proportional
to the inertia of the system, is #aai parameter. This is because distributed generators
use measured frequency to detect islanding. When a distributed generator observes the
RoCoFto be above a certain threshold, its protection system assumes that it has become
disconnected from the mgiawer system. Subsequently, to protect itself serkdgise
what the protection system perceives to be a small power island, the generator trips.
Because of this arrangement, events on the main power system may produce unwanted

tripping when the inertia low leading to a cascatide instability.

To compensate for the lower system inertia, synthetic inertia can be adopted. In the
simplest case, the power setpoint is adjusted as stogured-20. In this thesis, such
a concept is quoted as 8vaing equation based inertial response (SEBIR) control, with
the fundamental principle expressedetpyation(2-27) which is derived from the
commonly known swing equat[@8] Similar to the response of a synchronous machine,
when there is a power imlada in the system, e.g. a loss of infeed, the system frequency
drops and the RoCoF becomes negative; as a result, the NSGs equipped with SEBIR
control contribute active power (proportional to the measured RoCoF and inertia
constant) which has an effect counteracting the impact of the origadaland thus

supports the system recovery.

df
DP = 2H — 22
pm (2-27)

set

qaf

— ——»| Filters

dr
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Figure2-20. Configuration of SEBIR control applied as additional loop to DQCI control

SEBIRtype control algorithmisave been widely discus$ed practical devices,
ranging from battery storage to wind turbines. Also, a number of technical publication

discussed implementations of SEBKR control in various applications:

1 [81-87]discussdcontrol algorithms that make it possible to extraatad&inetic
energy stored in the rotating elements of wind turbines and/or virtual inertial
response from the temporary power surge of the wind farm.

1 [8891] presented control techniques to support system frequency by
manipulating energy stored in the &apacitors based on power balance between
the DC and AC side.

1 [9295]proposed virtual inertia support method via SEBIR control and a virtual
prime mover on energy storage system which can help with frequency restoration
and active support after a powebalance event.

1 [96, 97discussed about enhancing frequency control via small scale distributed
energy resources such as EVs.

71 It is also considered by system operators, such as EU ENTZ) GB
National Grid12, 37fnd Ireland41} and manufacters such as US (HE8]
SIEMENS[94, 99hnd ABB100]jwith its product EssPro Energy Storage Power
Conversion Systejh01]

Accurate RoCoF estimation and fast response are crucial to achieve the desired effect.
Normally, frequency is measured by diffestamy the measured phase angle. For RoCoF
measurement, there is another stage of differenti2iftarentiationterm naturally
involves an amplification of signal noise, and therefore the two stages of differentiation
to assess RoCoF make it even Inaodebtain clean and useable signal for the control
processes. To overcome this, carefully designed filters are required with sufficiently long
measuring windows to ensure accurate and-fre@seneasurement of RoCoF.
Unfortunately, this comes at the exgaeof additional signal deldy®2, 103]Therefore,
there is a tradeff between RoCoF measurement accuracy and control response time
which should be considered carefully in the design process. Due to such rgagons, in

104] SEBIRtype inertia emulian technique is termed as fast frequency response or fast
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active power injection, which is distinct from the inherent inertial response of a

synchronous machine.

A PLL can be used to determine the grid frequency. However, it was §ho&h in
that PLL Alternative algorithms include, but are not limited to the secderd
generalised integrator (SOGI) and the Phasor Measurement Units (PNIQ&).0@]
it was shown that PMUs provide frequency (and RoCoF) measurements with an
acceptable accuracy, spaed robustness against faults, which has been used for many
monitoring, control and protection applications. For that reason, the frequency
measurement methods that will be investigated in this thesis are those used in P and M

class PMU. A high level oview of such methods can be founfl08]

Unlike traditional synchronous machines, the inertia constant in such inertia
emulation strategies can be set in theory to any value as it is a control parameter. However,
there are limitations introduced bg ttonverter capacity and frequency measurement
accuracy110] The amount of power requested is bound by the amount of energy
available on the DC bus (conservation of energy). In addition, a constraint is also imposed
on the current (to avoid damage bdone to the switching devices). Finally, as illustrated
by Figure2-20, the inertia constant acts as a proportional gain in the control sense. It,
therefore, has the ability to amplify noise if set too high but also lead to negative gain

and/or phase manmgs, resulting in instability.
2.9.1.2 Frequency and voltage droop controllers

Provision of frequency and voltage response is crucial to ensure the network
frequency and voltage are controlled within the required operational limits, and to avoid
damage to connected devices, such as rotating machines, transmission lines, and other
conponents. This service is normally provided by conventional synchronous machines,
In recent years with increasing penetration of converters, researchers and system
operators (such as grid code docunjéfisi1l)]have been focusing on implementing
such cagbilities on converters.

Associated expressions for active péreguency droop control and reactive pewer
voltage droop control are showneiquationg2-28 and (2-29, with corresponding
characteristics shownHmgure2-21(a) and (b) respectively, which are effectively straight

lines with negative slopes. For example, in frequency droop control, when the measured
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frequency drops from to f2, the active power output from this unit will be increased
from Pz to P2 (accordingo the characteristic with a frequency droop slojpg) @b
facilitate the restoration of power balance in the system. The reactiveojiager

droop control react similarly with a voltage droop sldpe of

fi-f, =DB/(R P) (2-28
Vi-V,=-0,(@Q- Q) (2-29
Frequency Voltage

7 " ,
1 v, T
1

1

|

1

1

1

B P, Active power 9 0, Reactive power
output output
(a) (b)
Figure2-21 Droop characteristics for (a) active peveguency and (b) reactive pewer
voltage
fmeas (VMEIZS) Pmeas (Qmem)
) max -
Jrer (Veep) + Droop /_ + Outer
a2 equations _/ AP (40) " controllers
min +
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Figure2-22 Implementation of active powlegquency and reactive poweltage
droop controllers as additioeahtrol loop on outer controllers of DQCI converter

control

Droop controllers are implemented to provide an additional power reference to the
outer controllers of DQCI converter control system, where the power reference value

Pret (Qrer) Sent to the actiy@wer controller and reactive power controller will be adjusted
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when the measured value, i.e. frequdacyoltagd/) at the converter PCC differs from
the reference frequeniy (or voltagevrer) based on the droop equation, as shown in
Figure2-22

Droop controllers have been used widely in the microgrids, which are regarded as
effective control methods for active power and reactive power sharing when there are
several paralleled converters. This is discu$s&ga1i4](frequency droop contrad
in [115, 116]voltage droop control). Pagéd 7Jused frequency droop control from
both wind turbines and VS@/DC system where parameters for such controller should
be selected carefully, otherwise will deteriorate the frequency response instead of
improving it. Both active powiequency droop and reactive pewatage droop
characteristics are required1®;, 24, 41pn the converter interfaces, such as HVDC

links and DG converters.
2.9.1.3 Enhanced PLL algorithms

Stability issues with the PLL in DQ&introl are related to the influence of the
converter operation on the voltage measurement used for grid synchronisation, especially
when system impedance is high. Corresponding effects on the converter dynamics could
partially be mitigated by reducing fhé bandwidth, which will however result in a
slower dynamic response of the converter, as discu§sed] im [119] rather than
synchronising with the weak PCC, a voltage demssoapproach is proposed for
synchronising to a remote and strongemtgoi a weak grid by a virtual flux based
estimation. Papglt20]proposed an impedance based compensation term which was
introduced in the traditional SIREL which could ensure quasationary
synchronisation to a virtual remote point and an exterfsétabdity range in a weak
grid. The principles of improving performance of the PLL phase tracking and DQCI
control is to synchronise converter control with a stiff source in the network, such as a
slack bus. However, the existence of slack bus inwealmiworks is not guaranteed.
Especially under significant penetration of converters, future power networks are
expected to be much weaker and therefore, it is even more difficult to find a reliable point
for the PLL to synchronise with. Moreover, algftounethod discussed [jh20]
established a virtual remote point to facilitate PLL synchronisation by compensating for

an estimated equivalent grid impedance, it is impractical to obtain the precise value which
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in practice is likely to vary due to the @onibt changing generation and demand,
especially in the future power networks where intermittent generation such as wind and
PV could be dominant. Therefore, stability issues of DQCI converter could still remain
unsolved in the loAgrm, even with such lenced PLL algorithms, such as discussed
in[25, 121]

2.9.2 Stability improvement solutions without DQCI control

Taking into account the control stability issues with the DQCI control and
unsatisfying grid synchronisation using aFRRHn a weak grid, conter control
algorithms have been proposed and widely discussed to replace the conventional DQCI
controller. Considering the benefits for existing system operation, stability enhancement
and infrastructure, including protection and system control usitf, great advantage
to mimic operation principle of a traditional synchronous machine on a converter
interface. Moreover, traditional synchronous machines with speed governor control and
excitation control provide favourable features to support sysezati@p in either
transmission or distribution networks, including the provision of natural inertia and
damping of disturbances and system oscillations, frequency regulation through governor
droop control, control of voltage and reactive power flow,irglamgeration, and high
level of fault current infeed (as a synchronous machine operates as a voltage source rather
than current source). Therefore, a VSM concept which enables the converters to operate
(to a certain degree) in a fashion similar to S@dtear quoted as the grid forming
converter in grid code documents sudh2 has been one of the most popular topics
in the studies of converter control algorithms to assist system stability under high

penetration of converters.

The current state aifrt of the VSM concept has been reviewfdliy 123, 124h
this section, VSM techniques for converters without DQCI control (or a PLL) will mainly
be discussed. System inertia is considered necessary to damp system frequency and voltage
oscillationgherefore, implementation of virtual inertia based on the Swing Equation, i.e.
the second order model which describes only the rotor dynamics, has been discussed in
[125, 126]Higher order models of VSM have been proposed too, such as the first VSM
concep [127] 0 VI S MA[B28,d29]n cbespytn ¢ hr o nN2ar7,e2B,1130182p c on c
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and o661 nduc \26,r30, &38]H27]eraposedehe first VSM algorithm, which

allows a grid compatible integration of predominantly RES even in weak grids, with
properties such as interaction between grid and generator as in a remote power dispatch,
reaction to transients, full electrica¢@f of a rotating mass, and primary frequency
response. T h e [1BVIRB WMo the inverterecprtent to follow the
current reference generated from its control system which emulate a traditional
synchronous machine.[27, 28, 13Q32]pr oposed t he O6synchronve
the inverter is controlled to generate an output voltage via embedding most of the major
properties of a synchronous machine and act as voltage source to the grid similar as the
traditional synchronous machineth®us in[30, 133presented a high order VSM model

which provide virtual inertia and synchronising and damping power components and later
proposed a 0i nd2zrwhiehrcontralsdhe comverters ot act iasan
induction machine with the alyilio seHsynchronise with the grid without need of grid

information and provision of virtual inertia and damping.

