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Abstract

To combat climate change, the traditional electricity grids of the past with fossil fuel
synchronous generation are being replaced with renewable based generation. The
increasing penetration of inverter based resources (IBR) has resulted in the modern
grid experiencing changes in dynamic characteristics caused by new devices, controls
and time frames being introduced. This replacement of synchronous generation has
resulted in several issues that need to be addressed to further progression in reaching

Net Zero emissions.

Some of the new technologies in the modern grid to enable the integration of
renewable generation are grid-tied converters, state-of-the-art control topologies and
Medium Voltage Direct Current (MVDC) and High Voltage Direct Current (HVDC)
transmission and distribution. The fundamental topologies, future prospects and
applications of MVDC and HVDC need to be understood to achieve the full potential
of these technologies. Therefore, this thesis presents a comprehensive analysis and
overview of MVDC uses, demonstration projects, converter topologies, architecture

structures, and unique issues and operations.

These new technologies are offering a wealth of solutions to technical challenges facing
the integration of renewable generation, there are however, associated problems with
each new evolution. Firstly, IBRs have been mainly controlled with grid following
control, which requires the measurement of the grid voltage source to synchronise. This
can contribute to grid issues and system instability. There have been several suggested
amendments to classical GFL control to improve ancillary support to connected

AC grids. For example, there has been discussion in the literature comparing the
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inertial response provided by grid forming and following controllers, showing grid
following converters can provide similar inertial responses to grid forming under certain
conditions. However, the effect of providing an inertia response on stability of grid
following connected systems needs to be assessed, with this thesis investigating the
tuning limitations that restrict the capability of grid following converters to provide

the required inertial response in an appropriate time.

With the differing control topologies being implemented, the rapidly changing grid
composition is producing scenarios that are increasingly complex to model, as well
as unwanted grid dynamics such as sub-synchronous oscillations (SSOs) that are not
being predicted. The combination of new devices and controllers with faster time
constants is resulting in an expansion of typically seen SSOs, from sub-synchronous
resonances, device dependent SSOs, to sub-synchronous control interactions and sub-
synchronous torsional interactions. However, there are increasingly instances of SSOs
persisting in the grid that were not accurately predicted. Capabilities and limitations of
converter models need to be understood for recommendations to Transmission System
Operators (TSOs), Original Equipment Manufacturers (OEMs), and project operators.
Therefore this thesis assesses the impact of extreme parameter conditions on a series of
common grid following and grid forming converter to grid small signal models of varying
complexity, simplifications and assumptions. Additionally, comprehensive methods of
assessment of dynamic transient and modal detail are presented to give an intuitive
yet novel insight for showing capabilities of each model. This includes highlighting the
effect of variations in low frequency modes on transient dynamic response, and a method
of screening models for modal accuracy in identifying oscillatory SSOs, highlighting
conditions where lower detail models do not represent low frequency oscillations when

they are expected to.

The importance of dynamic detail is essential in larger more complex systems. The
difficulties of not recognising unwanted SSOs and harmonics are compounded with
increasing grid complexity. The development of interconnected HVDC systems has been

enabled with voltage source converters (VSC) and furthermore with modular multilevel
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converters (MMC), which provide large voltage step ups. HVDC-MMC systems have
been stated to have an inherent “firewall” capability, which has been described as
the prevention of unwanted oscillations between interconnected AC systems, because
of the controllability on either side of the link. MMOCs however have harmonics
produced in internal circulating currents and sub-module voltages that need to be
controlled, and require accurate modelling. Further to this, grid dynamics, accurate
DC link representation, and converter control all need to be modelled to given a
fully detailed representation of multiterminal MMC-HVDC systems and propagation
between interconnected grids. Therefore, this thesis develops a highly detailed dynamic
model of a point-to-point MMC-HVDC system for the effect of grid following and
grid forming controls on the firewall capability of the system, assessing critical
state dependencies that participate in oscillatory poorly damped modes. A firewall
quantification metric is proposed to identify conditions that could cause oscillation
propagation, and a comprehensive overview of the effect of changing system and control

parameters on firewall capability.
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Chapter 1

Introduction

1.1 Motivation

The climate crisis caused by wide scale anthropogenic emissions, such as CO2 and
methane [2] 3], has, is, and will cause significant natural disasters that pose a threat
to human life and society. Disproportionately, countries with a low GDP, and people
who earn below the global average, are affected more than richer countries that have
contributed greater amounts of Greenhouse Gas emissions. Already, the world is close
to breaching the 1.5 °C limit of global average temperature rise from pre-industrial
levels [3]. Therefore, there is the urgent need to decarbonise the traditional fossil fuel
powered industries, with modern grids becoming increasingly populated with renewable
based generation. In 2023 European renewable generation reached a new peak of 43%

[4], with Sweden having the largest share of 70% [5].

Any generation source that relies on varying and unreliable resources (such as wind,
solar, tidal, wave) requires a converter connection, resulting in such generation being
referred to as an Inverter Based Resources ([BR]). These differ significantly
from traditional synchronous generation, from the connection, distribution, location,
and effect on the electric grid system. Converter technology has also become
significantly advantageous for Medium Voltage Direct Current (MVDC]) and High

Voltage Direct Current (HVDC]) transmission, especially since the introduction of the
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Modular Multilevel Converter (MMC]), vastly improving the integration of renewable

technologies at differing geographical conditions.

1.2 Research Gaps

Traditional standard systems were dominated with synchronous generation
(synchronous machines), which set the voltage source, and self-synchronise to the grid.
However, the converter connections used in modern grids are typically implemented
in a Grid Following (GFL]) structure, which relies on an outside voltage source to
synchronise to the grid. Such systems without synchronous generation, and instead
increased control, can have low available short circuit currents and Short Circuit

Ratio (SCR))s, low inertia, and voltage instability [6].

Several improvements to control topologies have been suggested to combat these grid
issues. [GET] controllers can be enhanced upon their basic services, with voltage
support and fault ride through [7], primary frequency control responses [8] [9] and
Fast Frequency Response (EFR]) controls [6]. Even with such ancillary controls added
to topologies, they have been stated as fundamentally having the disadvantage
of acting as a controlled current source relying on external synchronisation. Therefore,
Grid Forming (GEM]) converter control has been suggested in the literature [10], [11]
and has been implemented in many demonstration projects [12], with many available
topologies offered from Original Equipment Manufacturers (OEM]). It has been argued
that the inherent voltage source response of the GFM results in a more “truer” inertial
response, however it is now being emphasised in the literature that GFL with added
inertial control can provide the same support a GFM can |13|. Therefore, the lack of
focus on GFL converters with additional inertial support needs to be addressed, and

the recommended tuning conditions must be determined.

Further to this, the problems modern grids are experiencing, originating from increased
[[BRE, are of significant concern, however there is the additional difficulty of accurately
predicting grid performance and issues. Model accuracy has always been of essential

importance to power system operators, but increasingly there are disturbances on the
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grid that have not been predicted, resulting in significant problems. Transmission
System Operators (TSO))s have observed Sub Synchronous Oscillations (SSQOl)s that
were not predicted during the pre-grid connection simulation phase. Such examples
occurred in the UK in June and July 2023, where 8 Hz oscillations occurred on 5
separate days, resulting in tripping of generation, an link, an inter-connector
and a transmission circuit [14]. This situation, and similar events, resulted in National
Grid creating a system plan for tackling [SSOk, citing the need for accurate modelling,
compliance, and improved research on causes of the underlying mechanisms [15]. Other
cases have also been reported worldwide such as in China and the US which have been

severely destructive |16].

These issues highlight the need for accurate modelling. Typically, model
the whole system with Root Mean Square (RMS]) modelling. This represents the
voltages and currents as phasors, and has the grid modelled in algebraic form. The
computational burden of this method is more appropriate for representing very large
systems, offering dynamic analysis close to the fundamental frequency [17]. However,
significant dynamic detail is excluded from this modelling technique. To capture
grid dynamics and fast transients, Electromagnetic Transient (EMT]) simulations are
typically used, where the non-linear differential equations of the instantaneous signals of
the system are solved in the time domain. The instantaneous voltages and currents are
calculated across the time frame, which is of great benefit when analysing fast system

transients, which are increasingly common with fast responding controllers [1§], [19].

Each of these modelling methods have known advantages and disadvantages. [EMT]
simulations are used for fast transient analysis, including significant system detail, and
representing high frequency harmonics, at the cost of great computational burden and
speed. models are used for their ease of implementation, understanding, lower
computational burden, and ability to still represent some (varying detail can be
included in the models, which is discussed in later chapters). However, there is
a vast reduction in detail compared to EMT Modelling. TSOs, and other operators,

needing to model large systems are requiring more accuracy to represent the more
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complex systems being added to the grid. However, using models at such scale
is infeasible, and other modelling steps have been taken, such as impedance modelling,
or using a Small Signal Model (SSM]). There have been several suggested adaptions
to to reduce model complexity, for converter to grid systems in both [GFIL] and
control. However, the accuracy of such models has not been tested, especially

across varying system parameters.

The limitations of reduced detail models highlight the need for including system
dynamics and reducing simplifications of grid-tied converter systems. This will ensure
the capture of the aforementioned [SSOk. This is pertinent, as HVDC systems have
been stated to prevent the propagation of such oscillations, having an “inherent
firewall capability” due to the high controllability capabilities of the converter
controllers [20]. This firewall effect can be described as preventing fault and oscillation
propagation from one Alternating Current (AC) grid to another. This is due to the
typically “strict” control of power flow and Direct Current (D) voltage on either
side of the HVDC link. However, there have been limited studies on this with different
controller topologies with[MMCk, and none comparing these controllers whilst including
the internal [MMC| dynamics, with more than one converter and accurate link

modelling.

1.3 Research Questions, Objectives and Methodologies

To address the identified research gaps, the following hypotheses were developed and

investigated.

e Although providing inertia is a desired attribute from a converter control system,
there could be limits on the amount of inertial support that can be provided
depending on system and control conditions. This thesis suggests that providing
this support could affect the system stability. Therefore, the effect of weak grid
conditions, and grid following control loop parameters on the maximum inertia

that can provided whilst maintaining a stable system is to be investigated.
e As described earlier in this chapter the integration of IBRs is resulting in

4
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variations in grid strength, as well as generation and demand in different
geographical locations from the traditional grid, resulting in “extreme” grid
parameters. It is suggested that modelling methods of lower dynamic detail
will miss key details when representing these extreme conditions. Therefore,
systematic methodologies for assessing the capability of small signal models of
varying detail are required. It is expected that lower detail models have reduced

capability, however the conditions that they can be used in must be ascertained.

e Further to this, the importance of highly detailed models in representing
oscillations needs to be demonstrated. When using small signal appropriately
detailed models, the impact of converter control on propagation of between
asynchronous grids needs to be assessed. Sufficiently detailed point-to-point
MMC-HVDC models with accurate DC links and MMC dynamics have not
been evaluated in the literature to conclude what parameter conditions result
in the controllers significantly affecting the firewall capability of the system.
Furthermore, the impact of different control topologies on the propagation of
oscillations between AC grids has not been fully investigated. It is suggested in
this thesis that the addition of AC grid ancillary services could greatly inhibit this
inherent “firewall” capability of HVDC technology by drawing too much support
for its connected AC grid, from the DC side. Therefore, the impact of [GEM]
control producing between interconnected AC grids will be shown across a

series of changing grid parameters.

Throughout this thesis, many of the converter-grid tied systems are represented using
small signal modelling, which is the transform of non-linear models into a linearised
form. Small signal stability describes the ability of the power system to maintain
synchronism when subject to a small disturbance [21]. It informs about the power

system’s inherent dynamic characteristics and stability.

To obtain the model, the non-linear equations for the full system are represented in
the rotating reference frame, presented in state space form [21] and linearised around

their operating point. Some of the key analysis techniques used in this thesis are
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enabled from small signal modelling, specifically eigenvalue analysis. This tackles the
aforementioned difficulties in representing dynamic detail and identifying the source of
oscillations and interactions in grid systems. Therefore. throughout this thesis, the
systems are represented with small signal modelling, which allows for clear analysis of

system instability, oscillatory modes, and frequencies at which interactions may occur.