Rather than implementing key features of synchronous machines, control algorithms
have also been proposed aiming to solve the issueswhtmmal DQCI control and
PLL performance, such as the power synchronisation control introd@ée@n 134]
where the VSC synchronises with the AC system through an active power control loop,
similar to the operation of a synchronous machine,sirahg voltage support can be
provided from such VSC terminal to the weak AC grid.

VSM concepts provide the possibility for converters to act in a similar way to the
traditional synchronous machines and assist with system stability and operation under
high penetration of converters. Meanwhile, it also provides a high flexibility of the
converter configuration, as its parameters are not constrained by the physical design, cost
or mechanical/practical considerations that are present in a traditionalneyschro
machine. Therefore, it is possible to control and achieve desired behaviour which can be
advantageous for both operational and economic considerations, such as desired inertia
constant (could be limited by controller performance), high efficiestoy &stion no

longer exists, and critically damped oscillations.

However, as the majority of VSM techniques drive the converter as a voltage source,
in a similar way as the traditional synchronous machines, it is important to implement

current limitabn (even shotterm current overloads) in the control system to avoid
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damage to converter hardware, especially when there are faults presented. For most of
the VSM techniques discussed above, insufficient consideration to current limitation have
been givenor otherwise it is common for them to switch back to conventional DQCI
control when there are faults detected, such as discuy&edlBb][136]proposed a

voltage drive mode of the VSC in a similar way to the power synchronisation concept
with a fasacting current limitation block which is capable of providing balanced or
unbalanced fault current, which is believed to be a simple and effective way of current

limitation and provision of balanced or unbalanced fault currents.

In this thesis, for dyna@c studies of system stability and tipping points, two
representative VSM techniques have been used, i.e. the VSMOH algorithnjli3fsed on
137Jand a VSMype architecture which emulates virtual inertia and damping power. Both

algorithms are equippedihe current limitation blocks discussqd36]
2.9.2.1 VSMOH control

The VSMOH method of controlling a converter represevi8Vi but with zero
inertia constari. Figure2-23shows a block diagram of the control philosophy, and how
it relates to the-Bhase switching bridge and line filter. The main control strategy is
notable in that the only measurements needed are the currents flowing from the switching
bridge)ane Additional measurements of voltages and currents at thidgodthe filter
inducta can be used for fault current limiting and to optimise active and reactive power
setpointsThere are a number of important points to note in relation to the VSMOH

controller.

Firstly, there is no PLL to be used for grid synchronisation. The phasé thegle
voltage synthesised at the switching bridge is derived purely from an integrator which
advances at a rate determined from a conventional droop slope of frequency versus
measured active power output. This will effectively eliminate the effects of PLL
performance and make the converter controller more reliable in a weak AC grid.

Secondly, there is no inner current loop which attempts to produce sinusoidal
balanced currents. Instead, the measurements of active and reactive power, averaged over
1 cyclaising adaptive boxcar filters tuned to the fundamental, are used to determine target

frequencyf and voltage$E| using the conventional droop equations. The resulting
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frequency and voltages are used directly to derive the angle and magnitude of the drive
voltage. Filtering the measurements of active poavet reactive pow€rover 1 cycle

is extremely useful, because when unbalance or harmonic voltages or curoent occu

the networkP and Q tend to ripple at twice fundamental (for unbalance) or higher
frequencies for unbalanced or negategpience harmonics. The filtering removes these
components entirely and leads to a steady valdeandf|E| during scenarios of

unbalance and harmonics.

Drive E,,
_’ V

P, Q

Edq - —— -
// I"‘bc’ Vd‘f (instantaneous)
/. |E| oo ooTTmEEEET “. ST " S
AT S ) If— roen(p,—pf1+ K5 | | _'_| |_4_
F3U|t 1 J(zzrjo)jd’ H-_l. = Jset ia 1 1

" set l
dgq | +7,,5

1
1
1 current I 1 1
! limitin ! ! “E ‘:‘_E‘ l‘_'I|E|=V.;eﬁ+DV(Qm_Q) : I t= 1/(f'f0)
1 g1 1 dq | H 1 .
| — 4 N ————— - \ ll . seconds
L ————t! N -
W P’ Q
1 cycl.
All values in per-unit (I cycle) f
except f, which is in Hz Frequency droop D, Voltage droop D,
and 7, T which are in seconds. Power set-point P,,, Q set-point Q,,,

Frequency set-point f;,, Voltage set-point V,,,

Figure2-23 VSMOH converter control algorithm and sitigéediagram of switching
bridge and line filter

Thirdly, there is nothing in the VSMOH control strategy which attempts to introduce
any synthetic inertia. In fact, W&MOH converter (alone) is feeding a power island and
an active power loatep occurs, then the frequency would experience a rapid ramp from
the initial frequency to the new frequency, as determined by the droop slope settings, over
one fundamental cyclEhe ramp occurs over 1 cycle due to the boxcar filtering. If the
filtering was removed then the frequency
in practical terms this could never be meaitbdugh there is no inertia, the response
rapidlytracks the droop slope, with only a small time lag. As a result this control strategy
does not directly mitigate against RoCoF immediately following after an event. However
the frequency nadir can be well managed by the VSMOH strategy. This is tiue under t
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assumption that sufficient energy and power are available at the DC bus to provide the
required response, which may be significant and is dependent on the change in the balance
in load and generation.

In this way, the converter behaves as a stablgevsttarce, connected to the grid
via its filter impedance. The result is a converter which mitigates power quality in a very
similar manner to a SG which behaves as
[138] This is in contrast to the DQCbntolled converter which has the objective of
behaving as a balanced sinusoidal current source (with PLL and ewtatelier
imperfections). This voltageurce behaviour is important, and as a consequence, the
VSMOH mitigates power quality and irgquency oscillations in the voltage waveforms
at its connection point.

The controller design of VSMOH is not dissimilar compared to the concept of power
synchronisation control propose{ilid9] Howeverthe implementation used in VSMOH
also includes singtgcle boxcar filtering which introduces a damped resonance into the
closedoop response (typically at ~20 Hz), while being extremely beneficial for power
quality, as well as an effective current limitation block with fault current provision to both

balaned and unbalanced faults.
2.9.2.2VSM-type control

Among various VSM techniques discussed in the industry which provide different
characteristics of a synchronous machine, a simplayp&mhodel (instead of the
complex full order models) which emulates the d@miacteristics of a SG is built and
used for the comparison studies. The &M algorithm has a similar output stage with
that of the VSMOH algorithm, where waveform sent to VSC is derived from a model of

a rotor with associated mass and damping,\as sieigure2-24.
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Figure2-24. High!l e v e | control di agram for a 6truebo

rotor angle measured from active power output at the converter PCC

Referring to the power angle equation shoveguation(2-1), the electrical angle
across the filter impedan¢€p.u.) can be written &and considered to be equivalent to
a rotor angle. Using this analogy, the ¥SMp e r esponse contains
output is proportionaltd) and 0 da mp etisproppriponaime 0 ) tering. p u
TheVSMt ype response adeédviaa finite value tfinartiacansdasts 6 t
H. This term adds a response proportiondfiia/ 2dThis changes the response of the
device from a purely damped response, twithe 2%order transfer function with an

associated natural resonant frequency determined by,

R Y (230
20 V 2HX
Resonance in the VSM rotor is exact analogy of rotor oscillation in a real synchronous
machine, and is generally in tietH region for normal vakiefH (2-10s)an&k( a 0 . 1
p.u.). In some literatures, damping is considered to be a mechanicalrefadeabgffect,
such as inf27, 131] but in reality any real synchronous machine with significant
mechanical damping, i.e. friction or viscous wendeguld be rejected on efficiency

grounds. By far, the dominant damping effect in a real synchronous machine is the
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electrical damping, whose amount is limited by physical constraints on the damper
windings and also on electrical losses associatecmitfi liese operate as an induction
machine to provide a torque proportional to slip (power proportichal t with the

associated inefficiency and reactive power losses inherent in anrabolcedent

machi ne. Real SGs hoaderef0.@andipencathe decayingpps G ¢
transient rotor oscillations observed after system events and changes in operating point.

Therefore, in a VSM, electrical damping should be dominant as a function of the rotor
slip angle derived from either the snead active power (as showrFigure2-24).
Meanwhile, there are no efficiency or mechanical design constraints on the damping ratio
Gand the resulting damping term magnitude. EsseGimbyfreely variable parameter,
settable in software. It isetiefore possible to choo&l which will lead to critical
damping of the rotor, and this would be a highly desirable network stabilisation tool and
potentially omits the need for complex PSS (Power System Stabilisers) as found on SG.
However, damping thetor resonance right down too much might detract from some

of the beneficial inertial response.

As a result, the VSMpe converter has a control bandwidth much lower than 50 Hz,
configurable droop settings via a virtual governor, and a damped rotoraesdhich
provides virtual inertia. The fact that the control bandwidth is which smaller than 50 Hz
(compared to the conventional DQCI controller) witH“a@r@er transfer function
response and virtual rotor inertia means that the voltage source liydileedirtual
rotor filters is capable of generating unbalance and harmonics which appear at higher
frequencies, while most of the conventional DQCI converters do not react to them unless
special control blocks are designed. Similar to the VSMOH, thypéSébnverter
behaves as a robust balanced 4pinese voltage set which mitigates voltage power

quality problems in a manner proportionate to its rating and filter reXctance

During closen faults, action needs to be taken to avoid convertor tiestras it
is operated as a voltage source. This intervention is desciib@g] amd has the
advantage that it can service unbalanced, resistive dingarofault currents, rather
than the oObalanced reacti vesFouhevSpeod pr e
algorithm in this thesis, a dynamic braking is introduced, which involves setting the virtual

inertia constarttl to an extremely high value (such as 1000 s) when there is a fault event
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detected, i.e. when the converter terminal voltages are less than 0.85 p.u. chosen as the
GB Grid Cod€12] to prevent the integrator changing the frequency of the converter

and advancing the operating angle under such circumstances. Such implementation
reduces the post fault power oscillations and minimises rating requirements for converters,
and therefore could potentially increase system stability. Related studies will be introduced
in Chapteb. It is rather convenient to implement such algorithmMityf8e control as

it is simply based on software, while for traditional synchronous machines, it requires

additional expensive plant such as resistor banks.

2.10 Summary

In this chapter, the reasons for the presence edymmironous devices have been
reviewed against the background of anticipated increasing energy demand and CO
emission limitation efforts around the world. With the ambition to achieve 100%
renewable energy resources, renewable energy targets have also been set by the majority
of counties in the world. Great efforts have been made worldwide towards achieving
those targets. The current status and future energy scenariosyoichoonous devices
have also been summarised. With increasing penetration of converters, the existing power
networks are expected to face various types of operational challenges, such as frequency
and voltage management, system stability and power quality issues which result from the
control mode of the conventional DQCI converters. Grid code requirements-for non
synchronous devices to deal with those issues have been briefly outlined.

The operation principles and motion mechanics of a SG have been introduced.
Common controllers for a SG have been discussed, includinggavgmeor control,
voltage regulator otvol and PSS, which ensure a reliable, stable and securable operation
of the generator itself and also the power network it is connected to. Most of the
renewable power generation are connected to the AC grid via power electronic converters.
The two mostommon types, LCC and VSC based HVDC transmission systems have
been described and compared. H3DC has been the main HVDC technology for
decades and the drawbacks of this technology, such as commutation failure and lack of

flexibility to change the powissw direction, have been recognised. Those limitations
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can be overcome by the VBEDC technique. Configuration of VS{/DC and its

conventional control system have been discussed.

Conventional DQCI control for VSC, i.e. vector current control with tBLL
synchronise with the AC grid, has been introduced. It has also been discussed that
satisfactory performance of the PLL and DQCI control is based on the assumption that
the converter is connected to a stiff grid. This is no longer be true under highqrene
of converters in the future power networks and could lead to serious stability issues.
Converter control algorithms need to be designed and validated to improve converter
performance as well as make it possible to achieve high penetration.alyddition
converter control techniques that have the potential of assisting system stability under
high penetration of converters have been reviewed and discussed. To deal with the
inadequate performance of the conventional DQCI control scheme in a weak AC gri
additional controllers have been proposed based on the conventional DQCI control, such
as inertia emulation, frequency and voltage droop control and enhanced PLL techniques,
which have been reviewed. While removing the DQCI control and PLL, the mlast pop
choice for converter control are the VSM concepts, which have been widely discussed in
the field. A brief review of the current statart of VSM algorithms have been provided.
Among the various techniques of VSM, two representative models, Del &8M
VSMtype controller, have been selected to be systematically investigated in this thesis

according to their outstanding advantages.
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3.1 Introduction

In this chapter, simulation models usatenstudies afystem stability and tipping
point will be introduced, including RGBT model based on RMS3nulation in
DIgSILENT PowerFactory, and a higfidelity APS model based on Efdimulation
in MATLAB SinPowerSystems. A dedicated method termed in this thesis as TPS will be
introduced along with a set of detection criteria to determine whether the system is viable
or unviable. The method is utilised to establish the tipping points under a variety of system
conditions and inverter control regimes. Moreover, a frequency response analysis tool,
termed as NFP method, will also be presefliealssociated definitions and terms used

in further simulation studies are also explained and discussed.

3.2 Tipping point search method

In order to evaluate stability issues under high penetration of conventional converters,
a TPS method along with a set of realistic criteria from the network operator perspective
is defined in this thesis. The TPS method can be used taheesgppsng points using
timedomain dynamic power system models. System stability indicators including
frequency, RoCoF, voltage magnitude, voltage THD, locking signal from PLL in the
DQCI controller, and voltage flicker perception level have been mhsidgetermine
whether the system is unstable (either unstable or have unacceptable performance, termed
here as unviable). In this thesis, when any of the following statements become true, the

system is recognised as unstable:

1 System frequency is outwikie operating range 47 Hz to 52 Hz for a period
longer than 500 ms, with reference to [1, 2];

1 Magnitude of RoCoF exceeds 1 Hz/s;

1 Magnitude of the terminal voltagat of the range af30% of the nominal
voltage level, with reference to [2, 3] but wiitiadal headroom for capturing
the instability phenomenon;

1 Voltage THD level is higher than 8% for a period longer than 1 s, with reference
to [2, 3];
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1 The PLL locking signal in converter DQCI control is keldéor a period longer
than 1s;

1 Flicker pergation level of voltage exceeds 1.96%@f4juration of 1.s

Frequency, RoCoF and terminal voltages are usually monitored in traditional power
networks. Given the ongoing transformation of power networks occurring through the
introduction of converteanterfaced generation, monitoring both the state of the PLL
and voltage flicker perception level should also be monitored. In the case of the PLL state,
if the PLL cannot synchronise with the power network, the DQCI controller will perform
in an undesirableanner; specifically, modifications to the active power setpoint could
influence AC voltage or reactive power output more than active power output, while
modifications to the reactive power setpoint of the converter could influence active power
output morethan reactive power output, as has been suggegtgd/biyage flicker
perception level is selected as well to detect the oscillatory modes appeared in the system
at certain marginal unviable case, as when increasing the instantaneous penetration level
of converters, oscillations will firstly be seen before the system collapses. Such marginal
unviable cases will be introduced in detail in CRaptete that indicators mentioned

above will be measured for both SG and DQCI converter.

For different typesf test events, the instability detection mechanism will be activated
with certain time delay following the event, so that the actual instability can be detected
rather than the system dynamic response during the recovery time period. In this work,
the TPSsearching is activated 1.5 s after the load step event, and 5 s after the fault event.

There have been several types of instantaneous penetration level definitions discussed
in literature such g6-8], where either a specific equation has been devétwped
instantaneous penetration level, or a set of capacity values for implemented non
synchronous devices are stated. Examples for instantaneous penetration level equation
are shown in formuld8-1)~(3-3), wherePysc andSisc are the combined active power
output and apparent power rating of all of the N&€andSsg are the combined active
power output and apparent power rating of all theFB&sis the total system demand,
Pvoc_impordS the imported active power i@ network via HVDC links (as part of the
totalNSG output power in the system), d&htbc «poiiS the exported active power from

the power network via HVDC links (as an element of total system demand).
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P

—NSG_3100% (3-1)
Demand
is 100% (32
SSG + S\ISG
I:)NSG + I:)HVDC_ import 3 100% (3_3)
I:)Demand+ I:)HVDC_ export

Generally, when exploring the effects of various factors/converter controllers on the
tipping points, the trends of penetration level should be similar regardless of which
definition is used. However, in order to achieve a meaningful TPS result bees¢dion a
definition, it is important to consider how the operating conditions of a power system are
defined. For examplesingdefinition(3-1), it would be preferable to fix the value of
demandn order to have a common denominator in all calculbtibngs notarealistic
assumptionras demand in a power network fluctuatgaificantlyduring the day.
Thereforein this thesisjefinition(3-2) is usedor the APSmodel in Matlapwhich is
defined as the ratio of VA ratings of the NSG to the totataf@n ratings (those of the
NSG and SG) in a power network. In such way, while conducting the TPS studies, system
ratingisdefined and fixed, which is closer to the reality as the total capability of installed
generation should be a known valuegameallydoesnot change continuously unless
one is commissioned or decommissiofied.the definitior{3-3) is used for th®GBT
model in PowerFactory which includes the import and export power through the
international HVDC links.

3.3 Simulation models

For studies of tipping points for converters, appropAB®@model is necessary

which should fulfil following requirements:

1 It should contain detailed representative models of different generation types with
their corresponding controllers, and basiastriricture such as loads and
transmission lines. The focus of this thesis is the converter interaction with the

AC grid it is connected to, and effects of penetration of converters on system
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stability at transmission level. Therefore, it is assumed thsid®©f the
converters are well controlled, i.e. DC link voltage stays at constant.

1 Ratings and/or power output of the generators should be adjustable to achieve
various penetration levels of converters and capable of conducting TPS studies.
Moreover, fo the APSmodels, parameters such as transmission line impedance
can be configured either to be a fixed or a variable one, where the variable
impedanceeflecs the realistic network condition changes when penetration of
converters varies in a real netwbrkhis work|ine impedance following after a
certain type of generatisrset as pemit values where higher penetration of this
generation will lead to lower line impedance.

1 Parameters in the network, including system impedance, generatidtifigad se
controller settings, and any other parameter of interest should be easily adjustable
to make sure the effects of various factors on system tipping points can be
investigated.

1 As much as possible the simulation model should be computationalhy affic
the search engine performs a great number of repeated simulations to identify the

tipping points which should be completed within a reasonable timescale.

In this thesis, two power system models have been used; a RGBT model in
DIgSILENT PowerFactgr(provided by GB National Grid) and an APS model built in
MATLAB SimPowerSystems. The R#ftBulation based RGBT model is an equivalent
network model representing the GB National Electricity Transmission System built and
used by GB National Grid for systamalysis and research purposes. It has mainly been
used in this thesis for quantifying system issues under high penetration of converters. In
order to conduct system dynamic studies based onsiaMIEtion and improve
simulation efficiency, the APS maslélilt not only for studies of system stability issues,
but also the studies of TPS and exploring of effects of various types of converter

controllers on the tipping points.
3.3.1 RGBT model in PowerFactory

A 37-bus equivalent network representing the NatiBlegtricity Transmission
System of GB (based on dynamic phigper RMS simulation) has been made available

for the purposes of this research. The network was modelled in DIgSILENT
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PowerFactory by GB National Grid and it is presented schematicallyramsthession

map inFigure3-1. Each node in the model represents a part of the system and is
composed of relevant generation (represented as a mix of different energy sources),
demand and HVDC interconnectors. As showhignre3-2, generators within @a

zone were catagorised by fuel type, including coal, gas, nuclear, oil, hydro, pump storage,
marine, biomass, wind, interconnectors, and synchronous compensation or embedded
SG if this option iIs selected bysSGoavn as
static generators, including corresponding dynamic controllers as well as Static Var
Compensators (SVCs)/static synchronous compensators (STATCOMS) to reflect system

reinforcements under high NSG scenarios.

The estimated active and reactive power demand (including contribution from
embedded generation) is modelled in each zone. Transmission lines are modelled where
the overall impedance is derived based on the line topology in each zone. All conventional
geneation is fitted with a basic governor which provides a degree of frequency control.

Appropriate excitation systems AMR are selected for each fuel type.

As a number of assumptions are made in the creation of the reduced model, there will
inevitably bdimitations in terms of the accuracy of the obtained results. As a central
substation is selected to represent the connection point of all generators contained in a
specific zone, the electrical distance between individual generators is not cagtured, whic
could have an impact on the ability to capture local oscillatory modes. This RGBT model
has been validated using the full GB model held by National Grid by conducting a series
of tests including load flow and dynamic response. Thus, this reduceccomsidéied

sufficient for the TPS studies in this thesis.
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Figure3-1. Reduced GB 36us/substation transmission model under 2030 Two Degrees
Scenario in DIGSILENT Power Factarigh UK map outline fron]
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Figure3-3. Example section of the spreadsheet for dispatching the generation in the RGBT

model to achieve various instantaneous penetration levels
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For the case dlies in this thesis, the reduced GB model has been dispatched
according to the GB 2030 Two Degrees scefi&joAn Excel spreadsheet has been
used to vary the proportion of power provided from SG and NSG to achieve different
instantaneous penetratiornelevof NSG in the system, with an example snapshot shown
in Figure3-3. Generation are dispatched zone by zone, prioritizing by fuel type and scaling
the MVA rating of each machine and step up transformer accordingly. Loads connected

at each substation daa scaled similarly.

Studies if6] have shown that the maximum penetration level of NSG is in the region
of 65% of dispatched generation (MW), or 75% in terms of connected generation capacity
(MVA) for the GB power system. These limits were estahisihgdhe same RGBT
model in DIGSILENT PowerFactory as used in this thesis.