1.4 Contributions

Having identified the need for accurate modelling assessment and detail, and the gaps

in the research applying to this, the key contributions of this thesis are proposed.

¢ Comprehensive review of medium voltage direct current applications, technologies
and capabilities, including rail, shipboard structures, and grid systems. An
assessment of active projects to present clear trends in architecture,
utilised technologies, benefits and disadvantages, providing guidance as

implementation becomes more popular, cheaper and beneficial.

e An in-depth analysis of the limitations of synthetic inertia utilised in [GEFT]
converters, and recommendation of the grid parameter and tuning limits to

maintain system stability and reliable response, whilst providing required inertia.

e Comparison of transient response accuracy of small signal [GEM| models under

varying grid parameter conditions.

e Methodology for testing dynamic representation capabilities of small signal
models of a [GFLl grid-tied converter system. Additionally, comparison
of [GEFTL] [SSMk for dynamic representation across parameter variations, for

recommendation of model suitability.

o Detailed [SSM| and large signal model of a point-to-point [MMCHHVDC] system
with [GEL] and [GEM] control.

¢ Analysis of harmonic content of MMC-HVDC systems with sufficiently accurate

dynamic detail at a small signal and large signal level.
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e Identification method and assessment of oscillatory modes and their link with
oscillation propagation between asynchronous AC grids interconnected with

MMC-HVDC link.

o Methodology of firewall quantification metric to enable identification of the

conditions that cause oscillation propagation.

e Comprehensive overview of effect of changing system and control parameters on

firewall capability of MMCHHVDC] systems.

1.4.1 Publications
The following texts have been published by the author of this thesis.
Published:

e Stability Limits and Tuning Recommendation of the Classical Current
Control Providing Inertia Support. S. Coffey, J. F. Morris, & A FEgea-
Alvarez, 29 July 2021, 2021 IEEE Madrid PowerTech Conference).

¢ Review of Applications, Technologies, and Future Prospects. S.
Coffey, V. Timmers, R. Li, G. Wu, & A. Egea—filvarez, 9 Dec 2021, in Energies.
14, 24, 37 p., 8294.

¢ Limitations and Comparisons of Small Signal Modelling Techniques in
Converter Dominated Medium Voltage Networks. S. Coffey, S. Harrison,
A. Egea—Alvarez, & C. Brozio, 2 Oct 2023, 25th European Conference on Power
Electronics and Applications 2023 (EPE’23 ECCE Europe).

e Assessing the Capability and Limitations of Small Signal Simplified
Grid Following Models for the Identification of Sub-Synchronous
Oscillations. S. Coffey, S. Harrison, A. Egea—/llvarez, L. Xu, in IEEE Access,
vol. 13, pp. 116025-116036, 2025.

e Upgraded Control Strategies to Safeguard Resiliency in Hybrid AC-DC
Networks. M. Sharma, J. C. Gonzalez, J. L. Ruedatorres, Y. Pang, S.Coffey,
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A. Knockaert, IEEE Power and Energy Magazine [ACCEPTED Publication date

to be confirmed).
Submitted and Under review

o Effect of Grid Forming and Grid Following Control on Firewall
Capability of MMCHHVDC] Systems., S. Coffey, S. Harrison, N. Yang, A.

Egea-filvarez, L. Xu, IEEE Transactions on Power Delivery.

1.5 Thesis Outline

Having detailed the required motivation and context for this thesis in this Chapter, the

rest of this thesis is outlined in the following paragraphs.

The historical, contemporary, and future implementations of MVDC systems are
discussed in terms of applications and developments in technology in Chapter
Common network implementations are highlighted, reviewing MVDC projects and

hardware used in these systems.

In Chapter 3] the systems that are modelled throughout this thesis are described and the
mathematical equations presented. The background modelling information on frame
transforms, small signal model representation, converter control are clearly explained,

and are referred back to throughout the following thesis chapters.

Chapter [4 assesses the stability of a standard [GEL] converter with inertia emulation and
the effect of common tuning on the system. Recommendations are given for ensuring

a balance between system stability whilst providing the required inertial response.

The importance of model accuracy and representation of low frequency oscillatory
modes are highlighted in Chapters [5] and [6] Small signal models of varying dynamic
detail are compared in these chapters, in GFM and GFL control respectively, giving a
methodology of screening models to determine conditions that they are not sufficiently

accurate.

Following the discussions on the importance of model accuracy, a highly detailed
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dynamic small signal model of a point-to-point MMC-HVDC system is developed in
Chapter [ The effect of system parameters and converter control on propagating
oscillations between the interconnected AC grids is assessed and a metric to quantify

the limitation on firewall effect of the HVDC system is presented.

Finally, the overall thesis conclusions and recommendations are discussed in Chapter



Chapter 2

Review of MVDC Applications,
Technologies and Future

Prospects

The application of this research has been focusing on and HVDC connections,
and the converters and controllers that enable this technology. Therefore the
background literature on the innovations and developments enabling renewable
integration needs to be expanded. Additionally, in order to understand the problems

the modern grid is facing, the technologies utilised need to be understood.

Considering these issues the modern grid is facing, several of the upcoming chapters
analyse different small signal modelling methods, for different control topologies, and
their capabilities and the level of detail required in models to accurately represent
sub-synchronous oscillations and oscillation propagations. Therefore the background
information in this Chapter will expand on HVDC and MVDC technologies and

applications.

10
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2.1 Medium Voltage to High Voltage DC

The author has completed and extensive review as part of the published work “Review
of MVDC, technologies and future prospects” which provides a detailed analysis of the
state of MVDC applications and the technology required for implementation. Within
the review, grid design, converter topologies, state of the art equipment, converter and
grid control were discussed. The discussed literature from an MVDC perspective will
be given here, targeting key contributions such as answering what level is medium
voltage, key applications and current demonstration projects, technologies required to

implement MVDC, and the role it will play, along with HVDC systems.

2.2 MYVDC applications

SINCE the “Current War” between Thomas Edison and Nikola Tesla, AC has been the
basis for electricity systems across the world for the last 100 years [22]. DC systems have
been used in the past, for some applications, but their benefits could see DC replacing
traditional AC systems in many situations. Compared to AC, DC systems have a
better transfer capacity, improved flexibility and controllability, and could provide
better power supply reliability [23]. Medium Voltage DC (MVDC) could replace AC for
several applications due to these benefits, for example, in creating MVDC rail systems,
integrated shipboard power systems, offshore renewable collection, distribution grids,
electrification of oil and gas rigs, DC homes, electrification of university campuses
and mine sites. The first applications (i.e., rail systems, integrated ship board power
systems, off-shore renewable collection, and distribution grids) are the most common
in implementation and research literature. They were selected in this Chapter to give

a significant overview of MVDC applications.

HVDC has been already implemented for transmission [24], but increasingly MVDC is
being suggested for distribution in power systems. MVDC links have been implemented
successfully between distribution grids [25], [26], and MVDC collection systems could

be utilised for offshore renewables, integrating with HVDC transmission links.

11
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For rail systems, the lower end of MVDC (750 V to 3000 V) has been used for several
decades in urban and suburban traction systems [27]. It has been proposed to firstly
increase these systems to higher MVDC voltages and power ratings to improve capacity
[28], and also to develop MVDC rail grids to achieve a 25 kV AC line equivalent

performance [29].

Shipboard power systems have developed to Integrated Power System (IPS)s, due to
the benefits such as flexibility of layout, reduced fuel consumption, maintenance and
emissions, and improved reliability [30]. Traditionally these [PSk have been based on

AC distribution but the industry is seeing a move towards DC systems [31].

MVDC has been suggested for these applications for the following reasons: firstly,
there is an approaching limit of how much the transfer capacity can increase with the
AC infrastructure [32]. For example, growing populations in urban areas are resulting
in concentrated loads, which increase the distribution capability and power supply

reliability requirements.

Furthermore, transportation and heating systems are increasingly using electricity,
alming to reduce CO2 emissions by utilising renewable energies, which brings further
stress on the capacity of the distribution networks. In rail systems, increasing traffic
in low medium voltage DC systems is causing the system to reach its limits [28].
Compared with the AC cables, DC cables have a higher transfer capacity, and so
converting existing AC lines to DC in distribution networks and rail systems would
increase capacity [33]. This could also benefit shipboard systems with the reduced

weight provided by utilising DC cables [34].

Furthermore, conventional AC systems often have radial and open loop layouts,
resulting in a lack of flexibility and controllability. This limits the implementation
of Distribtued Generation (DG)) as their generated power is in a specific area and
it is not able to be supplied back upstream in times of excess power generation.
Additionally, this lack of flexibility in AC shipboard system prevents excess capacity
being stored [30]. The reliability of power flow is of vital importance in shipboard

systems and MVDC offers the ability to improve flexibility with integrated power

12
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systems and improved reliability [35]. The flexibility benefits of MVDC also aide
rail systems, especially urban rail networks [36], by improving protection control [37],
enabling flexible integration with distribution grids and simplifying onboard energy
conversions [37]. AC radial networks in distribution grids with could also result
in over voltages and congestion [38], however, the ability of the distribution system
to respond to uncertainty from supply and demand must be maintained [39]. DC
distribution systems have more configurations leading to improved flexibility for these

applications.

MVDC grids would improve systems with a high penetration of DC loads and power
converters. DC loads are continuously increasing with up to 80% of loads in commerce
and residential areas being DC [40], [41], therefore utilising MVDC systems would
reduce conversion stages. Modern ship systems also often utilise DC loads and pulse
loads; loads that draw a very high current in a short time, over intermittent periods [42].
In rail systems, MVDC supply rails would also reduce the number of conversion stages

required to supply the series wound DC motors [28].

Furthermore, power electronic devices are becoming increasingly common in ship power
systems [30], rail, and to interface renewable generation in distribution grids, however
this results in control interactions with the AC distribution networks [43]. With
these renewable sources being connected, their intermittency and uncertainty results in
instability and control issues with AC grids [39], [44]. MVDC links with back-to-back
power converters creating a Soft Open Point (SOP]) are being suggested to combat this

instability, reactive power issues and increase the control flexibility [45], [46].

There could be significant improvements in efficiency and cost if MVDC collection
systems were utilised to integrate renewables, specifically wind power [47]. Moreover,
for the device required to connect to the transmission or distribution grids, the size of
collection systems and the conversion stages could be reduced using DC-DC converters,
which can enable MVDC systems with high gains to step up to high voltages [48].
Additionally, for shipboard electric systems, the size and weight of the traditional
Medium Voltage Alternating Current (MVAC) electric systems would be reduced and

13
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the generators and heavy low frequency transformers can be removed [31], [34].

MVDC technologies have been suggested and/or implemented in rail, ship, distribution
grid, and offshore collection systems, however, a comprehensive understanding of the
usage of MVDC in the future is lacking in the literature. This paper aims to review a
comprehensive set of MVDC applications, the overall network configurations, hardware,
topologies required for the application implementation, case studies, future trends and
problems of MVDC applications. This paper highlights the maturity of the various
MVDC applications, as they are at differing stages or development and Technology
Readiness Level (TRIL)). This paper reviews the uses, advantages, and disadvantages of
MVDC and offers a “cross sectional” review of common points to paint a full picture,

which has been lacking in the literature.

2.2.1 Sea

In traditional shipboard systems, diesel propulsion systems have a direct mechanical
connection between the prime mover and the turbine, with the propulsion area being
separate from the main power system [49]. However, in the 20th century, these systems
began to be replaced with diesel-electric propulsion [50], where the diesel generator
connects to an electric motor, as seen in Figure[2.1] This move towards electric systems
was motivated by the flexibility of the layout; reduced fuel consumption, maintenance,
and emissions; and improved reliability. However, up until the beginning of the 21st
century, the majority of the power in the ships that were using these systems was solely
dedicated to propulsion, [51], as well as for cargo ships and refrigeration [52], which
required special electrical power system arrangements. In recent years, have been
proposed to replace standard mechanical ship propulsion systems, which use generators
and Battery Energy Storage System (BESS) to supply the propulsion system and all
other loads, no longer separating propulsion from the rest of the system [30]. IPSs could
help pave the way for all electric ships (AES), where all of the onboard equipment and

systems are electrical, with generation being provided by electric storage [53].