3.3.2 APSmodel in MATLAB

In order to carry out dynamic studies over a wider range of frequencies, it is more
suitable to utilise higher fidelity models with a smaller amount ofagensoathat it is
more focused on each of the types of the generators, rather than allowing simulations to
become complicated and to have to incorporate an excessive amount of factors in the
investigations and scenarios. Accordingly, an aggregatedepowmer model based on
EMT-simulation has been built in MATLAB SimPowerSystems, as sliagures-4.
The model includes a single/aggregated SG, converter models with different types of

controllers, transmission lines and loads.

A conventional synchron®@umachine model has been used in this model with
standard IEEEG1 steam turbine and governor nmjdiihnd AC1A excitation system
applied on the control for the SG, operating at minimum loading of 60%. In this thesis,
the main purpose is to study the ex@on of converters with the AC grid and its
maximum instantaneous penetration level into an AC network without leading to unstable
situation. Therefore, it is of importance to be able to investigate the dynamics of the
inverters and their impact on th€ grid. The model of a VS8/DC link is chosen (as
it is the most common converter technology) to represent teymehronous devices
in the network, i.e. the DQCI converter. As it is assumed that the DC link voltage is

constant and wetbntrolled, a ied DC voltage source is used to represent the rectifier
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side of the link, as shownkigure3-5. Loading of the DQCI converter is se608%

referred tq12, 13] Conventional active and reactive power controllers are chosen as the
outer controllers tachieve desired power flow in the system. To test the-stdady
stability, a small load step of 1% with respect to the main load, is chosen. For transient
stability testing a balanced thpbhase solid fault is applied at the SG PCC with a fault
clearace time set to 100 ms which is a typical expected clearance time at the transmission
level in the GB network [2].

5G
PCC o
AC transmission line
@
Converter A
PCC o
Converter AC transmission line Load
A L PCC
AC transmission line |
Converter B |
PCC S
Converter AC transmission line
B
.
Converter N
PCC o
Converter | AC transmission line
= |

Figure3-4. Configuration of thAPSmodel in MATLAB SimPowerSystems

i [
[
| |
| [
| VsC | DQCI
\ Inverter AC I PCC
} filters [
e |
} voltage —| ‘
[
| source Phase reactor I
} I Transformer |
| |
| [
[
| Conventional }
} DQCI control DQCI |
} Converter |

Figure3-5. Model of DQCI converter in the APS model in MATLZiBIPowerSystems
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One difficult aspect of simulating high penetration of correertaected generation
is that of initialising the simulation components, i.e. machines, governors, AVRs, and all
converter components including PLLs dgdxis control loopsThe simulation of
interest must not contain an infinite bus since frequency, voltage and power quality
deviations from nominal are crucial part of the simulation. In this scenario, standard
initialisation techniques based on-fb@d solution are not didient. The approach
taken in this thesis is to start the simulation with the base load, SG and an infinite bus
initially connected together. Subsequently, the corbasesr devices can be connected
to the simulation, after their PLLs have synchrowisiedhe voltage at the PCC. These
devices are best added in the order of -stakte first, and leastable last. The
appropriate active and reactive power setpoints for each device can be estimated before
the simulation, based upon the scenario laade#ired power split, and the droop slopes.
However, the simulation model contains power losses, voltage drops, and
line/transformer reactive power demands, which can be hard to estimate exactly until all
the devices are connected and stabilised. Tleeedter all devices have been connected,
smal | adjustments are made to the setpoi
that the active and reactive power exchange with the infinite bus reduces to almost zero,
i.e. 0.002 p.u. based on the tota¢sysating. Once this is achieved, the infinite bus can
be disconnected from the simulation, and removing it should not introduce a significant
disturbance to the system. The simulation after that point represents the behaviour of the
network in the abseaof any infinite bus, which may, or may not, be stable.

In the APS model, the instantaneous penetration level of converters is varied based
on the VA ratings of the generations as sho{@®)nwith a fixed total system VA rating
(including both SG arabnverters) of 60 GVA with reference to the GB system rating
in 2016/1714] The active power consumption of the main load is set as the sum of total
active power from all generation, and the reactive power consumption is defined using
the assumed powRactor of 0.95 lagging. Therefore, when the instantaneous penetration
level defined for converters in the APS model is increased, the VA rating as well as the
actual power output from the DQCI converter are increased. Transmission lines are
connected betwa each type of generation and the main load which are defined in per
unit (p.u.) with base power the same as the VA rating of the generation they are connected

to.
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3.4 NFP method

In a meshed AC electrical network with many generators and loads, fundamental
frequency changes continuously and it is therefore important to gain understanding of
how individual devices contribute to frequency stability and active power balance. This
can be achieved by examining how a device respontisihge ion network frequency.

The noveNFP method described in this section facilitates a useful visualisation of the
response of a device to variations in network frequency over a range of dynamic
frequencies. A clear distinction can be observed between devices that provide frequenc
support through droeplope type response and inetyipé response. Even though the

method is not a classical stability assessment technique, the graphical representation is
similar to the commonly used Bode type plots, and therefore, gives a digefsilyan
understood insight into the deviceds dyr

potential instability due to interaction of various types of devices at specific frequencies.

The NFP method places the deersystemiwi t hi r
which frequency is forced and modulated in a sinusoidal fashion at friguescy
with a small amplitudd (1% is assumed in this thesis) about the nominal fredgjency

which can be expressed as showequmtion(3-4).

f = f, + Df cos@tf\romod) 34

The value ofnrpmodchanges from £0Hz to 20 Hz. The device responds to this
changing frequency with a modulated active power output, as skquation(3-5).

Figure3-6 gives a schematic illustration of the model setup used in NFP method.

FZ)ut = |:)set + IJ:)COSQp‘:NFPmod + fDD) (3_5)

The amplitude of the frequency modulatgms kept small so that no unnatural
saturation of device control loops occur. The active power amplitude moaBIétion
p.u.) and phase modulatiog together form a responReas defined iaquatior(3-6),

when normalised &f.
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Due to the potential complexity of the systems being analysed, it may not be a trivial
exercise to derive transfer functions representing the system dynamics, particularly in low
inertia systems where PLL control systeengraseni [15] with which Bode plots can
be generated. Consequently, the combination of the time domain simulation, in which a
frequency perturbation is applied Segeire3-6), with Fourier analysis will, in some
situations, be easier to realisdoith cases, the amplitude of the voltage is assumed to
remain constant at 1 p.u., so that the analysis is purely an examination of the interaction
between active power and frequency. The NFP charts for amplitude and phase are plotted

by setting on the xi&, and plotting the amplitude and phase of

Frequency
perturbation
Measurement of cp \
P change ‘
—————

Control
G
system =" | /\/

Figure3-6. lllustrative schematic of NFP method where network frequency is perturbed
and amplitude and phase of the active power change is measured

3.4.1 Linearised model of a SG

The analytical model of SG used for the NFP analysis is introduced in thisrsection.
this thesighe SG is modelled with the IEEEG1 steam turbine and governor|friddel
as shown irigure3-7. For the purpose of the NFP analysis, the linearised m&dg| o
which is essentially the relationship between measured frdg@entyactive power
output P. is derived based on the schematic showhgure3-8. Six main transfer

functions representing various functions of the SG are denbigdra8-8.
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Figure3-7. Diagram of the IEEEG1 steam turbine and governor rfidel

IEEEG1 Turbine and governor

-—————— e ——— —— — ——— —

Governor
droop control

Gate and valve

Turbine |
machine |

response response ‘

|
|
f;zt |
|
I

Jou

D |

| !
1 M

PRotor "

fpu Pstator
— [ -
s

A

Electrical

damping

-———_———— e ===

damping

Mechanical

k)

1+ 1p,s

F Mecharical fiction damping

2Hs

2nfy

PRotor

and rotor angle

Figure3-8. Schematic of the SG model in this thesis

A9 :2"%%

is taken from the output of the SG.

Transfer functiomA(s) represents the derivation of angle (rad/s) from measured
frequency (pu) with transfer function written &M, wherd, is the nominal frequency

in Hz. The stator angke is derived from the measured frequency (pu) bas&@)on

&7

The operating principles of the electrical part in the SG as well as the electrical
damping are represented Bfs) as shown in3-8). The first part ofE(s)is the

104



representative of the powargle relatiship discussed @-1)assumi ng si n A4,

both generator terminal voltage and voltage at the connection point of the SG to the
network are 1 pX%is the transient reactance of the SG ifTpe.second part &(s)
represents the electrical damping of the maeliase amount is limited by physical
constraints on the damper windings and also on electrical losses associatedDvith them.
is the electrical damping faci®z,is the time delay simulated for the etadtdamping,
andpois the nominal frequency in raddanilarly, the mechanical damping is represented

in (3-9) while the mechanical damping faBtgis fairly low as for any real synchronous
machine with significant mechanical damping, i.e. frictkiscous windage, would be

rejected on efficiency grounds.

1 D.s
E =-— E
(9 X, (4, 9) S
D, S
F(g)=——M>
() W@+ 4.9 (39

Based on the diagram of IEEEGL1 turbine and governor shdvigiuire3-7, it can
be divided into three syiarts to represent the functions of governor droop can(pl
fate and valve respong@) and turbine machine respoli§s) whose transfer functions
are shown below (8-10), (3-11) and(3-12 with standard time constaftand gainK
set with reference ft1] andDsis the frequency droop gain in percenfagu) set as

4% as default.

1+sT,
D =—_ - -2
ST N
_1+sT,
V9= 1+sT, 19

1+sT 14T 1 #T

The relationship between rotor angleand active power output is show(Bxi3),

with representations of mechanical power output from the turbine and governor model
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Pn electrical power outpi#t and mechanical damping powRr expressed i(8-14),
(3-15 and(3-16) respectively.

o= (B P Py @13
P,=MVD(f, -f pL) (319
P=E( . -/9 @19
Pm=F/ & (316

The relationship between rotor angleand stator angke canthenbe derived as
shown in(3-17).

/R = AE 31
J 2Hs+ MVD +AE + (17

~.

Considering3-7), (3-15 and(3-17), the relationship between electrical power output
Pe and measured frequency fpu can be expasdseldw shown (3-18).

R
f

& 2Hs+ MVD +AF

=AELR 1) =pAEg
g2Hs+ MVD +AE F)

pu S

(318

Therefore, the NFP responses in both magnitude and phase can be analysed when
the network frequency is perturbed.