Schuddebeurs et al., [53], categorises ship systems from diesel-electric to AES,
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Figure 2.1: Traditional AC ship distribution systems.(a) propulsion isolated, (b) radial
IPS, (c) modern AC zonal distribution system

highlighting development and direction in the industry. An IPS could improve
flexibility, reduce the number of prime movers that are required, and increase efficiency;
additionally, vessels of all sizes can utilise an IPS [52]. Standard AC ship system rated
voltages traditionally ranged from 690 V for small ships (e.g., passenger ferries with
a generator capacity of 4 MW) to 6 kV, with total generator capacity between 4-20
MW and 11 kV, with a generator capacity above 20 MW (e.g., container ships and
larger cruise liners [54]). Initial AC distribution designs had separate propulsion and
service load systems to prevent faults propagating. However, the disadvantage of this
system is a lack of flexibility, and it is more efficient to amalgamate these systems.
IPSs can be further improved with zonal distribution, which has been increasingly
suggested in the literature [30] [49] [55] for increased reliability. The development of
AC standard shipboard systems is illustrated in Figure However, the industry
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has seen a move towards DC power systems, specifically towards MVDC [31], for
IPSs, as shown in Figure 2.2 AC ship power systems have disadvantages, with bulky
transformers taking up important space and weight [34]. Furthermore, in traditional
AC systems, the excess capacity from the propulsion power system when travelling
at a low speed or when the vessel is stationary cannot be directly used or stored in
[30]. Another reason for the move towards DC systems is that power electronic
devices are becoming increasingly common in ship power systems [30]. Modern ship
systems also often utilise pulse loads, which are loads that draw a very high current in
a short time and over intermittent periods [42]. However, gas powered AC generators
have a slow response, which does not match the fast response that is required for the
emerging pulsed loads [54]. On the other hand, energy storage devices (DC systems) as
well as power electronics provide a fast response. DC networks also avoid the issues that
are associated with the synchronisation of loads to sources and reduces voltage drops
and power losses due to reactive power [56]. Therefore, and possible renewable
sources (RES) can be connected to the IPS. In AC grids, power quality issues such as the
harmonics and frequency fluctuations that are caused by pulse loads and that are loads
interfaced with power electronics are a system concern that require regulation in order
to avoid risks to the ship and crew [30]. DC grids do not have frequency issues; however,
they do have voltage stability issues [54]. Therefore, appropriate stabilising methods
must be considered for MVDC distribution systems and power quality standards for
DC grids that need to be defined [57]. A generic DC ship distribution network layout
is shown in Figure [2.2] [58,/59].

The network structure could be a radial, ring, or mixed structure [55]. Traditionally, AC
ship systems were arranged radially, an orientation that has the benefit of simplicity;
however, these structures lack survivability, as if a line is disconnected due to a fault,
there are no other connections to the load to power it [30]. Several papers have
highlighted the benefit of utilising an open ring bus structure [55] [60]. This structure
is capable of isolating a fault with a normally open point, therefore allowing the rest
of the system to continue to operate. Furthermore, a ring bus structure ensures that a

vital load can be powered from several points, improving security and reliability [54].
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Figure 2.2: Generic DC shipboard TIPS

IPSs have been around for the last 30 years, with the Queen Elizabeth II being the
first ship with an AC IPS [61]. Other IPS examples are Queen Elizabeth Class Aircraft
Carriers [59], the Ellen E-Ferry, and the Yara Birkeland Autonomous container, an
AES [62]. The QEC has four 11 kV switchboards and six generators, two at 35 MW,
two at 11.3 MW, and 2 at 8.5 MW. The Ellen E-ferry is a 57 m medium sized car
and passenger ferry with 4.3 MWh battery capacity with DC operation [63]. The Yara
Birkeland is a 79.5 m long ship with an optimal speed of 11 km/h, and it is the first fully
battery powered and autonomous container ship. The battery pack of the propulsion
system is 7-9 MWh [64]. All electric ships are being suggested due to their better
efficiency, fuel economy, power quality, and reliability [65]. Helgesen et al, [64], detail
the advancements in electrical energy storage for ships and the extensive progress made
in the field. The NORLED MF Ampere Ferry is the world’s first electric car ferry, which

uses battery storage; however, it is based on an AC distribution system [66].
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2.2.2 Rail Systems

Since the 1950s, rail systems have been leaning towards electric rail in Europe, China,
and Japan [29], [67]. However, diesel and diesel-electric locomotives still exist in North
American and some European countries. Electric trains are more efficient and do not
produce greenhouse gases [68] and have a greater power to weight ratio than their diesel
counterparts [69]. The installation costs of electric rail systems are significant; however,
in busy lines, these expenses are negated by the reduced operating costs compared to
diesel engines, as the cost of diesel fuel is significantly more than that of electricity [70].
However, in remote areas with little rail traffic, the installation costs are often too much
to warrant system electrification. Such areas would have to rely on the development of

large scale rail battery storage systems in order to achieve electrification [70,/71].

Electric rail systems across the world have historically been supplied with a mix of
Low Voltage Direct Current (LVDC)/MVDC for low speed and urban connections
and [MVAC for intercity and high speed rail systems. In inner city areas, there
are currently several [VDC/MVDC voltage levels for various light rail operations in
different countries; trams and subways use voltages between 750 V and 1.5 kV, and
medium distance trains use 3 kV DC [27]. With these DC systems, a three phase AC
distribution network would traditionally connect to a traction power substation (TPSS)
containing a rectifier bridge for DC conversion. However, lower voltage DC systems
suffer from increased heavy traffic, preventing operation at nominal power, and the

substations are required to be very close together.

For high speed AC rail networks, step down transformers that are connected to the
grid provide the catenary with medium voltage AC, e.g., 25 kV/50 Hz, and VSCs
on each train supply traction DC induction motors. AC rail distribution grids have
been prevalent due to ease of connection to the main national grid through step up
transformers to reach higher voltages and to reduce line losses, meaning that fewer
substations are required and that AC technology is advanced and reliable, such as in AC
Circuit Breaker (CB)) [72]. Some European countries, such as Sweden, Germany, and

Austria, maintain a low frequency AC catenary voltage of 15 kV at 16.7 Hz [73], while
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most other European countries, such as Spain, France, and the UK, adopt an [MVAC
rated at 25 kV/50 Hz [67] [74]. However, AC supply lines have certain drawbacks:
reactive power compensation is required, single phase substations have a high short
circuit power in order to avoid voltage imbalance at the Point of Common Coupling

(PCO), and the inductive voltage drops [75].

As a natural evolution of existing LVDC/MVDC traction systems, modern MVDC
rail systems have been proposed instead of High speed DC rail systems were
limited due to the significant voltage drops along DC lines, the required high number
of expensive substations, and the lack of development of protection, [67] and only the
LVDC and the lower end of MVDC voltage ratings could be utilised. However, there
have been significant advances in these areas and in MVDC technologies [27], and
future MVDC rail distribution grids are increasingly being suggested in the literature.
Gémez-Exposito et al., [67], present a multiterminal MVDC network with a single
uninterrupted 24 kV DC catenary. The main transmission grid supplies this MVDC
distribution grid through a series of equally spaced substations containing multilevel
VSCs. In Verdicchio et al. and Caron et al., [28], |75], reviews of similar MVDC
distribution structures are presented; however, the systems that are presented use two
overhead lines. The former investigated the optimal distance between substations and
compared operation to a real 25 kV AC line. The latter reviews the DC voltage levels
of a bus system and suggests that a 9 kV DC supply has a comparable performance
to that of a traditional 25 kV AC system. Verdicchio et al., [29], also agree with this
comparison but adds that the selected DC voltage level must take substation distance,
the rail to ground voltage, and the thermal constraint on the overhead line cross section
into consideration, increasing costs. Thus, the selected voltage must optimise between
thermal constraints and cost. References [76,77], Tobing et al. and Pereira et al.,
present optimisation solutions for the placement of DC traction substations to minimise

voltage drops and power losses.

An example DC network is shown in Figure [2.3] The TPSS contains disconnectors on

the AC side, rectifiers, and DC circuit breakers and disconnectors |27].
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Figure 2.3: DC rail distribution system.

The substation control system controls the reactive power on the AC side as well as the
active power and DC voltage. In areas where the lines are close to each other, rectifying
stations could be removed and replaced with DC-DC links [67]. Further to this, modern
MVDC rail might be reversible and integrate [78]. There are still significant
developments that are required in MVDC rail systems, such as those seen in [79].
Arcing in DC rail systems is intense, as the voltage is often lower compared to that of the
equivalent AC systems, resulting in the current being higher [80]. Interruption between
the pantographs and the overhead line can cause arcing and results in power quality
issues, electromagnetic emissions, increased temperature at the contact point, and wear
on the contact wire and strip on the pantograph [81]. Fast detection methods might
be required to prevent the spread of negative electromagnetic phenomena throughout

the rail network [82].
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2.2.3 Network Distribution Grid Systems

The distribution grid has predominantly been AC since the early 1900s and the
“Current Wars” between Edison and Tesla [22]. AC technology has been utilised due
to the ease of stepping it up to higher voltages with transformers, allowing for reduced
power losses. However, developments in Voltage Source Converter (VSC))s, protection
and semiconductor devices has enabled the introduction of HVDC transmission, paving

the way for further DC connections, such as MVDC distribution.

The importance of power reliability and quality in cities and urban areas is paramount,
but as populations increase and the strain on the power supply is exasperated, extra
capacity will be required in the distribution grid. However, the AC system is reaching
its limit as the space for new substations and lines is finite. The transfer capacity a
DC conductor is about 1.5 to 1.8 times that of an AC cable of the same width and
current [83], [84], [85], and also has a higher efficiency [86]. DC also uses full peak
voltage capability compared to RMS and DC does not suffer from the skin effect [41].
Therefore, MVDC could provide the increased and capacity required in congested areas,

by converting [MVAC] lines to MVDC.

Another disadvantage of AC systems is the required reactive power compensation.
Utilising DC allows for the removal of three phase balance or compensation
requirements of AC [44]. DC cables do not consume any reactive power, and power
converter connections between DC and AC grids could provide support and voltage

control to the AC systems.

Connecting distributed renewable energy sources to AC grids also creates challenges for
the distribution grid. are intermittent and unreliable and so are required
for excess storage and support; connecting these to MVDC would allow for simpler
conversion stages than AC [41]. Controlling voltage disturbances is a significant goal
of connections, and power converters control with MVDC systems can provide

voltage control [87].

MVDC is not simply HVDC downscaled. MVDC could significantly aid in areas where
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there are no high voltage connections and where high voltage infrastructure could not
be easily implemented, for example, densely populated urban areas. Following from
this, HV has a large visual impact of high lines and power towers, an getting permits
for HV corridors is significantly increasing in difficulty [88]. Furthermore, MVDC has
the adaptability to allow for smaller, less expensive converters at the lower voltage

ranges [89).

However, MVDC grids have several challenges to overcome; protection systems and DC
circuit breakers need further development, there is a general lack of standardisation,
and installation costs of DC are currently high due to the power converters required [86].
Power converters are also still not as efficient as AC transformers, and have a lower

lifespan [41].

Furthermore, MVDC networks have no current zero crossings, and low DC impedances,
[90] and thus the fault current will be high. Dealing with short circuit currents is
predicted to be a great difficulty in DC grids |91], and compared to AC systems, the
protection in DC will be much more complex [86]. Fault detection and location is a
difficulty in DC systems, and detection methods are highlighted in the literature, [82],
[92], however there are still developments required. Further to this, the protection
methods in DC systems are still to be standardised, and the best prevention methods
are still up for debate, for example, the discussion between hybrid and solid-state circuit

breakers.

Applications overview

The four main applications overviewed are briefly summarised below in Table
detailing the average voltage and power levels, [TRI] maturity, case studies, and

available technology.

For rail systems, the lower end of MVDC technology is already in use for tram, metro
and subways, however long distance travel with MVDC is being suggested at higher
voltages of around 10 kV, and high speed of 20-30 kV.

For shipboard [PSk, MVDC power systems are emerging as an alternative to AC
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systems with heavy transformers. As reducing weight is highly important in ships,
the benefits of MVDC power electronics are being utilised, especially as the voltage of
the DC bus required will be 5 — 35 kV (depending on ship size), therefore not requiring
significantly large onboard substations [31], [55], [93].

Distribution grids are beginning to introduce MVDC links and DC grids. There are
several examples of DC links, [94], [95], and small DC distribution networks have been
developed in South-Eastern China [96], [97]. The technology of distribution grids is
available as MVDC systems have the flexibility of utilising L] and 3-level (BL) [VSCk,
as well as modular multilevel converters (MMCk). The suggested voltage range for
distribution operation varies in the literature, some papers suggesting 1.5 — 100 kV, [85],
with others narrowing the range to 5-50 kV, [98], |47]. For projects [99], [26], [25]
and [97], the voltage ranges from 10 kV to 27 kV. This will likely be the mean range
for distribution but there may be some extension up to 50 kV or even 100 kV for

distributed renewable connection.

Offshore wind collection however is still being developed and there are currently no
active MVDC collection systems. The lower weight of MVDC collection substations
compared to AC collection or HVDC would also significantly reduce capital cost of the
system. [MMC] technology could achieve the high step up ratios required, and has good
short term reliability with active redundancy, but there the long term survival of the

technology in offshore conditions is still being investigated [100].

The range of MVDC voltages for the various applications have not been standardised.
The values that have been suggested in the literature or that have been implemented
differ, with Table showing these details. To further represent the variation in
voltage levels, the suggested and implemented applications are displayed in Figure
as a function of the year. The trends show that for rail systems, the lower end of MVDC
voltages (600-1500 V) have been implemented up to the 2010s, and from 2010 to the
present day, higher medium ranges, (9-24 kV) are being suggested to match the 25
kV AC rail systems. With distribution, the most common suggested and implemented
voltage was 10 kV, with an outlier of the ANGLE-DC project reaching 27 kV. The
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most common implemented voltage for shipboards systems was also 10 kV, however,
the suggested values have a larger range due to the variety in ship sizes and required
loads. Finally, the suggested wind offshore collection platform voltages are in the higher

range of MVDC values (20 kV-35 kV).
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Figure 2.4: Suggested and implemented applications since year 2000 and associated
voltage level.

2.3 MVDC For Grid Connected Applications

2.3.1 Applications

According to CIGRE [85], future MVDC distribution systems will be for interconnection
with MVAC grids, and connecting LVDC and HVDC. The AC system will operate with
the DC system providing ancillary services and support. There will be a combination
of structures; point to point DC connections, multiterminal MVDC grids, microgrids,
and distributed generation connections. This section reviews the main applications for

grid connected applications.
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Table 2.1: MVDC Applications and Voltage Levels
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SOPE, Flexible AC Transmission Systems (FACTS)) and DC Links

AC distribution systems often utilise a radial structure, where entire sections of the
line are isolated after a fault, causing loss of supply downstream [46]. Two adjacent
independent feeders might be connected to offer routes of electricity supply in case of
an unplanned outage [95]. This can be done using standard mechanical switch-gears
also known as a Normally Open Point (NOPJ). As an alternative, this connection can be
realised through a MVDC back-to-back known as a [114] [45]. A has
the advantage that allows AC grids to be decoupled from each other, for example due to
power quality of the short circuit ratio [115]. At the same time, it can provide voltage
support and active power control [45] [46]. SOPs can be understood as a standard
back-to-back topology, Figure
details a 11 kV flexible power link, connecting two 33 kV AC distribution networks
with SOPs and SPBs being installed on the network [116] (Figure [2.5b). Following

46]. SOPs are already being trialled; reference [99)

from SOPs, is the soft power bridges (SPBs), which perform a similar function to
SOPs however they can process less power reducing the number of power electronics

taking advantage of a series-parallel connection [95].

Control

>-[7

HH
S

Networkl @

Figure 2.5: SB2B Soft Open Point configuration. b) Soft Power Bridge

have been traditionally used to improve power balance and voltage regulation
in AC transmission power networks. Standard [FACTS| such as Static Synchronous
Compensator (STATCOM])s have been extensively used and have been specifically
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designed to suit the network needs such as voltage support or power flow control [117].
Medium voltage level power electronics have been suggested to provide the same services

for MVAC distribution [46].

MVDC can be also used to interconnect to distant nodes using a DC line or link. Several
MVDC links have been suggested between two medium voltage nodes, for example, the
ANGLE-DC project, [118], will use a bidirectional MVDC link to improve power flow,

allow control, release power capacity and ensure reactive power control [45] [94].

DC Distribution Networks

As MVDC technology continues to develop in terms of protection, converters, and
reduced cost, full DC grids could be connected to AC systems, instead using single
SOP or DC lines [115]. At the same time, MVDC distribution networks might be
a convenient solution as the loads are shifting from AC to DC. Consumer loads are
increasingly DC, up to 80% of commercial and residential loads are now DC [41].
MVDC networks can easily integrate LVDC loads such as electric vehicles or future

electrified transport systems.

MVDC distribution networks have started to be developed, especially in China. In
Zhuhai, a £10 kV MVDC distribution system has been implemented [26]. A star
network topology with three converters is suggested to improve reliability of the AC

distribution network.

There are several further MVDC projects that have been or are currently being
developed in China’s south-eastern provinces. The Shenshen [VSCIDC based
multiterminal hand-in-hand distribution system in Shen Zhen has been under
development since 2014 [96]. The Hangzhou MVDC project will also utilise a
multiterminal structure, as does the Guizhou project [102]. The Suzhou MVDC
project has a more complicated system and is designing a single bus double terminal
ring structure. This is to combine the traditional ring structure and radial structure
benefits [98]. Although the structure of these projects vary, they all utilise

converters and operate at a DC voltage of £10 kV. This could suggest a standardisation
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of voltage in South-East China for MVDC networks.

Microgrids

Microgrids and smart grids have been proposed to integrate distributed generation
to meet local energy demand and to connect to distribution networks without costly
expansion of the centralised utility grid. Microgrid grid structures and hardware
topologies are very similar to the distribution topologies discussed in the next section,
and are often in the lower range of voltages [119]. According to some sources, [22],
[119], [91], DC microgrids are set to take dominance of AC microgrids, as the price
decreases, due to their ease of integration or renewable sources, with better integration
efficiency, integration of DC loads, no harmonic oscillations, no skin effect, and no
requirement of synchronisation [119]. MVDC microgrids will be prominent, in offshore
oil rings [41], data centres [115], industrial applications, and EV charging stations.
Offshore oil drilling often takes place in geographically remote locations, and at these
locations offshore wind generation is a significant resource. However, at these locations
the lack of electrical collection systems linking generation and transmission prevents the
implementation. The oil drilling platforms could be electrified with MVDC architecture

and also act as a wind generation collection system [93].

There are however several issues associated with DC grids that are often over looked,
particularly in such DC microgrids. Firstly, power quality standards need to be
defined for DC microgrids. Reference [57] provides power quality indexes for DC
grids, as DC grids can be prone to electromagnetic compatibility issues, source and
load interference causing flicker and fluctuations, low frequency oscillations propagating
between connected AC grids, and impact of overheating and ageing. Furthermore, DC
microgrids require significant protection, differing from that of AC microgrids. DC
lines have low impedance resulting in short circuits quickly increasing, and high fault
currents and difficulties using traditional current relays from AC grids. AC [CBk also
cannot be used in DC grids as they interrupt current at the zero crossing, which DC

current does not have [91].
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2.3.2 Grid Topologies

There are several topologies for MVDC distribution systems: radial, meshed, multi-
terminal hand in hand, and ring [120], or a combination of these (see Figure .
The topology selected depends on the design requirements. Radial topologies are more
economical, due to smaller conductor size the further along the feeder [121]. They
are however not very reliable, and a fault at the beginning of one feeder will cause
supply failure to the rest of the connections leading from it. The power also flows in
one direction in a radial configuration, which could limit the flexibility of additional

distributed generation [122].

Ring structures have fewer voltage fluctuations at consumer level, and provide a reliable
system, as the loads are fed from two feeders. The open ring loop structure has
between the two feeders which separates the loop into two radial feeders. During normal
operation, sections are not connected but during a failure, the switch closes, and the
section is energised from the other side. Ring structures can provide flexibility and
reliability as there are multiple paths for power flow [123]. Further to [NOPk, normally
closed point (NCP) configurations allow for a load to be balanced between feedings

improving power supply reliability [45].

Multiterminal MVDC networks have been proposed in the literature, [47], |[124], [125],
[126], for use in microgrids, distribution systems and renewable collection systems.
Multiterminal networks are systems that don’t contain a loop. MVDC networks
connecting multiple MVAC grids would provide voltage support, power quality and
flexibility [127]. Multiterminal systems can be extended to more readily than ring
networks and offer the ability to inter-tie multiple networks at one point [128], [129].
Protection and control of multiterminal MVDC networks need further research and
development, due to the inherent instability of Multi-Terminal Direct Current (MTDC)
based systems [124].

There are three main bus structures for MVDC networks [130]: mono-polar asymmetric,
mono-polar symmetric and the bipolar structure (see Figure [2.7). Mono-polar

symmetric systems consist of a single conductor and a ground return, and the symmetric
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structure uses two conductors. This symmetric structure is preferred in MVDC systems.
On the other hand, bipolar buses might run with two cables but if one of the poles fails

it is possible to keep it running considering a grounded or metallic return.

2.4 Hardware

Each MVDC application will have specific hardware requirements, and the development
of AC-DC converters, DC-DC converters, solid-state smart transformers, and

semiconductor devices are all at varying levels. This section presents the available
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topologies, the voltage range over which they are considered, the advantages, and the

disadvantages of each.

2.4.1 Converters
AC-DC & DC-AC Converters

The topology selected for MVDC converters is dependent on requirements of the
intended application. For AC-DC conversions there are several topologies available
including; diode rectifiers, 6-pulse and 12-pulse thyristors bridge, Line Commutated
Converter (LCC)s (Figure 2-level (2I) [VSCE, 3-level (BL) Neutral Point Clamp
(NPC), (Figure [2.9b) 3-level flying capacitor (3L-FC), [131], alternate arm converters,
5-level converters, and modular multilevel converters (MMC) (Figure [2.10).

Rectifiers have been utilised since the late 19th century for AC-DC conversion. Railway
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traction substations have utilised the simple 6 and 12 pulse diode rectifier for decades
and this converter is utilised in many rail systems today [36]. This basic diode rectifier
however suffers from lack of regenerative braking capabilities, and high harmonic

current injections.

v v v AC
- X Grid
t 1 1

Figure 2.8: Line commutated converter (LCC).

Shipboard systems traditionally used thyristor based rectifiers at the medium voltage
level, about 20 kV, due to their significant robustness [105]. Generally, the 12-pulse
thyristor rectifier is utilised and it can remove the 5th and 7th harmonic, however the

lower order harmonics are still included [132].

For power transmission, [LCCk as shown in Figure[2.8] were widely used for long distance
high power transmission and asynchronous grid connections [133]. LCC devices were
implemented in high power transmission to enable HVDC, however this resulted in poor

voltage regulation and commutation failure when operating under weak grids. This lead

to the development of the voltage source converter (VSC)) for VSCIHVDC links, in
1997, utilising [GBT] based switching, instead of thyristor pulse switching [134]. Since
then, the modular multilevel converter (MMC]) and several other multilevel or cascaded
converters have been developed for improved sinusoidal outputs, reduced switching

losses and harmonics.

2L and BLI[VSCk are the most common in MVDC systems at the lower voltage range,
e.g. 3-6 kV [135], due to their significantly lower cost and efficiency, at these voltages,
compared to or other multilevel converters. 2L can be considered up to +28 kV
DC [100], and the 3L-NPC even for up to +35 kV, however, generally, MMCk are the
best topology for the higher voltage ranges above 10 kV [135], [40], |136], [8§], but at

32



Chapter 2. Review of MVDC Applications, Technologies and Future Prospects

Vdc/2

Il
I
O

<

N

1

T

1

T

1
T o T

II VdC !— N Vdc
1[%} ﬂlﬁ} L) To 1 } ;
'Vdc/2 =C
ﬁg} AH} |
Figure 2.9: a) Two-level converter (2L]). b) Three-level neutral point clamped converter
(3L-NPC).