3.4.2 Key trendlines

Onthe NFP plots, the x axis is the dynamic frequency of a network perturbation that
is applied to the device, and the y axis shoved’theagnitude and phase respectively,
which the device responds with. On the chart there are three key features, pkers a num
of more subtle details which can be interpreted to give further understanding of the device
response, as showrHigure3-9 (a) and (b), for amplitude and phase respectifety
are explained in detail in this sectidwte that asymptot&sroop, R4 andR+p shown in
Figure3-9 are obtained from classical linear analysis.
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Firstly, if the generator is configured with a governor and frequency droop, this
creates an asymptote whedel Dr asfnrr modp O w hDeis the frequency droop
slope. If the geernor and droop slope are operating correctly, the device response must
approach this asymptote, as the frequency of the perturbation tends to zero, which is
illustrated as resporR&.op. The amplitude dRoroop is expected to stay at 25%ebt
This is due to 1% network frequency change with the assumed 4% frequency droop slope.
At the same time the phase tends to 180°due to the inverse relationship between active

power and frequency in the drooped control arrangement.

At lower fregiencies on the x axis, the plots reveal the combined effect of droop
control, together with governor and pAameaver response (in the frequency range 0~0.2

Hz on the x axis, i.e. response time longer than 5 s).

The effects in the frequency range of OR2z4.e. time response between 0.5 s and

5 s, represent rotor dynamics and everything that would be encompassed in any device

R, = -j2Haf

NFPmod (3_19)
¢ b

claiming to provide true inertia. This creates a second key asRmptotiepicted in
Figure3-9 (drawn for the idealistic synohous machine without damping), and is
expressed by equati¢®l1l9. The response must intercept this asymptote (in both
amplitude and the 90 phase advance relative to the droop adyspiote

One key point about the true inertia is that by defipitidor angle has &-arder
transfer function relationship with active power (refer to the swing equations introduced
in section2.5.2, i.e. perform as resonance due to the finite value of inertia ddnstant
Such resonance is unavoidable in any dekiick provides true inertia and must be

damped to avoid sustained oscillations, as in a real synchronous machine.
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Figure3-9. lllustration of the key featured respofSesroduced by the NFP method

based on linear analysis method
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The third key feature is that for any device which intercepts the inertia aRynptote
there must be a resonant peak that occurs, typically in the regddtizofThe resonant
frequency is gendent on inertia (real or synthetic), imped&adeed damping (real or
synthetic), and is shown as respBaseBoth responsd®: andRup are presented with
the assumption that there is no governor controller attached to the generator (i.e. the
machir operates like a synchronous compensator or a flywheel). NFP response plots of
SG and DQCI converter with all associated controllers will be introduced and analysed
in Chapte#.

One important bproduct of the zhd order transfer function relationshipaireal
synchronous machine is that there is an upper bandwidth (in terms of modulations of
network frequency) at which the swing equation is applicable. This upper bandwidth is
bounded by the rotor resonant frequency, generally in the 2~5 Hz regionmfar n
values oH (2~10 s) an&40(~0.1 p.u.). Meanwhile, for low modulation frequencies of
the network, i.e. < 0.1~0.2 Hz, the inertial contribution drops towards zero and instead

the effect of droop settings and governor response become dominant.

3.5 Summay

In this chapter, two types of power system models used in this thesis have been
introduced andliscussed. The RM#nulation based RGBT model in DIgSILENT
PowerFactory will be used for studies of system stability under high penetration of
converters, ahfurther studies considering the effects of various types of converter
controllers will be carried out in the EfiMmulation based on APS model in MATLAB

SimPowerSystems.

The TPS method applied for investigations of tipping point has also been described
with a set of detection criteria on system indicators including frequency, voltage, voltage
THD, locking signal in the DQCI converter control and voltage flicker perception level
designed specificaltp capturethe instabilityintroduced by high penetmti of

converters
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A frequencydomain analysis tool, NFP method, has been presented which can be
used to compare response of converters with different types of control with that of a SG,

with three key featured responses such as droop, inertia and damping.
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Chapter 4

Instability and Tipping Points with
DQCI Converters
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4.1 Introduction

In this chaptr, system instability introduced by high penetration converters will be
investigated in both the RMBnulation based RGBT model in DIgSILENT
PowerFactory and the EMimulation based APS model in MATLAB
SimPowerSystems, along with the system tippirtg ipaierms of transient stability and
small signal stability. A sensitivity analysis investigating the effects of various selected
factors including system inertia, system impedance, DQCI converter capacity factor and
nortlinear rectifier load on the tipg points is presented. Most of the sensitivity is
analysis is conducted using the APS model due to the lower computational cost and

preferable modelling flexibility.

4.2 Instability introduced by converters

Traditionally, power system stability analyssbeen based on the physics of
electrical machines. This is because power systems have, historically, been mostly powered
by synchronous machines. However, as power systems transition from the classical (SG
dominated) power system to a converter domiagséein, the validity of the traditional
analysis is called into question; accordingly, a revised approach to stability analysis is
required which accounts for the converters and their control systems, i.e. the TPS method
introduced in this thesis. In th&ection, system instabilities introduced by high

penetration of converters will be demonstrated.

4.2.1 RGBT model in DIgSILENT PowerFactory

The RMSsimulation based RGBT model in DIGSILENT PowerFactory reflects the
generation capacity under 2030 Two Degeceesirio; the simulation has a sampling time
of 0.5 ms. A threphase solid fault is applied on two of the four HYAC En@antland
interconnectorflines between Zone 26 and Zone 27 W shoWwigime3-1) to test the
system stability, i.e. the2Ncriteion (one of the common test cases chosen by GB
National Grid as stated in [1]). This fault is applied at different instantaneous penetration
levels, where the instantaneous penetration level is defined by €gGntradmch

involves import/export powdrom HVDC transmission systems.
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In the RGBT model, a variety of case studies are considered including all
combinations of the following influencing factors: v&i&@ varied demand level, and
varied import and export from international HVDC links aarsti@low and also in
Table4-1.

1 High (37 GW), Medium (30 GW) and Low (24 GW) RES production from 73
GW of installed capacity;

1 30 GW, 35 GW and 40 GW demand compared with present variation from 18
GW to 60 GW;

1 0 GW HVDC import/export, 3 GW HVDC import andG&W export, and 10
GW HVDC export only.

The fault event is apgdl at 1 s with a duration ofOlhs[2] andtotal simulation
time is 5 s. When the instantaneous penetration level of the DQCI converters is low, the
system is able to return to normal operation shortly after the fault clearance as shown in
Figured-1. However, as the instantaneous penetrationneraases, transient instability
and even small signal instability occur as can be obsdfigrdaen-2 andFigure4-3
respectively. For the transient instability case shdugune4-2, the system is able to
maintain normal operation before the failapplied; however, the system becomes
unstable after the fault, indicating a loss of synchronism within the network. When the
instantaneous penetration level is increased further, the system becomes unstable even
before the fault event as can be obdeirv&igure4-3. In this scenario, steady state
stability cannot be maintained. It is noticeable that the waveforms, immediately after the
loss of stability, contain high frequency components which are different from typical
transient instability casesmabnventional SGs. This highly nonlinear unstable response
can sometimes lead to numerical converge issues at a later stage of the simulation which

is sometimes unable to complete, such as that sheigore-2.
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Table4-1. Operating range in relation to NSG%, demand, and HVDC import and export in
the RGBT model in DIGSILENT PowerFactanystands for the presence of stabilityrand

stands for the absence of stability)

No HVDC
Import 10GW
HVDC Export

No HVDC 3GW HVDC Import
Instantaneous Import/Export  10GW HVDC Export

penetrationlevel
of NSG Load (GW) Load (GW) Load (GW)

40 35 30 40 35 30 40 35 30

Low(4GW) N n n N N n N N N
Medium (30 GW) n n n N n n N N n
High (37 GW) n n n n n n n n n

~ ~ ~ ~ ~

Table 41 shows the system stability thresholds in terms of instantaneous penetration
level of NSG for varied system demand level and HVDC import/export in GB power
system. It can be seen clearly that the instantaneous penetratioN $webafd have
a significant i mpact on system stability
penetration level of DQCI converters appear to be unstable. Using the definition of
instantaneous penetration level adopted in this thesis, when the ldeslaindthe
network decreases, the instantaneous penetration &b ofcreases; thus, it is no

surprise that the system tends to become more unstable.

Owing to seasonal variations in wind, solar radiation, weather and human activities
(energy consyption wise), the daily demand profile varies from season to season. As a
result, the instantaneous penetration level of NSG also changes continually and the
network could potentially reach a tipping point. Meanwhile, power flows via HVDC links
in and out bthe GB power system could also have an impact on the system stability; this
is particularly true when the HVDC is exporting power since it leads to lower

instantaneous penetration level of NSG and therefore higher system tipping points.

Tipping pointsdund in the RGBT model with the base settings are approximately
70% for transient stability and 85% for small signal stability in terms of dispatched MW
based on equati@8-3).
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4.2.2 APS model in MATLAB SimPowerSystems

The system instability has been found in the Higkéty EMT-simulation based
APS model in MATLAB. Similarly, a small load step (1% with respect to rating of the
main load) is used to test the system small signal stabilitj4@madhreephase sal

fault is applied in the middle of the system to test the transient stability.

As introduced i8.3.2 an infinite bus is connected at the beginning of the simulation
to assist model initialisation, which will be disconnected when power (both active and
reactive) contributed from the infinite bus is shared by the generation, i.e. smaller than
0.01p.u. based on the system MVA rating for 1 s. Total simulation time is 30 s and the
test events are applied at 20 s where the system is expected to bdostaigettel
initialisation procesllote that the APS model is configured according to the base case
(with setups summariseddppendix A.

Infinite bus control is activated 2 s after the DQCI converter is switched on, which
will distribute the active anehactive power output from the infinite bus to each type of
generation (SG and DQCI converter in this case). This way, when the infinite bus is
disconnected, there will not be a significant disturbance to the network which itself could
lead to instabilitAs seen ifrigured-4, both the SG and converter operate satisfactorily
during the initialisation process where frequency and voltage is controlled within the
desired operational range. Note that the voltages measured at both the SG and converter
terminas are 1 p.u. before the power balance control is activated, after which the voltage
set points of both the generator and converter have been adjusted to fulfil the
requirements of reactive power flow including losses on the transmission lines and
transforners. No significant disturbance is introduced by the process of removing the
infinite bus from the system (which occurs at ~7.4s).

In terms of small signal stability (with load step test), at relatively low penetration
levels, the system operates satisiiychs shown iRigure4-4. When the load step event
is applied at 20 s, both SG and DQCI react to the event due to their control systems
(governor and AVR control for the SG, and frequency and voltage droop control for the
DQCI-controlled converter) amgget back to a small signal quickly after the event. The
PLL is able to maintain satisfactory synchronization during the entire simulation, which

indicates a stable operation of the converter control system.
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As the instantaneous penetration level increases, increasing oscillations following after
the infinite bus disconnection and load step events can be seen in the power outputs and
terminal voltageBigure4-5 demonstrates a marginally stable scenaridcim latye, but

decaying, oscillations can be seen following islanding of the network.

However, as the instantaneous penetration level increases further, significant
oscillations whose amplitudes grow with time (as opposed to decay in the previous
scenariojare found in the system frequency, voltage and power outputs from the
generation after the initialisation stage as shdviguire4-6. The fact that the system
cannot even survive the disconnection of the infinite bus, which in this setup is equivalent
to a very small load step, definitively demonstrates that small signal stability is
compromised in weak systems. It should be noted that under these conditions, the
frequency of DQCI converter ramps between 40 Hz and 60 Hz which is a result of the
frequencylimitations applied to the PLL. In this case, this is where a tipping point is
reached. It is obvious that almost all the stability indicators introduced in the TPS method
are expected to be tripped in this unstable case, such as frequency, RoCdkckeltage
perception level, and converter PLL locking signal. Voltage THD levels do not exceed

the operation limitation as there is no harmonic content existed.

A similar phenomenon has been found with the transient stability (with the fault test)
as show in Figure4-7~Figure4-9, where system performance under stable, marginally
stable, and marginally unstable cases are displayed respectively. With a relatively low
penetration level of the converters, it can be seen that both the SG and DQCI converter
behave satisfactorily without the infinite bus connected to the network; furthermore, the
generator and converter are both able to survive the 140nghtdwedault, returning
to steady state operating conditions quickly after the disturbance. In ynatgoell
cases, the system can still continue normal operation before the fault event; the generator
and converter are able to return to steady state after the disturbance as well; however,
significant oscillations can be seen in the generation powts, detpunal voltages and
frequencies. As the instantaneous penetration level increases, the instability started to
present and the oscillations grow with time. Tipping points found in the APS model based

on the base model are 71.5% for small signattatal 65.8% for transient stability.
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Note that, in general, tipping points fdum different simulation models could vary
because system configuration and settings are significantly distinguished from one
simulation to another. However, the existence of the tipping points is important to be
revealed.

Figure4-10andFigured4-11showthedgaxis currents in the DQCI converter control
under a stable case and an unstable case for transient stability and small signal stability
respectively. It can be seen that, for the stable casesabdihare well controlled with
referenceirer andigrer, Where the magnitudeig@fis constrained to around 2 p.u. (in RMS
value) by its corresponding Pl controller
on overcurrent capability. A small disturbance can be seen at 20 s where the load ste
event occurs as shownFigure4-10(a), and significant spikes present in kahdiqg
due to the fault occurrence but they can return to original small signal levels after the fault
is cleared as shownFigured-11(a).
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However, for the unstable cases, it can be seen that oscillations are intrguced in
andigqrer, due to the poor track of PLL when the system becomes weaker. Also as voltages
measured at the DQCI converter connection point will be used in the PLband in
current control loop in the DQCI converter control system, the increasing oscillations in

the voltage waveforms will cause further deterioration of the network stability.

In [3], it is discussed and proven based onsgiate linear analysis thatlssignal
stability of the DQCI control is directly related to the phase angle output of the PLL
relative to the system reference angle. The system reference angle is ideally that of a stiff
point in the network, such as a strong grid connection pdinis thesis, as there is no
infinite bus connected in the APS model, the stiffest point is considered to be the
connection point of the SG. Intuitively and based on analj@jjdhie higher the angle
difference between DQCI converter measurement palrtha SG connection point,
the system is expected to be more unstable; this is because of phase tracking errors which
lead to undesirable crassipling in the inner current control loop. In this thesis, such

angle difference is quoted as ststatg anlg difference (SSAD).
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Figure4-12 Effects of penetration level of converters on the SSAD in APS model

Figure4-12shows the SSAD in the APS model with instantaneous penetration level
of converters increases from 10% to 70% (as tipping point of gnals&bility for the
base model is 71.5%). It can be seen that the angle difference increases while penetration

level increases, from 12.8%0 19.0%hich is aligned with discussion above. Such angle
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disturbances directly affect the operation of the cureent controllers in the DQCI
converter by introducing unexpected ecospling in thelgaxis currentsg. Note that

for later case studies, the SSADs in the APS value are all measured with a fixed
instantaneous penetration level of 50% and based on the base model except for the factors

to be investigated which will be varied.

4.2.3 NPF analysis

As introduced i13.4 responseR, of a specific type of generation and its controllers
can be analysed using the NFP method, either using classical analysis of the device transfer
function (if known), or by timgomain simulation (and Fourier analysis). To carry out
analgis based on transfer functions, main function blocks of the generation controllers
have to be linear, such as that of a SG. In this section, the NFP charts describing responses
of the SG and a DQCI converter will be demonstrated based on thioriigie
smulation analysis method, while the simulation model for NFP analysis is validated by
comparing the response of a SG obtained by both linear analysis -@wingéime
simulation analysis. As showhigured-13 the two approaches are generally consistent
both in terms of the amplitude and phase. Note that the models for SG and DQCI with
their controllers are the same as in the APS model in aspects of both configuration and

settings, and both are set with a 4% frequency droop slope.

NFP charts of SG and@CI converters are shownkigure4-14, marked aRsc
andRoqci along with the three key featuRes.y R+ andRo discussed iB.4 The results
indicate that the modulation frequefgymodrequires actions which are faster than the
prime mover and gewnor are physically capable of, but that the modulation frequency
is too slow to initiate a large inertial contribution. For a real SG attached to a prime mover,
there is usually a band of modulation frequencies between these two initial regions, i.e.
0.001 to 0.2 Hz which represents dynamics of 5s or longer, for which the amplitude of
Rscboth diminishes in value and approaches the droop asymptote. The convergence with
droop asymptote is due to the dominance of the turbine governor. For a modulation
frequency range of approximately 0.2 to 2 Hz, h¢o & s dynamic&sc follows the
inertia asymptotB, (andRwp) for both amplitude and phase, until it reaches a rotor

oscillation mode at around 2 Hz. For modulation frequencies higher than 2 Hz, i.e.
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dynamics faster than 0.98, (andRup) is dominated by the machine damping effect,
where amplitude response decreases and phase lags with increasing frequency. The
respons®&scfollowsRy andRyp in their corresponding modulation frequency regions as
expected.

In comparison, the respor&eciis quite different. In the region®t6 10' Hz, Roqc
follows the droop asymptote; this is due to the 4% frequency droop slope applied in the
DQCI conveter. It starts to drop off in amplitude for modulation frequencies higher
than 0.2 Hz, which does not follow the inertia asymptote. This is to be expected since
there is no inertia contribution from the DQCI converter. Similarly, the phRse of
begingo drop from around 0.02 Hz and experiences an even deeper slope after 4 Hz.
Note that the 0spi k& istbeenmappedphasenvenichpish a s e
displayed in the range of 0°to 360° This reduction in phase response of the DQCI
convertecan become nearly apliase with the SG rotor oscillation. A significant phase
difference up to 130%etwedtic andRoqc can be introduced when the SG is following
the inertia asymptote at around 0.3 to 0.5 Hz. Even larger differences can be found at
high modulation frequency regions beyond 4 Hz, which can be easily affected by any
settings in the DQCI control system and would be difficult to predict in any actual power
system. In addition, oscillations found in APS model when approaching marginally
undable cases have frequencies in the range of 4 to 8 Hz, which is consistent with the
NFP charts where large phase differences are evident. Therefore, the steep phase slopes

shown in the NFP charts could indicate a tendency for instability at high pesetrati
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analysis and numerical simulation
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4.3  Investigation of possible reasons for instability

Among the significant number of factors in a power syisé¢roan have an effect
on the system stability and tipping points, factors of interest, such as system inertia, system
impedance and load types, will be explordeanost influentiah this section. Note
that the APS model in MATLAB is used in thigiee to limit the complexityand
required simulation time foonductinghumerougipping point studieshich could be
excessive in the DIgSILENT PowerFactB@BT model due to large number of

generators
4.3.1 System inertia

In a power network, the overaBtgyn inertia is typically defined4s¥), whereN is
the total number of generatokt,is the inertia constant of generator (measured in
seconds); is the VA rating of generat@s:.is the total system VA rating, dhgkeis
the aggregated system inertia constant (measured in seconds). When the combined ratings
of converters increases, generation that contributes to system inertia decreases and
therefore, overall system inertia will decrease as well. In the TPS sthdieHdots of
inertia, besides of the onatural 6 changin
the inertia constant in the SBsg, is varied. Normalllfssfor a single turbine generator
is in the range of 2~10 s depending on the tutygireeand number of poles of the rotor

[4]

N
a SH,
Hs stem— =
- Ssystem

(4-1)

In the MATLAB APS model, the inertia constant of theHsg,is varied between
1 s and 10 s, and two extreme test cases are also includétsgib&@ s and 100 s.
This is to explore the effect afih inertia constant in the simulation model, even though
the values are unrealistic in the real world. As deigniied-15 system inertia does not
affect the tipping points in terms of small signal stability significantly, with tipping point
only varing less than 0.6% whidecincreases, even with the extreme cases (not shown
on the graph). Additionally, the SSAD measured at steady state with varying inertia is

shown inFigure4-16. WithHscincreases, the SSAD only changes less than 0.42which
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is n agreement with the tipping point results. The relationships between tipping points
and SSAD cannot be visualised clearly in this case study as the effect of system inertia is
fairly less significant. Note that when measuring the SSAD in this setdmrsettings

are the same with that in the base model whilst the factor to be investigated (such as
system inertia) is varied to explore its effects.

In terms of transient stability, inertia has a positive effect on the tipping point as
shown inFigure4-15 It appears thatystenmnertia affects more significantly in the range
of 1~3s of Hsg by increasing the tipping points from 59.3% to 67.8% (was 67.8% for
base model whekss=5 s). This is understandable as inertia only play an effect during
a short time period after disturbances and is expected to influence more on the transient
stability, rather than logrm small signal stability.

It leaves no doubt that system inertiamiportant to maintain normal system
operation, such as discussed in system operator dodom@aisd research papérs
8]. However, based on the studies above, the system inertia turns out to-be a non
significant factor for tipping points as welhassystem stability defined in this thesis.

90
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Tipping points in terms of VA rating (%)
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Inertia constant in 5G (s)

Figure4-15. Effects of system inertia on tipping points in terms of small signal stability and
transient stability based on the APS model in MATLAB
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4.3.2 System impedance

In a power network, system impedance could change constantly/continuously with
varying system configurations, for example, removing/adding of transmission lines,
varying loads and generation, etc. With increasing penetrationaoidREAC links,
system impedance is expected to increase, which makes the power networks weaker. In
order to investigate on the effects of system impedance in a more intuitive way, in the
APS model, the impedance (both resistance and reactance) ofsthisdi@n line
connected after the DQCI converter is varied, i.e. increased from 4 km to 36 km (20km
in the base model).

The tipping point results are shownrFigure4-17 in terms of both small signal
stability and transient stability. With the convedasmission line longer, i.e. system
impedance higher, it can be seen that the system is liable to become unstable in terms of
both small signal stability and transient stability, with tipping points dropped to
approximately 51.6% and 53.1% respectimethe investigated range. This is in
corresponding with the expectations as the higher the system impedance, the larger
voltage deviation is introduced at the converter connection point due to increasing
disturbances shown in the PLL and inner currentotlen in the DQCI control, and
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therefore affect the network stability as a whole. It also shows that the increased system

impedance has slightly higher impact on the tipping points in terms of transient stability.