€L
1

C o]
_N_.

i

-V /2

this voltage boundary the converter should be selected on a case by case basis. [MMCk
possess benefits such as low distortion, the modular design providing scalability [137],
voltage balancing across switches, reduced harmonics, lower switching frequencies [136],
improved fault ride through capability [138], |117], and active redundancy which
significantly improves reliability [139], |140]. There are disadvantages however to
[MMGCk, such as cost introduced by sub-module redundancy, and significant losses in
the Full Bridge (EB]) configuration [105]. In shipboard systems, size and weight of
equipment is a crucial factor to be kept as low as possible, and reliability is also required.
[MMCk in shipboard systems offer scalability with voltage and power, [141], [31]. [31]
and |108|] review power densities and weight reduction benefits of the standard 12-pulse

thyristor rectifier, Integrated gate-commutated thyristor (IGCT]) based converters,
[MMCk and 2L [VSCk.

A basic outline of the topology is shown in Figure [142], [143], [144]. There
are several possible submodule topologies including, the Half Bridge (HBI), full-bridge,
and five-level cross connected modules. The[HBlsubmodule in[MMCk has a lower power
loss compared to the [FBl [100], [145], and several papers consider solely [HBI
configurations, [105]. However, the [FBl module has fault blocking capabilities, [146],

[141]. There has also been a focus on the development of advanced semiconductor
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devices in converters for reduced power losses. [147] reviews the benefits of hybrid
[MMGE utilising both SiC and Si semiconductors, and [146] reviews the effects of varying
[FBHHBI configurations for varying switching devices inside the [MMCL

Submodules
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Figure 2.10: MMC and submodules

Commercially, there are many considerations for converter topologies. In the Network
Equilibrium FPL project, 3-level 3.3 kV converters based on [GCT] technology were
utilised to connect the 33 kV DC link [99], and in planning the ANGLE-DC MVDC
project, 3L-NPC AC-DC converters were utilised for the connection between the 33
kV AC bus and £ 27 kV DC link [101], as shown in Figure To implement
this conversion, 12 of these converters were to be installed at each substation, [148],
[94], arranged as submodules in the substation achieving the 33 kV AC to 27 kV DC
conversion [105] [94]. Comparing this configuration of modular converters to Figure
the individual transformers and associated power losses could significantly affect
total losses and cost. This series of cascaded converters is not the same as the traditional
[MMC] or ABB’s alternative to the MMC] the cascaded two-level converter [149] which
was designed for VSCIHVDC transmission.

The planning of an MVDC distribution network in Zhuhai, [26], opted for [MMCk,
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where the Jishan I substation was not equipped with a DC breaker so an [MMC] with
self-fault clearing ability was required. For this, an [GCT] cross-clamped (ICC) [MMC]
was designed with both [EB] and [HB] submodules.

+27 kV

33 kV
AC

L\AM/_
27 kV

Figure 2.11: Converter Station Configuration of Angle-DC Project

DC-DC Converters

DC-DC converters will have multiple uses in MVDC applications; connections from
offshore wind farms, use in smart transformers, stepping up and down from MVDC to
HVDC links, in ship systems, and rail connections. MVDC distribution projects are
already introducing medium voltage level DC-DC converters, [26], [102], [96].

DC-DC converters can be divided into two groups: isolated and non-isolated. With the
former, the input is isolated from the output with coupled inductors or AC transformers
offering galvanic isolation by creating a magnetic pairing. This provides protection of
the low voltage side from the high voltage side [150]. Isolated converters can offer larger

step up or step down ratios, and can allow for multiple DC outputs without significant
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cost [151]. Insulated converters can also improve efficiency, reduce switching losses, aid
grounding, and result in low voltage and current switching stress [152]. Non-isolated
converters remove the transformers and use fewer semiconductor devices, which reduces

switching losses, size and cost but they cannot provide large voltage ratios [150].

AL s A I

Px s

Figure 2.12: Buck-Boost

There are several topology options for DC-DC converters, the main suggested (isolated)
topologies are: the Dual Active Bridge Converter (DABJ) and the dual active bridge
resonant converter (Figure , cascaded converter, and modular multilevel
[DABI converter (Figure [2.14])) and the (non-isolated) Modular Multilevel DC-DC
Converter (MMDC]), shown in Figure The well known non-isolated Buck, Boost,
and Buck-boost (Figure[2.15]) converters, [152], are also utilised for low voltage DC-DC
connections, such as in light rail [78]. For this application, particularly with state-
of-the-art battery driven light rail, a bidirectional buck-boost topology is utilised to
aid regenerative braking. However, for high power applications, these aforementioned
devices are not suited, and cannot achieve high enough step up or down ratios, and
as the duty cycle is increased, the efficiency of the device begins to significantly

decrease [151].

There are multiple [DABI| and [DABI resonant topologies presented in the literature,
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Figure 2.13: Dual Active Bridge (DAB) and DAB Resonant Converter

with varying benefits, e.g.; high efficiency [150], high power densities, and bidirectional
flow [153]. [58] and [56] emphasise the importance of the bidirectional capabilities of DC-
DC converters for battery storage and ultra-capacitors in ship systems. Furthermore,
the DABI resonant converter can operate at high frequencies |154], allowing for reduced
magnet and capacitor sizing. Soft switching is achieved with this configuration [155],
reducing switching losses and noise [156]. Resonant topologies however, can experience
greater stress on switching and passive components [157]. Bidirectional resonant [DABI
converters have been recommended for connection between the charging station and
the MVDC grid, |154], for the soft switching capabilities, galvanic isolation and high
efficiency [156].

Multilevel modular DC-DC converters can be implemented with an AC link between the
DC-DC input and output, as with the DABIMMC]or with a direct DC-DC architecture,
as illustrated in Figure[2.14)and Figure[2.15] respectively, where the symbol Sub-Module
(SM)) signifies the submodule. A multilevel architecture allows for higher voltage gains
for connections to distribution systems [48], [157]. [DABIMMCE can handle high power
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and DC voltage and have DC fault blocking capability, with isolation benefits |158].
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Figure 2.14: Dual Active Bridge Modular Multilevel Converter

The non-isolated IMMDC] can be separated in two categories; the push-pull and the
tuned filter topologies, shown in Figure where represents the sub-module
[159]. The tuned filter requires more filtering than the push-pull [150]. Several
papers recommend that high-power application DC-DC converters utilise a modular
multilevel structure due to the high step up ratio, [5§|, [160], enabling near sinusoidal
ac waveforms, compact size and low switching losses [157]. Such converters allow
for large single stage step up/down conversions, due to their multilevel and modular
nature [161], and DC fault blocking capabilities, [157]. The offers higher
efficiency than the at lower voltage step up ratios, but this efficiency drops

as the transformation voltage is increased [157].

Furthermore, have significant reliability as they utilise active redundancy,
which is important in offshore applications. However, the voltage balancing control
of the is considered complicated [162], and active redundancy results in a
significant number of semiconductor devices being required and increased costs. The
reliability of the is significantly greater than that of the [DABl due to active
redundancy, however in terms of grid connections the importance of this factor has to

be weighed up with the other parameters. Grid substations are easy to access and also
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do not face the harsh conditions that an offshore collection platform would, therefore
reliability might not be as of the same importance for DC grids [163]. In terms of
MVDC to HVDC grid connections, the benefits of both [DABHMMC] and the
can recommend them for use in varying scenarios. Galvanic isolation of the DABHMMC]
provides guaranteed fault blocking capability, yet the non-isolated MMDC|with [FBlsub-
modules can prevent fault propagation and are recommended generally for lower step

up ratios between MVDC and HVDC grids, |157].
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Figure 2.15: Push-Pull and Tuned Filter MMDC

2.4.2 Smart Transformer

Smart transformers have been suggested as a method to control hybrid networks and
provide ancillary services. According to [164], a smart transformer, or a Solid State
Transformer (SST), is a collection of digitally controlled high powered semiconductors
and enables control of the network. It can step up or down voltages, with input and
output of both AC and DC voltages, can alter frequency levels, and could improve
power supply stability [165]. Reference [88] claims the high costs of the proposed STs
are justified by these capabilities of operation. An example of a Smart Transformer is

shown in [77]

Liserre et al. [166] gives a detailed overview on the possible role of the smart transformer,

key architectures and ancillary services it could provide. The SST essentially acts as
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Figure 2.16: Example of Smart Transformer architecture.

the “heart of the system” and its role is to interact with variable power supplies, gather
information on demand, priority loads, and provide intelligent control of electric vehicles
and other domestic loads. The ST could also interact with local generators, control
the grid frequency, and decrease power injections from the DC side to avoid reverse
power flow. |167] displays MVDC meshed hybrid grids that can be created with STs
and The ST allows three levels of connections, MVDC, LVDC and LVAC, and
provides control systems for each converter ensuring voltage stability is maintained on
the voltage buses, during the voltage sag operating mode. The control system compares

the active power from the [DGl and injects the required power from the MVAC grid.

There are several possible ST implementations, SPEN, with funding from OFGEM,
have embarked on the LV Engine, a project to aid the uptake of low carbon technologies
based on DC [156], one such technology being the smart transformer. As many loads,
such as electric vehicles and heat pumps rely on DC, the LV Engine project aims to
design a smart transformer which provides a LV DC supply to customers which will
increase the transfer capacity of the network. According to SPEN, the ST will allow
for: optimum phase voltage regulation at low voltages, optimum substation active
power sharing, MV network voltage regulation (11 kV), provision of a LVDC customer
supply, modular design and scalability. The Shenzhen MVDC distribution project [96]
implemented a DC SST with multiple DABI cell modules. The smart transformers were

connected at two points of the distribution system for load connection.

Despite the aforementioned promising application of SSTs, the high cost associated

with most topologies has to be considered. [166] predicts that SST will not be mass
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produced in the near future, and only a few grid nodes would have them installed.

2.4.3 [IGBT and MOSFETSs

For the varying applications of MVDC technologies, there will be many uses of [GBTk
and MOSFETs. Heat dissipation and switching losses are an issue with ever increasing
power converter penetration, therefore improvements in semiconductor materials will

significantly affect the sector [168].

Table 2.2: : MOSFET and IGBT Comparison for MVDC applications

| MOSFET (SiC) | IGBT |
‘ Advantage ‘ Disadvantage ‘ Advantage ‘ Disadvantage ‘
Low switching | High conduction | Low conduction High  switching
loss
loss loss [169] loss
Low switching
Higher §W1tch1ng High cost [147] Low cost frquency
frequencies required
Can  withstand Qannot block
Improved thermal | Forward voltage | .. ... | high reverse
roperties [170] degradation [171] high short circuit voltages
P currents
Higher  voltage oy eqe Low driving | Generally
blocking [172] Reliability issues power [173] unidirectional
Fast response [91]

Silicon (Si) [GBTk dominate converters for medium and high voltage
applications, but wide bandgap semiconductor devices, e.g., the silicon carbide (SiC)
MOSFET, would have superior performance, such as the high frequency capability
and lower losses. However, SiC semiconductors have higher costs than their Si based

counterparts |147].

IGBTs and MOSFETs also have an important role to play in protection and are
primarily used in DC Solid State Circuit Breakers (SSCBs) [91]. The advantages and
disadvantages of [GBTk and MOSFETs are highlighted in Table
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2.5 Protection

2.5.1 Overview

Protection in AC systems is very advanced, with IEEE standards having already been
implemented for the grid, ship, and rail systems. However, there has been limited
research that has been conducted on DC protection [174] and commercially available
products. MVDC networks have no current zero-crossings and low DC impedances,
[175] meaning that the fault current will be high. Dealing with short circuit currents is
predicted to be a great difficulty in DC grids |176], and compared to AC systems, the
protection in DC will be much more complex [177]. This is partly due to the fact that
in AC systems, power flow is generally in one direction; however, due to bidirectional
converters, a DC fault is often propagated to all of the interconnected converters in DC
systems [178]. The increase in power electronics also adds to the system complexity
in terms of protection. Power converters are more sensitive to over-currents and over
voltages that transformers are, and therefore, external protection is required [179].
Protection systems have the following requirements: sensitivity, selectivity, robustness,
reliability, and speed [178]. Reliability is of vital importance for all networks, grid
distribution, micro-grids, rail, and onboard ship systems [35]; therefore, DC protection
must ensure that DC grids are not frequently down due to common short circuit faults.
The entire protection system must protect the DC system and prevent any faults from

propagating into the connected AC systems.