Figure4-18shows the SSAD measured in the APS model when varying the converter
transmission line length. As the line length increases, i.e. system impedance increases,
increasing SSAD has been introduced to the system which is as expected. Across the
investigationange, the SSAD varied for about 37.4°It can be noticed that the trend of
SSAD shown ifigured-18aligns with that of the tipping points for small signal stability
shown inFigure4-17. By showing the results of the SSAD with relationship to tipping
points, as showhkigure4-19, it confirms the theoretical analysis that the system could
become more unstable with higher angle difference between the converter PCC and grid

reference point.

Figure4-18shows the SSAD measured in the APS model when Viagyiogverter
transmission line length. As the line length increases, i.e. system impedance increases,
increasing SSAD has been introduced to the system which is as expected. Across the
investigation range, the SSAD varied for about 37.4°It can be ribététe trend of
SSAD shown ifigure4-18aligns with that of the tipping points for small signal stability
shown inFigure4-17. By showing the results of the SSAD with relationship to tipping
points, as showhigure4-19, it confirms the theoreticatalysis that the system could
become more unstable with higher angle difference between the converter PCC and grid

reference point.

The studies show a clear effect of the system impedance on system stability, which
also implies the negative effect of eoters when they are connected with the grid due
to the high impedance between the converter terminal and grid connection point. Also it
is preferable to keep the system impedance lower the possible within an acceptable range
related to the system ratitgsnaintain stability and enhance system strength. However,
this value is difficult to estimate for a real power system due to the complex system

architecture and configuration, including congtaautying generation and load.
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Figure4-18 Effects of system impedance on SSAD in the APS model
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4.3.3 Converter capacity factor

The actual average electrical energy output from various types of generation over a
certain time period divided by their maximum rated electrical energy dhgpsame
period of time is quot e[®] Nomally, bapacityfactoe r at i
of a specific generation can vary depending on various factors such as their capability and
reliability of electricity production, electricity demand,edsa® constraints from
regulations and market forces. For conventional generation such as coal fired power
plants and nuclear power plants, the capacity factors are at an average of 60% to 90%
mainly due to their operation efficiency and running [ddktdHowever, for RESS,
capacity factors could be much lower, at an average around 109d.@j 409 of the
key reasons for such low capacity factors in renewable devices (besides of that have been
mentioned above) is the nature of the RESs, which aomaedtural sources and local
weather conditions could become an important impact factor, such as wind, solar and
hydro. Ongoing technology improvements on RES are making them more reliable and
competitive electricity sources with increasing capacitg.féatoording td11] the
capacity factors for onshore wind, offshore wind and solar PV averaged across the world
are 33%, 31% and 26% respectively. Examples of estimated capacity factors for different
types of utiliyscale renewable energy generati@dliid in the U.S. are showifrigure
4-20.
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For the case studies in this thesis, capacity factor is defined as thevactoalgu.d
from the generation and its rated power. The range of capacity factor to be explored on
the DQCI converter is selected as 10% to 100% taking account of the current status and

expected future scenarios.

Effects of capacity factor in the DQCI gerters on the tipping points for both small
signal stability and transient stability are shawigure4-21, while generally the tipping
point increases slightly for capacity factor lower than 40~50% but drops rapidly (for about
17.7%) beyond that. Theghest tipping points that occur in the APS model are 72.3%
for small signal stability (with DQCI capacity factor of 50%) and 68.6% for transient
stability (with DQCI capacity factor of 40%).

It can be observed that the tipping poinelativelyinsengive to capacity factor
when the capacity factor is between 0 and 50%; conversely, the tipping points exhibit
strong sensitivity to capacity factor once the capacity factor is increased beyond 50%. This
is reasonable as the power angle between the Did@tteo PCC and the stiffest point
in the network, i.e. the SG PCC, could be larger due to increased power outputs from the
converters based on their ratings, based on power angle eq(&fipririfrigure4-22,
it can be seen that the SSAD decreases slightlySfatitimcreases greatly by about
23.1%ith capacity factor increased from 50% to 100%relationship between tipping
points in terms of small signal stability and SSAD, again, confirms jheltleeehigher
SSAD could leads to lower tipping points, as séeguired-23

Therefore, despite the obvious economic advantages of operating at a higher capacity
in the DQCI converters, there could potentially be a danger of system becoming unstable
when DQCI converters are at high capacity factors, which should be considered by
system operators and manufacturers. It is assumed that all the DQCI converters operate
under the sameapacity factan this section; however, in reality, a set of convatters
any instant can have a set of values of capacity factor (potentially one unique value for
each converter), which could produce different results. However, it is believed that it is
of more importance to show that there could potentially be an impathdroapacity
factor in DQCI converters but rather than the exact values of tipping points.

Compared with the system impedance case studies discussed h38atibare

tipping point in terms of small signal stability changes for 51.6% with SSAD changes for
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37.4°the DQCI capacity factor case studies have a change in tipping point of 17.7% in
terms of small signal stability with SSAD changes for 23.7° Thectvafids the theory

that a power system is expected to be more unstable with higher SSAD between the
converter terminals and the stiffest point in the network.

90

® Small signal stability
80

m Transient stability

Tipping points in terms of VA rating (%)

DQCI converter capacity factor (%)

Figure4-21 Effects of DQCI converter capacity factor on tipping points in terms of small
signal stability and transient stability based on the APS model in MATLAB
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Figured-22 Effects of DQCI converter capacity factor on SSAD in the APS model
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Table4-2. Comparisons of changes in tipping point (in terms of small signal stability) and
SSAD for system impedance and DQCI CF case studies

Case studies Tipping point change SSAD change

System impedance 51.6% 37.4°

DQCI capacity factor 17.7% 23.7°

4.3.4 NLL

Power systems are designed to operate at frequencies of 50 or 60 Hz; however, certain
types of devices could produce currents and voltages with frequencies that are integer
multiples of the nominal fundamental frequency, which are known as power system
hamonics. As a form of electrical pollution, the presence of harmonics in the power
networks leads to voltage and current distortion. Conventionally, harmonics problems
could mainly be caused by saturated devices, e.g. the third harmonic currents caused by
saturated iron in transformers and machines has been encountered by using delta

connection of the transformer to block the third harmonic cufi&jtRecently, these
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power quality issues have become more complicated due to the increasing use of power
electronic devices in tipwer networks

Normally, in a stiff power system with a relatively low impedance and high short
circuit level, the power quality problems are not significant as the voltage/current
distortion in such networks is usually small. Hemveshen the system is weak with high
impedance and low shaitcuit level, problems caused by the harmonics cannot be
ignored anymore. Unlike some of the transient events, such as lightening which only lasts
a few milliseconds, harmonics will produoéiraaous distortion of voltage and current
waveforms which is a small signal periodic phenomena, and so does the side effects it
could produce, such as device overheating, impact on measurement anduracy,
nuisance tripping.

Note that the THD is used #® measure of the harmonic distortion in this thesis,
as introduced i@haptei.

Phase A Phase B Phase C

O] O] O]
4& R== G j& R, 3 4& R ==

[ L L

Figured-24. Configuration of three parallel sifhase rectifier (with resistor and capacitor

connected in parallel at the DC side) forming as the NLL

In this sectionthree singlphase bridge rectifiers are connected in parallel to form
the thregphase NLL, as shownHhigured-24, which normally produce voltage distortion
with odd number harmonics. A resistor load is connected at the DC side of the rectifier
along wih a capacitive filter in parghehile thei valuegfor single phasayecalculated
based oi¢-2) and(4-3). V «is the voltage level at the DC side of the suiglse rectifier,

Pu is the total power consumption at the NLL (whose a third is the power consumption
at each rectifierf),is the nominal frequency in Hz, &ngids the percentage of voltage
ripple which is normally set to 58test model in MATLAB is built to tes$tet non

linear rectifier load as showrfrigure4-25 which consists of a thrphase source block

to represent the network (with X/R ratio of 10 and sticctit level of 1GVA), a delta

wye 275kV/11kV transformer, a total load of 100MW where a eclsiativand a nen
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linear rectifier load share equally. The-dgkaransformer is used to eliminate the triple

harmonics at the load side.

de
Ry =—%— 4.2
LL P /3 (4-2)
P, /3
ML (4-3)

Cy=— =
i Zp fovdi kripple

To visualise the harmonic distortion, the Fourier Analysis Tool in MATLAB
Powergui is used where 10 cycles are selected for the measurement based on the IEC
6100&4-7 standard and phase A of selected voltages/currents is analysed as example.
When there iso nonlinear rectifier load connected, i.e. the resistive load consumes
100MW, no harmonic contents are seen in both voltages and currents in the system, with
an example of Fourier Analysis on the network voltages as shigure26, and also

the magitudes of the voltages and currents stay at 1 p.u.

However, when the rectifier NLL is connected (consuming 50 MW of the total load),
both voltage and current waveforms are distorted with significant harmonic contents. As
shown inFigure4-27 andFigure4-28 significant odd order harmonics are seen in both
the voltage and current waveforms at the load PCC, which are the unique characteristics
of the single phagé¢LL. It can also be seen that both of the waveforms are distorted
from the normal sinusoidales, with significantly increased magnitude of the current at
the load PCC; however, the magnitudes of voltages and currents at the fundamental
frequency are lower (0.9879 p.u. and 0.9322 p.u. respectively) as a fact due to the effects
of increased harmasi. THD levels are increased significantly as well, i.e. 7.61% and

43.09% shown in the load voltage and current waveforms respectively.

Since the dehaye transformer connected in between of the load PCC and network
PCC, it is clearly that the 3n harrosni.e.'§ 6", 9", etc. generated from tN&L are
greatly suppressed, as seénguare4-29 andFigure4-30of the Fourier analysis of the
voltage and current at the network PCC. Increased THD levels have been witnessed in
the analysed waveformshet network PCC but which are less than that are measured at

the load PCC due to effects of the transformer.
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In the APS model, the rectifier NLL (three single phase rectifier loads connected in
parallel) is connected in parallel with the system mainAlaieltawye isolation
transformer (with nominal system voltage level of 275 kV set to both primary and
secondary side of the transformer) is connected right aftéLlthd assist system

performance under the presence of harmonic contents.

A a A Phase A
TR i
C @1 Ygc Phase C

Network Network PCC Transformer Load PCC NLL PCC N""'""E:f ﬁfﬁﬁer load

[ Vnom, 0.0025, 0.02]
[Vnom, 0.0025 , 0.02

Linear Load PCC

Figured-25. Model configuration for testing the simflase rectifier NLL
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Figure4-31 Voltage THD measured at the SG PCC with various percentdbesrothe
APS model
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Figure4-32 Effects 6 various percentagesMifL out of total system load on tipping
points in terms of small signal stability and transient stability based on the APS model in
MATLAB

As seen ifrigured-31, with increasing penetratiorNifL in the network model, the
voltageTHD level experiences a dramatic change, increasing from 0% to 12.7%. In the
TPS method, limitation on voltage THD level selected for instability detection is 8%.
Therefore, with it is expected that when thelinear rectifier load increases to above
alout 16% out of the total system load in this APS model, the system could be classified
as unstable, which is aligned with the tipping point results sheiguré#-32 It can
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be seen that tipping points in terms of both small signal stability andt tshaisiity
drops slightly due to the increased percentdidofhi ch coul d sl ightly
the instability phenomenon, but the system will be unstable with more thamNIL&% of

where the power quality could be problematic.

4.4  Summary

In this chapter, the system instability introduced by high penetration of converters, as
well as the stability thresholds, i.e. the tipping points, in terms of transient stability and
small signal stability have been investigated in both power systenmmdig8ILENT
PowerFactory (RMig&ased simulation) and MATLAB SimPowerSystems-(iased

simulation).

Effects of system parameters, including system inertia, system impedance, converter
capacity factandNLL, on system tipping points have been invesdigaing the TPS
method in the AP8ockl. It has been found that there is a direct relationship between
the voltage SSAD between the converter terminal(s) and the stiffest point in a network
with the system stability as well as tipping points, wheneS#gtie could lead to lower

tipping points, i.e. negative effect on system stability.

The ranges and trends of tipping points are useful to system operators and
manufacturers. Howevegatning in details of the combined effects of all the various
factorsin a power network (which could be more than a hundred) could end up in a
complicated mullimensional studies which does not sits in the aims of thid\tbesis.
that the tipping points could vary in a different model with various configuration and
setywps.Meanwhile, poor power quality contents in real power networks, such as converter
switching noises, could potentially decrease the tipping points and destabilise the system

significantly.
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Chapter 5

Effectivenessof Alternative Converter
Control Methodsin Enhancing System

Tipping Points
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51 Introduction

In this chapter, theffectivenessf the converter control techniques reviewed and
discussed irsection2.9 will be investigated in the AR®del based in MATLAB
Simulink. The NFP analysis tool is used to compare the performance of the
aforementioned control algorithagainst that ofsynchronous generatBistinct from
the DQCI converter, which causes tlonverter to behave as a current source, the VSM
algorithm makes the converter operate as a voltage source. The latter is regarded as
preferable from a system stability perspective as it compensates for the loss of critical
services that synchronous gatoes naturally provide. Case studies including load step
and balanced/unbalanced fault events have been carried out on the VSMOH converter
and VSMype converter to provide insights of their dynamic responses.

5.2 Frequency and voltage droop controllers oBDQCI converter

In the APS model, frequency and voltage droop controllers are implemented as an
augmentation of the DQCI converter control; more specifically, the active power and
reactive power setpoints are based on frequency and voltage variattixelyeSpst
order lowpass filters (LPFs) are applied to both droop controller outputs. Principles and

implementation of the droop controllers are shown and discussetiar2.9.1.2

In this section, the effects of frequency and voltage drooplieraton system
stability and tipping points are investigated. The droop dlhpasd(D,) and time
constants in the LPRIs and U py) of both the frequency and voltage droop controllers
are included in the analyBiased offil-3],thedroop slop@ainto be investigatednges
from 4% representing an aggressive droop resptmsafinity, representing no
frequency/voltage droop response with actual setting in the model’t@bselbko4]
the maximum admissible value for the time constants that enable full initfiteion
simulation (i.e. settling into a steady sta&) s is 0.5 $herefore,n this section, time

constant to be investigated for both controllerssizeteeerD.Ql s to 0.5 s.
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TPs in terms of VA ratings for small signal stability (%)

Figure5-1. Effects offrequency droop slofi® in DQCI converter and its LPF time

constantJpr on system tipping points for small signal stability
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Effects of frequency and voltage droop slopes in the DQCI converter and time
constant in their corresponding LPFs on the system tipping points in terms of both small
signal stability and transient stability are shown in Faglir€sgure5-4. The figures
demonstrate that the tipping points can be affected significantly when changing the
selected settings in both controllers. However, with high droop slopes, i.e. 100% and

beyond, the time constants in the LPFs have very little impact on the tipping points.

It can be also seen that the droop controllers can have a negative effect on system
stability; system stability is further compromised when the drooped signal is poorly
filtered. These results are reasonable as the introduction of droop controllses increa
the interactions in the inner current control loop in the DQCI converter. Meanwhile, less
filtering means there could be more noise produced by the measurement process.

When comparing the results from both droop controllers, it can be seen that the
voltage droop controller has a greater influence on the tipping points than does the
frequency droop controller. This also reveals the main cause of instability, i.e. the
disturbed drive voltages at the converter terminal when the network is weak &mat are th

fed back to the DQCI control system could definitely worsen the control performance.

5.3 SEBIR controlin DQCI converter

SEBIR control is considered to have the potential to improve system stability during
loss of generation. Effectively, the convertéhts SEBIR control attempt to measure
frequency and provide a poveasljustmenfproportional to RoCoF and a particular
chosen value @mulatednertia constantisesir asexplainedn Section2.9.1.1 The
control principlefor the SEBIR controller is as giver(5fl), whereM(s)represents a
measurement window/filter for RoColHs)represents positering applied to the
measurement of RoCoF, dR)yepresents the response of the actmaépcontrol in

the converter. bte thatdf/dt is the measured RoCoF in Hz/s and system nominal

frequency i% in Hz.

2HSEEHRﬁ

DR, =- R(S)F(M((s) P——

1)
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It is important to note that particular measurement methods used to measure
frequency and RoCoF are of great impoetarthe performance of SEBIR contiebr
example,ite PLL found in the conventional control topology could be used to measure
frequency, from which RoCoF is estimated. However, it has beelfesgoinn[5]that
using a PLL to measure frequency is not always accurate or.@thecatee, frequency
measurement methods to be investigated in this section for SEBIR contrdbaticlude
P class Phasor Measurement Unit (PMU) and M class PMU. A high level review of the
PMUs can be found in [6].

The P class PMU uses a symmetrical filter weahgth of 3 cycles, and so the
measured value is vulnerable to disturbances and noise from transidraenones,
flicker and instrumentation noise. Using a P class PMU to measure either frequency or
RoCoF is generally not recommended for thesenseds$evertheless, it is selected to

highlight the sensitivity of SEBIR control to RoCoF measurement quality.

The M class uses a filter with a substantially longer measuring window of 11 cycles;
consequently, the measured value contains signifieduntiyd noise and ripple levels in
comparison to the P class measuremdot-fass filters added to the power setpoint
adjustment signadPsesir separately from thew-pass filteapplied for the frequency

droop signaddPpr, as shown iRkigures-5.

Vabe RoCoF 1 APzpi
———>| Measurement —_ > > P
1+ Tgppp s +

Figure5-5. Implementation of SEBIR control in addition to the active power controller for
DQCI converter in the APS model
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Figure5-6. Tipping points in terms of steady state stability in APS model with SEBIR
control implemented on DQCI convertemgsM class PMU to measure the RoCoF
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Figure5-7. Tipping points in terms of steady state stability in APS model with SEBIR
control implemented on DQCI converter using P class PMU to measure the RoCoF
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It has been found that significant filtering is required for the SEBIRsSig#atin
the APS model due to noise generated from the measurement process, even when using
PMU measurement. Otherwise, system stability limits could easily be reachdd even wit
a small amount of converters. For this reason, the time constant in the SEBI$% low

filter to be investigated is chosen to be from 0.5sto 1 s.

Intuitively, with increasing inertia constant in the SEBIR control, i.e. increasing effect
of SEBIR conwl in the system, the system should become more stable, with higher
tipping points. HoweveFjgure 56 andFigure5-7 showthat the introduction of SEBIR
control is counteproductive; that is, stability margins are diminished, rather than
enhanced. Thighenomenon is independent of choice of PMU (P or M class), and also
independent of the noise levels in the signals. It is also noticed that using M class PMU
to measure the RoCoF produces much better results (with respect to tipping points) than
using theé® class PMU.

I n this oOinadequated6 provision of 0synt
approximately 1 cycle produces a response markedly different from that of a synchronous
generator. The time/phase lags mean that although the power responseb e o us e f
in terms of dealing with frequency nadir, the phase of the response can be quite different
to the 90%hase advance that the true inertia possesses. If the delays are too long, the
SEBIR control will provide no mitigation of the initial &®Quring an event.
Furthermore, if the delay happens to cause a phase lag that is 180°different from the
equivalent true inertial response, the output power adjustments provided by the SEBIR
control could operate in apthase to the rotor swings of alreynchronous machine,

magnifying classical rotor oscillations, and thereby, degrading network stability.

One of the key problems in abetting stemin changes in grid frequency through
SEBIR controllers is determining RoCoF. RoCoF measurements areusipto
susceptible to large errors and ripples in the presence of noise, potentially due to various
power quality imperfectio3QCI converter designers wotygically expecmooth
power targets to their inner current control lodpsachieve this, hg measurement
windows and long filtering time constants are applied, such as the P class and M class
PMUSs. If the total measurement window and response lag become toqgsess it
seriousloubt on whether the SEBIR contcouldbe helpfult all inmitigaing system
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RoCoF.Publication$7, 8] discussed similar effedtSBBIR control which was better

termedas OFast Frequency Responsebo.

To visualise the impact of measurement and control delays, the SEBIR control has
been applied on the NSG in thé RT model with manualbdjustable control delay, as
the frequency/ RoCoF measur ement appears
Analysis of the impact of measurement delay in the SEBIR control on the converter
response is shownhigure5-8. It can beseen that even a short time delay of two cycles

(40ms) causes instability in the network.

A deeper understanding of the critical difference between a true inertial response from
a synchronous machine and the SEBIR response from a DQCI converter certlbe ga
by studying the NFP charts showFRigure5-9. Clearly, the SEBIR response is different
to that of the real synchronous machine, particularly with respect to phase of the response.
It appears that the SEBHRuipped DQCI converters, either with Moclass PMUSs,
can act in antiphase to SG rotor oscilla
of RoCoF measurement window and/or filter lags. The response is good in terms of the
low-frequency dynamics, but is quite different to a real synchroachine in terms of
modulation frequencies above 0.2 Hz. The results might look quite different if different
RoCoF measurement windows or filter windows were applied. Nevertheless, it is
interesting to note that implementing SEBIR control on converiliQ@d|converters
may not assist system stability as has previously been suggested.
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Figure5-8. Effects of SEBIR control with various delay in the control loop in the RGBT

model shown from frequency measured at a Scottish nuclear station in GB network
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Figure5-9. NFP charts for SG, DQCI and SEBRuipped DQCI obtained by time
domain simulation along with the key triémesRo0andRy predicated by classical linear

analysis
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