2.5.2 System Protections

The key system protection components for developing DC systems will likely rely
on DC circuit breakers, fuses, disconnector switches, and surge arrestors. The DC
circuit breaker (DCCB) requires the greatest development in terms of the necessary
components. There are three key DCCB structures, i.e., mechanical CBs with active
current injection, solid-state CBs (SSCBs), and hybrid CBs [86]. Mechanical DCCBs
have low on-state resistance, but their opening speed is slow, and they require

maintenance due to moving parts. They create an artificial zero-crossing point for the
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current that is flowing through the mechanical breakers by activating the LC resonance

circuit [180].

SSCBs are defined by fast clearance times and less maintenance but higher conduction
losses due to the semiconductor devices in the main current path. IGBTs are commonly
used as the switches, and across the IGBT branch, a metal oxide varistor (MOV ), which
acts as a surge arrestor, is connected to absorb the discharged energy, as shown in Figure
Ultimately, the SSCB offers the fastest clearing time and the lowest fault current;
however, it has much greater power losses than the other two topologies, as detailed
experimentally in [86]. Continued development in semiconductor devices could lead
to reduced SSCB power loss. Several papers have investigated improvements to the
SSCB, such as [181], which implements an RC buffer branch due to its ability to clear
faults quickly and to resist very large currents. Reference [90] proposes an interlinked
solid-state MVDC circuit breaker (ISSCB). The author of [165] presents a SSCB for the
protection of BESS terminals from over-currents. The SSCB comprises several IGBTs

and diodes in series, increasing the cost and the risk of complication.

MOV

—/ Y \ ¥ X / \ ¥ X /
T T T T

Figure 2.17: Solid State DC Circuit Breaker.

The hybrid CBs that are illustrated in Figure have the characteristics of both
mechanical and SSCBs, achieving faster response times than mechanical CBs, and
have the benefit of lower conduction losses than SSCBs [86]. These CBs do not achieve
a clearing time that is as fast as or that a fault current that is as low as that of a solid-
state CB. Furthermore, they are also large and require cooling systems [180]. Common

topologies are compared in reference [182].
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Figure 2.18: Hybrid DC circuit breaker.

Although DCCB technology is relatively new, there are several commercial examples.
Reference [26] details the selection process for the DC circuit breaker for the Zhuhai
project, where hybrid DCCBs are used. The mechanical switch in the main branch of
the CB provided low on-state losses, high reliability, and low maintenance costs. The
metal oxide surge arrester configuration branch would then limit over voltage. In the
SPEN Angle DC project, the DC circuit was installed with a manual disconnector with
a grounding switch to enable the circuit to be isolated. Therefore, a single fault in one
of the DC cables would be isolated from the circuit, with the rest of the circuit is still

being in service [25].

2.5.3 Converter Protection

Converter fault isolation methods will also play a significant role in DC grid protection
[123]. Fault currents need to be quickly interrupted to avoid damage to the switches.
The author of [136] presents the issue of DC fault handling in MMCs, stating that after
a DC fault, the freewheeling diode in the converter acts as an uncontrolled rectifier
that prevents DC-fault isolation in a flexible DC system. HB MMCs cannot block DC
fault currents nor can 2L-VSCs |178|. Several papers have recommended FB MMCs
for DC grids due to their fault blocking capabilities [183.|184]; however, other papers

44



Chapter 2. Review of MVDC Applications, Technologies and Future Prospects

such as [136] suggest still utilising an HB-SM with a double thyristor in order to reduce
investment and power loss. This would isolate AC/DC faults by generating symmetric
fault points and short circuits, after which the DC fault current can decay. The authors
of [135}|183] suggest hybrid MMC configurations that utilise both HB and FB sub-

modules, allowing for complete fault handling capability whilst also being cost effective.

2.5.4 Control for Protection

Systems with DCCBs, FB MMC converter fault protection, and DC isolation switches
could all be utilised for DC fault operation with a fast response; however, the costs are
still significant in these developing sectors. Furthermore, even with the FB submodule
MMGCs that block faults, there are associated short-term black outs that occur in the DC
network following the fault. Several papers have recommended various control systems
to effectively utilise protection devices such as DCCBs whilst controlling the current
and voltage, ensuring fault ride through. The author of [109] highlights issues with
the ACCBs that are integrated in DC systems as well as with the DCCBs and MMCs
in MTDC networks and proposes a control system that enables reduced numbers of
DCCBs and that can respond during an MMC substation going offline. Reference |183]
also proposes an integrated protection control for limiting current, fault detection, and
fault clearance whilst maintaining the operation of healthy lines. In MTDC grids, it
is important to maintain network reliability and to enable faults to be detected and

cleared quickly.

Protection control systems can also be integrated into other protection technologies,
such as DCCBs with current regulation, as detailed in [175]. The paper recommends
a current flow controller to prevent post-fault conditions where a faulty DC line is

disconnected and where overloading occurs.

2.6 Converter Control

The main control topologies for converters are the grid following (GELl), and the grid
forming (GEM]) controllers. The [GET]is the traditional control functionality that has
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been utilised for grid connected converters, however due to the changing grid scenarios,
grid forming converters have been developed. In this section, an overview of the control
details are highlighted, as well as the fundamental difference between [GFL] and GFM

control.

Fundamentally the difference between and is defined by the former acting
as a current source with a high parallel impedance, and the latter as a voltage source
with a low series impedance [185], shown in Figure There has been discussion on
expanding these definitions to include the method of synchronisation. The [GEL] relies
on an external voltage source to synchronise to the external grid, and generates a current
at this measured frequency, whilst the uses power(/current) synchronisation,
performing self-synchronisation, and sets its own voltage magnitude and frequency
[186]. For stable operation, a controlled converter needs to be connected to a stiff
voltage source. A controller however can act as a stiff voltage source, meaning

that the voltage magnitude and frequency will not be sensitive to current drawn [187].

There are various control topologies for both grid following and forming converters,
however the fundamental properties still apply. The acts as a current source in
the sub-transient time frame, if there is an active power - frequency droop, the frequency
is measured and active power set as constant, voltage is controlled by magnitude or Q-
V droop, and current is controlled by fast reference tracking and disturbance rejection.
For the [GEM], it acts as a voltage source, maintaining P-w droop without external w
measurement, voltage is controlled by vector control of the magnitude and angle, and

any inner current loops are set within the current limit.

In Chapter 3] the derivation of the traditional current control, grid forming virtual
synchronous machine control, and models are derived. Ancillary services can be added
for additional grid support, however the discussed topologies are those that are used in

this thesis.

The utilisation of VSCs in MVDC networks provides significant ancillary services for
both the DC and AC interconnected grids. Aithal et al. in |[168] proposes the control
of an MVDC link, highlighting the benefits of each VSC connection having its own
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Figure 2.19: Representation of grid forming and grid following control in terms of their
inherent reactions. GFM acts as a voltage source with series impedance, GFL acts as
current source with high parallel impedance.

separate control system. References [41143,45/86] and extensive literature agrees with
[168] that the VSCs at each node provide flexible control and DC voltage balancing.
The operating modes (all four of the P-QQ plane quadrants) are all available to the
network operator, with continuous control of the set points, all whilst fixing the DC
link voltage. Castelo De Oliveria et al. in [188] experimentally tested the flexibility
of AC-DC links and claimed that the main priority of DC operation is to provide the
ancillary services that are required by the grid (as well as increasing power capacity).
The paper concluded that the VSC controlled the DC link effectively and that it was

capable of switching from power transmission to shunt FACTS.

2.6.1 DC Control

The primary concern of DC control is the ability to maintain a stable DC voltage at the
DC bus and in any submodules, arms, and branches in a converter if they are present.
In systems, DC voltage control is achieved with master—slave control, voltage
margin control [189], and droop control [190]. Traditionally, the “master—slave” control
structure has been adopted [191], which is a centralised DC voltage control method.
The master controller operates in constant DC voltage mode and the other controllers,

the “slave” terminals, operate under constant power mode. This method can produce
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highly accurate operation with the master converter, ensuring that the DC voltage is

kept at the reference voltage [192].

Voltage margin control extends the master—slave technique; however, it allows the VSC
acting as the DC voltage controller to change [193], and the VSC operates within the

P-Vdc characteristic.

However, centralised DC control has several drawbacks, such as poor transients, with
just one controller controlling DC voltage level, and it also relies on fast communication
[192]. Furthermore, for both the master—slave and voltage margin controls, if there is an
outage in the DC voltage controller, the voltage of the whole system becomes unstable;
hence, droop control is preferable. Hence, distributed DC voltage control has since been
suggested to reduce dependence on fast communication [180]. Each converter has a DC
voltage droop controller and one controller controlling the AC active power. Droop
control offers better stability during VSC outages on the system compared to voltage
margin control. The DC bus voltage is maintained across the DC link, which can be

achieved using equation ([2.1))

P = Pl*)Cref + kdroop(VD*Cref - VDC) (2.1)

where P, is the PCC measured power, PECref is the reference power, kq;.o0p is the droop

gain, Vpq,. 7 is the reference DC voltage and Vp¢ is the measured DC voltage [194].

2.6.2 Network Level Control

Traditional AC distribution grids conventionally have power flow in one direction, with
the high levels moving down to the AC distribution grid. An AC/DC hybrid grid could
enable the AC distribution grid to be interlinked with a DC distribution grid at varying
levels, offering flexibility with decentralised control, easing the integration of distributed
renewables. Two methods of communication in the AC/DC hybrid grid could exist:
the conventional grid communication network and non-utility-based networks such as
the IoT, as shown in Figure [195]. In a traditional communication structure, the

distribution operator (DO) was entirely in control of the distribution reliability and
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communication. Increasingly, distribution grids are developing to be able to contain
distributed renewables, which might not be controlled directly by the DO but rather
by the energy services organisation (ESO). This communication is through the internet

and communicates with the DO and an independent system operator (ISO).

Distribution
Operator [
[————— —— | Control Centre
I Distribution |
| Operator I ..
| Control Centre | tcmi
| |
: tCommunications I Grid ISO Internet
L | I
I
| |
| |
I

I
I
I
I
I
I
I
| v
I
I
I
I
I
I
I
I

<+—»| Internet

Figure 2.20: (a) Traditional control communications compared to (b) AC/DC hybrid
grid communications.

However, these AC/DC systems, with their increased flexibility and power flow
complexity, have new demands and dynamic issues . MVDC distribution grids
also tend to have an increased geographical range with increased DERs and load and
power fluctuations that significantly affect system operation and control . MVDC
distribution is also characterised by high converter penetration with extensive voltage
and power control. Fast and reliable communication is required for this extensive
controllability and requires the use of units such as phase measurement units (PMUs)
and synchronous DC Measurement Units (SynDCs) [198]. A central DC re-dispatch
to perform recalculations during a DC or AC contingency is essential in multiterminal

grids. When a power converter disconnects, the re-dispatch restores power exchange
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and redirects power flow from one area to another [194].

2.7 MVDC Conclusion

This chapter has presented a complete review of the applications of MVDC systems
along with the possible benefits that are offered by the adaption of this technology.
System topologies, hardware, protection, and control were discussed. The four main
MVDC applications that were reviewed in this paper were shipboard systems, rail,
offshore wind collection, and distribution grids. For rail systems, the lower end of
MVDC technology is already in use for tram, metro, and subway systems; however,
long distance travel with MVDC is being suggested at higher voltages of around 10
kV, and the recommended voltage for high speed railways is 20-30 kV. For shipboard
IPSk, MVDC power systems are emerging as an alternative to AC systems with heavy
transformers. The industry has had available for several decades; however, the
system was traditionally AC based. Further to this, to improve efficiency, fuel economy,
and power quality, all electric ships are emerging in the industry [63], as developments
in power electronics, namely MMCs, in shipboard systems offer voltage and power
scalability [31,|142] and FB sub-modules; they also have good fault blocking capability
[143]. MVDC systems offer more flexibility in the on-board network structure compared
to traditional AC systems, which are often radially distributed. Using an MVDC grid
could improve system controllability and could improve security and reliability [54].
Distribution grids are beginning to introduce MVDC links and DC grids. MVDC
interties will enable the use of SOPs to provide ancillary services to the grid [46]. There
are several examples of DC links [94)95], and small DC distribution networks have been
developed in southeastern China [964/97]. Multiterminal DC grids will likely develop in
commercial industries, grids, and interties with HVDC systems [47]. The technology
that is required for MVDC distribution grids is available, as MVDC systems have the
flexibility of utilising 2L, and 3L VSCs as well as MMCs. The 2L and 3L converters
could be utilised at voltages of up to around +10 kV DC [135], and MMCs could

provide the required step that needs to be taken before for higher voltages can be used.
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For DC-DC connections, multilevel DAB converters and MMDCs are suggested in the
literature. The MMDC has higher efficiency and reliability but no galvanic isolation.
For projects [2526,97.(99], the voltage can range from 10 kV to 27 kV. This will likely
be the mean distribution range, but there may be an extension of up to 50 kV or to
even 100 kV for distributed renewable connection. However, offshore wind collection is
still being developed, and there are currently no active MVDC collection systems. The
lower weight of MVDC collection substations compared to AC collection or HVDC
substations could significantly reduce the capital cost of the system [199]. MMC
technology could achieve the high step-up ratios that are required and has good short
term reliability with active redundancy, but the long term survival of the technology in
offshore conditions is still under investigation [100]. The protection mechanisms that
are implemented in DC grids will have to ensure that faults are not propagated from
the DC to the AC side and vice versa. Three categories of DC circuit breakers are
continually being developed: mechanical, solid state, and hybrid. The SSCBs are the
fastest; however, they have significant losses, so hybrid DCCBs have become the most
common. The fault propagation from one AC system through a DC link has been
highlighted as a concern in the literature [200]. However, it has been suggested that
existing AC protection systems can be updated for MVDC protection [201]. Damping
the oscillations between multiterminal DC grids with AC connections is also being
investigated in the literature [200,202]. MVDC systems offer several benefits for the
applications presented in this paper, from flexibility, controllability, and reliability to
increased capacity. Continued developments in DCCB technology are still required to
improve costs and power losses in SSCBs. However, the technology is available and is
being utilised for rail, shipboard, and distribution systems, and MVDC systems could

begin to take prevalence on the electrical stage.
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Chapter 3

Power Converter Modelling and

Control

In this chapter, the theory behind power converter modelling and the vector control
representation is explained. Additionally, the models that have been used throughout
the thesis are shown. The presented systems are shown with the non-linear [EMT]
equations, then, small signal models are derived from these equations, shown in Section

3.0

The system modelled in this Chapter is a grid tied connection, described in terms
of the non-linear equations, as well as the derivation of grid following and grid forming
control. To obtain linear equations utilised in the small signal models, the whole
system needs to be represented in the synchronous reference frame [203-205], and then
linearised. Therefore the full equations of the system are detailed, along with the

background of vector control, and derivation of control topologies used.

3.1 Vector Control and Representation of Converters and

Grid Systems

The modelling and control of converter systems is expanded upon in this section.

A converter to infinite bus system (shown in Figure [3.1) is used as an example to
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Figure 3.1: Converter to Grid System

explain the implementation and representation of reference frames. The grid voltage is
represented with Egg., the PCCl voltage as Ugpe, converter AC side voltage as Vg and
the converter DC side voltage as Vpo.The converter side resistance and inductance is

described by R¢r1 and Lyc1, and the grid side by R,,,1 and L.

3.1.1 Representation of Voltage Source Converter

Typical converter VSC topologies have been presented in Chapter [2| reviewing the well
known two-level and three-level designs. The output voltage of the converter is set by
the control system, which applies switching signals to the switches of the converter. The
control of the voltage is enabled with space-phasor vector theory, described in the next
section [206]. The control system utilises pulse width modulation (PWM), producing
the modulation index creating the modulating signal, which is then compared with
the carrier signal. The modulating signal is a slow varying waveform, and the carrier
signal is a fast periodic sawtooth or triangular waveform. When the modulation signal
is greater than the carrier, the switching function changes from 0 to 1. This function
is used to control both switches on the one half bridge, with a Not gate producing the

opposite signal for the bottom switch [206].

When modelling the converter to grid system of Figure the averaged model of the
system can be used for simplicity. In this representation, the AC and DC sides of
the VSC are decoupled, and the average values of variable taken, with the converter
dynamics produced as a function of the modulation signal. The equivalence of a two-

level VSC structure in the averaged model representation is shown in Figure|3.2] where
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Figure 3.2: Converter equivalent averaged model.

the AC side is represented as a controlled voltage source, and the DC side as a controlled

current source.

The desired voltages at each of the three voltage phases is taken from the control
system. Then, the current source representing the DC side is calculated from (3.1)),

assuming no converter losses.
Pac
Vdc

Ipci = (3.1)

With this representation, the following sections describe the representation of the VSC

to grid system in the synchronous frame, and the derived controller topologies.

3.1.2 Space vector theory and frame representations

The converter to grid system in this chapter is modelled in the af and dg frames, to
simplify control. This is enabled by space vector representation, which relies on the
instantaneous values of the system. For the system variables, a complex vector can
represent the three-phase components of the system. For a variable Y, representation

in the abc frame as Ygp.(t) is defined by (3.2]) in the instantaneous phasor form.

Y;(t) = Yicos(wt + 0 — ?) for(j, k) = (a,0), (b, 1), (c,2) (3.2)

where Y,,, is the variable magnitude, w the angular frequency and 6 the initial phase

angle [206]. A complex vector of the three-phase vectors is defined by

2 2 4
Yo = (Yt Vel 5 4 Yol %) (3.3)
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where Y* is in the stationary reference frame: the variables are shown as a-f3
components, in a frame that does not rotate. The abc three phase oscillating signals
of each variable can be converted to the stationary frame using the Clarke Transform
(TCarke) [207). If a vector variable Y® = TClarke Y, =Y, + jVj, (with subscript *
indicating the stationary frame) then it can be represented by equation [205] [208]

[209], assuming a balanced system.

1 1] Y
Ya 2 1 _- -
_ 2 2 2 Y, (3.4)
3 —V3 V3
Ys 0 = 2
Ye
2 1 27 1 4m 3
Y, = 3 mecos(0) — 3 mecos(0 — 3) — iYmcos( - ?) = §Ym608(9) (3.5)
2 4
Y = —\ég mcos(0 — ?ﬂ-) + ?YmCOS(G — g) = gYmsin(H) (3.6)

For the work completed in this thesis, the systems represented in the SSMs are in the dg
reference frame. Typically system control is represented in this synchronous rotating
reference frame [210], to enable DC control of the system variables, as opposed to 3
phase sinusoidal signals. This can be achieved by the Park Transform (power variant

form), shown in equation (3.7), and the inverse Park Transform shown in (3.8). This

b q s B

a1y Y

C

Figure 3.3: Relation between abc frame, stationary frame, and synchronous reference
frame.
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transform converts the component of the three phase variables in the abc reference frame
to a rotating reference frame with “direct, quadrature, and zero components” [211]. The
variable 6 is the angular position of this rotating reference frame, and when utilising
the transform to obtain constant steady state variables, the input angle is the electrical
angle of the voltage at the [PCClL In this thesis, the Park Transform used has the d

component aligned with the a-axis, and the ¢ component leading 90°, as seen in Figure
[203].

For the same variable in equation (3.2)), it can be transformed into the dg components,
Y4, = Yq + jYg, by the Park Transform using (3.7) and the inverse with (3.8). The

power variant form is used, indicated by the % term in equation |D This results in

power calculation from the dq components requiring multiplication by %

Yy cos(0)  cos(0 — 2{) cos(0 + %”) Y,
Y, | = g —sin(0) —sin(0 — ) —sin(0+Z)| |V (3.7)
Yo 2 2 : Y.
Y, cos(0) —sin(0) 1| |Ya
Yy | = |cos(6 — %’r) —sin(f — 2%) 1| |Y, (3.8)
Ye cos(0+ %) —sin(0+%) 1| |V

The relation between the abc, dg and a3 frames is visualised in Figure (3.3)). With this
transform, the measured voltage and currents from the can be represented as two
DC signals (and zero component), as opposed to the three phase sinusoidal waveforms,

enabling converter control, with active and reactive power decoupled.

3.2 Synchronous Reference Frame Phase Locked Loop
(SRF-PLL) and Frame Conversions

The system variables can be represented in the abc, stationary a8, and synchronous
reference dq frames. When modelling the full system, there are multiple synchronous

reference frames, typically, the converter and global reference frame. In [GFL] control,
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the Phase Locked Loop (PLLl) provides voltage based synchronisation between the
converter and grid. The basic structure of the [PLI] is shown in Figure [3.4]

l

Uope _>—> abc
—> dg |

L1116
S PLL

Figure 3.4: Control Structure of SRF-PLL .

The synchronous reference frame PLL aligns the [PCCl voltage with the converter frame
d-axis, with the goal being to extract the grid angle [212]. If the actual PCC angle is
defined as 0p 1, the PCC angle estimated by the PLL is defined as épLL. Considering
this control structure in Figure [3.4] the relation between the PLL angle estimate and

the input ¢ axis voltage can be defined by ({3.9).

OprL = / <wn + Kp xupcog + K; /(UPCCq)> dt (3.9)

The relation between the reference frames and the PCC voltage can be seen in Figure
The stationary reference frame, a8, has «a aligned with the a-axis. The PCC
voltage is defined by Upcc, with an angle, 0prr, and the estimation of the PLL
angle, is épLL. It is often assumed there is no error between the actual angle and
the estimation of the angle, primarily during steady state [213] [214]. However, there
will be a difference between the actual PCC angle and the estimate of the angle during

transients and disturbances, which can be defined by §, shown in Figure [3.5

§=0prr —OprLL (3.10)

The derivation of the standard [GEFIL] control, tunings, and PLL tunings can now be

explained using the synchronous reference frame representation. The PLL gains defined
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b

Figure 3.5: Relation between stationary and synchronous reference frame and PCC
voltage.

in equation (3.9)) are typically tuned by considering the transfer function of grid angle
to estimation of the angle. Referring back to Figure and to Figure (3.5} the relation

between these two angles, Opy, and 0 prr is observed. If the PCC voltage is represented
in the o8 frame, detailed in equations , and as Y, = Yy,cos(0) and Yg =
Y.nsin(0), the voltage can then be represented in the dg frame. It has been established
that the PCC angle 0pr; is estimated by the PLL as 9PLL. The instantaneous dg
voltages can then be defined by .

Ug = Uncos(0prr, — Oprr) (3.11)

U, = Unsin(Oprr, — éPLL) (3.12)

Ideally, the angle difference between 0 prr and Oprr should be negligible, as the goal of
the PLL is for the error between the estimated angle and the actual angle to zero [214].

Additionally, for simplification, if the angle error between 0py 1, — ép 11, is controlled to
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+ O

-

Kpui(s) —FQ—>

m||—\
()

Figure 3.6: Simplified Control loop of PLL.

be zero, then U, = 0, and if the angle difference is very small, using the approximation

of a small angle Og,q11, then sin(Osmai) ~ Osmai
Uq :Umsin(epLL*épLL) ~ Um(epLL*épLL) (3.13)

and the PLL control can be considered linear. This simplified control is seen in Figure
This results in the transfer function ([3.14))

) K nom
OprLrL _ prrL(s)V, (3.14)

Oprr s+ Kprr(8)Viom

which can be related to a second order transfer function in (3.15). It should be noted

that w,, is the natural frequency of the filter (not the grid synchronous frequency).

2Cwns + w?
32 + 2CW7L3 + (.U,,%

H(s) = (3.15)

Comparing and the following tuning relations can be found [215], [216], [217],

[218].

2wy _2¢ . KpprL
Kpprr = v TPLL= =, Kiprr = -
nom n PLL

(3.16)

with Vj,0m as the nominal input voltage, ¢ is the damping ratio of the response, and
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Tprr as the PLL time constant.

The tuning of the traditional [GFLl parameters presented in this section is typically used
throughout this thesis. However, these typical parameter values are tested throughout

the chapters when assessing their impact on small-signal and dynamic stability.

The small signal representation of the PLL is derived in the small signal modelling part

of this chapter in Section [3.5.2

3.3 Grid Following Control

converters act as a controlled current source with a high parallel impedance [185].
A common GFL implementation is a standard current controller, with outer power
and voltage loops for creating the current references. The system contains an LC
filter between the grid and converter voltages, with the voltage at the PCC being
used as an input to the PLL to obtain the grid angle. The control of the converter
contains the outer power and AC voltage control loops, and the inner current control
containing proportional and integral gains dependent on the converter side inductance

and resistance [204].

Lcrl Rerl  —»

S50, =y iabc

& (550 gy &
D@Sbvc @ Ua

@ @Ub

Uc
@ 4

Vabc Uabc

Figure 3.7: Simplified Representation of AC sides of VSC to Grid PCC.

The basis of current vector control can be described by considering the equations that

define the converter to grid system [210], [205]. The system represented in Figure|3.7|is
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the AC equivalent circuit of the VSC to PCC, to obtain the desired control structure.
The equations for this system in the abc, representing the three phase instantaneous
variables of the voltage and current are in (3.17). In this system, the converter side

impedance is defined by, R..1 and L.

Va U, 1 Re1 0 0 la Lot 0 0 la
d

Vo| =|Us| =(Vo=Uo) |1| = | 0 Re1 O |||+ O Lot 0 | 5 |i

‘/c Uc 1 0 0 Rcrl ic 0 0 Lcrl ic
(3.17)

In the stationary reference frame the representation is ((3.18]).

di®
Ve - U® = Ri* + Ld—lt (3.18)

In this system it was assumed that the zero components of the grid and converter are
equivalent, where Vy—Uy = 0. Additionally, the current zero component, i, is assumed
to be equivalent to zero, 0, therefore when the Park transform of is applied to
, the resulting in matrix only comprises the d and ¢ components.

Va|  |Ua _ Repi —wLer1| |ia N L1 0| d |id (3.19)

VZI Uq —wler Re iq 0 Ler dt Z‘q
where the converter and grid, direct and quadrature voltages are Vg, Vg, eq, €4, the
converter dq currents are iqy and i4, and the electrical frequency is w. It should be
noted that a cross coupling term is introduced when converting from the abc frame,
to af stationary frame, to the dq synchronous rotating frame. Referring to equation
, Y® =Y, + jY3, and for a derivative term, if the relation of stationary to dg
frame in is considered, then the cross coupling term is produced in (3.21)), with
Y indicating the vector in the dg frame [219], [208] [205].

YS = /WY (3.20)

ays d
dt  dt

. . dyY
(I"Y) = juwtY el + Eeﬂ”t (3.21)
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Therefore if the equations for the converter to PCC grid voltages are transformed from

the stationary reference frame to the dq frame, by (3.22)).
Ve = Vel U = U™, i* = i/ (3.22)

Then (3.22)) can be substituted into (3.18), and expanding into the dg components
(Y =Y, +jY;) and comparing the real and imaginary parts, the cross coupling terms

are derived.

A ‘ ) di jwt . di -
Vel — Uelvt — Rie/" = I ‘Zt = L(ijwte™ + d—;e“”t) (3.23)
. .. di
V — U — Ri = L(ijwt + £) (3.24)

To design the inner control loop, it is important to highlight design requirements:
e active and reactive power decoupling
e appropriate time response, such as fast current response [220]
e accurate control of current flowing through the converter impedance.

Considering these points, the vector control should enable the independent control of
the dq variables by decoupling them. The current will be controlled to generate the
desired voltage references to be applied to the gate drives of the VSC, by controlling
the voltage drop across the converter impedance [221]. The reference voltage to be

applied to the VSC can be controlled by the current Proportional Integral (PI)) with

11 Vit — Lo + U
h=1" S (3.25)
‘/;1 V;n + wler1 + Uq
where
V" = Ri + P (3.26)
N dt ’

If (3.26) is rearranged in transfer function form of voltage to current, and the LaPlace

[222] transform applied, then a 1st order controller function for the dg variables can be
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defined by:
id(S) 1
: = 3.27
VJ”(S) Lcrls + Rcrl ( )
i(3) _ ! (3.28)

V:]m(s) B LCT‘ls + Rcrl
This controller in turn can be related to the equation of the proportional integrator

(PI), using the Internal Model Control technique which is described in [223].

Kps+ Ki
Gpr(s) = % (3.29)

where for both the dq controllers the gains can be defined by

Lcr

Kp == (3.30)
Tec
RC’I"

K; ==L (3.31)
Tee

The time constant 7. is selected to generally be 10 times slower than the switching
frequency [222]. The overview of a typical GFL model can be observed in Fig. [3.8, The
grid side inductance and resistance are defined by L,,; and R,,1, and the converter
side defined by L. and R.-1. Each control component will be expanded upon in this

section.

The outer loop controls typically are to control active power and voltage /reactive power,
seen in Figure[3.8] with control transfer functions K, (s) and Ky (s) control active power
and AC voltage respectively. The time constant of the active power controller typically
should be 10 times slower than the inner current control loop [224]. In this control

loop, the variables are considered as peak phase-to-phase.

Due to the changing requirements of the grid, there have been several suggestions
for amendments to [GFL] topologies to provide supporting services to the grid. GFL
converters can typically provide essential services such as reactive power control,
resulting in voltage support and control. Active and reactive power is controlled via an

outer loop, as seen in Figure [3.8] However, there have been increasing desires for more
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Figure 3.8: Current Controller Model of GFL in dg control.

advanced grid supporting features, for example, control can be amended to provide
frequency and Rate of Change of Frequency (ROCOF]) support [9], [13]. The effects
and limitations of providing grid support through GFL control with support
is assessed in Chapter

3.4 Grid Forming Control

3.4.1 Grid Stability Issues

The move from traditional standard grid systems of large, synchronous generation, to
IBR with grid following control has produced the some key concerns, namely, instability

from resonance, converter driven instability, rotor angle, voltage, and frequency [225].

Considering frequency stability, it has been suggested that system inertia lost from
decommissioning synchronous machines should be replaced with inertia provided by

converters, usually called “emulated inertia”, “digital inertia” or “synthetic inertia”
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[226]. This can be offered from converters acting in grid “supporting mode”,
however it has been debated over whether inertial response provided from GFLs can
be a “true” inertia response, as it is considered as a grid forming inherent response.
The UK grid code states, “for avoidance of doubt, Inertia Active Power is an inherent
capability of a Grid Forming Plant to respond naturally, within less than 5 ms, [226].”
However, papers such as [13] show that there are parameter conditions where inertia

enhanced GFL converters can provide this “true” inertial response as well as a GFM.

Traditionally, the short circuit level to the nominal power of a device is the short circuit
ratio [SCR] and has been the index of traditional system strength (although newer
quantifications of system strength are required [227]). With a low SCR, the system is
considered weak and, therefore, sensitive to active and reactive power changes, making
it difficult to control. In a weak grid, standard converters might become unstable,
forcing the converter to disconnect. The grid needs to maintain the voltage waveform

in steady state, and during disturbance transients [228§].

In general, voltage fluctuations at a large and local level are increasingly of concern for
the grid. The integration of renewable energy at distances far from demand areas [229)
result in a weakened connection and difficulty in controlling voltage. Voltage stability
is desired to maintain values at acceptable levels during steady state and transients,
and can be maintained with reactive power. Additionally, voltage stability needs to be

maintained at a local level, and so adequate reactive power reserves are required [230].

To tackle these challenges, [GEM] converters have been proposed to provide stability and
support. GFM converters are capable of providing inertia support, frequency support,
black start, voltage source behaviour for grid strength and reactive power support,
oscillation damping, and acting as a sink for harmonics [185] [231]. Not all of these
capabilities would be provided at once, and the active and reactive power required must
be available in order to support the system. Some of these grid issues can be tackled
with enhanced controller support in control, for example, GFL based inertial

controls, reactive power support and [FERL
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3.4.2 Grid Forming Control Topologies

[GEMI converters act as a controlled voltage source with a low series impedance. There
are several characteristic capabilities of GFMs, but this is the only commonly used
definition. However, one of the fundamental differences between GFL and GFM
converters is the synchronisation technique. As described in Section [3.3] the traditional
current controlled GFL synchronises to the grid relying on the external voltage source.
Grid forming converters however have a self-synchronisation capability, based on active

power flow and not external voltage signals.

There are several key [GEM] topologies, and various combinations, however the current

main designs are:

e Droop Control |185]

Virtual Synchronous Machine (Virtual Synchronous Machine (VSM])) [232]

Power Synchronisation Control [233]

Matching Control [234]

Virtual Oscillating Control (VOC) and dispatchable (dVOCQ) [235]

Droop

The most “basic” implementation of [GEMI control is droop control, which is emulating
the active power-speed droop of a synchronous machine. The change in frequency is

related to the change in measured power and reference power, as shown in (|3.32))

w = w* 4 Kgroop(P* — P) (3.32)

* is the reference frequency, P* is the

where w is the converter frame frequency, w
reference PCC active power, and P is the measured PCC power. With this simplistic
control, changes in frequency are balanced with power absorption or generation, with

the droop component being equivalent to power damping in the swing equations. The

angle of the converter is the integral of the output frequency in (3.32]).
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P*+ KPS + eC
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Figure 3.9: Power synchronisation loop with converter angle output.

Power synchronisation

Power synchronisation control is very similar to droop control, however instead of
relating the error in angular frequency to the power error, the integral of the power
error is related to the error in angle. The output 6. is the controller reference angle,

with the initial angle defined by 6 [236].

(P - P*)% + 0 = 0, (3.33)

Virtual oscillating control (VOC))

The inspiration for (and dispatchable VOC) control is the synchronisation theory
from non-linear control [237]. The dynamics of a weakly non-linear limit-cycle oscillator
are produced, which enables the converters to synchronise together from random initial
conditions, without requiring external communication |185]. VOCs can be based on
differing oscillators, a common one being the Van der Pol oscillator. Scaling constants
are selected for equations of voltage and current, based on capacitor and inductor
equations, which can be tuned to emulate typical droop control [238]. Although,
higher performance than standard droop control is expected as VOC control utilises

instantaneous time-domain signals, opposed to phasor electrical variables [185].

Matching control

The basis of this control technique is “matching” the electromechanical energy
exchange patterns in synchronous machines [234]. As with the VOC, an oscillator

is utilised with the converter dynamics (matching converter dynamics to synchronous
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machine dynamics), with the oscillator frequency tracking the value of the DC voltage
measurement. Therefore, for [GEM]| control, the dynamics of the synchronous machine

are matched by the oscillator producing the PWM signals for the switching gates.

Virtual synchronous machine

Throughout this work the main [GEM] control used has been the [VSM], the full modelled
system being a converter connected to an infinite bus through an LC filter.
Therefore the control topology, parameters and tunings of the will be described
in this section. The function of the [VSMlis to emulate the behaviour of a synchronous
generator, to improve support to modern grid systems. The derivation of the control

is described here, based on the characteristics on a synchronous machine.

The first proposed control structure of a form was the VISMA, [10], with several
developments to the control structure presented in the literature since [232], [239], [185],
[240]. In this control the power measurement, P,, is obtained at the point of common
coupling (PCC) and controlled to the reference power, P,,, through the swing equation,
(3.34) with the damping, D, inertia, J, the rotor frequency, w,, and the grid frequency,

Wy
dwy

P,—-PFP.=J
dt

+ D(wr — wy) (3.34)

J is equivalent to 2H, the mechanical time constant representing inertia of the virtual
rotor, with the relation shown in . J is the moment of inertia in (kgm?), which
traditionally was calculated from synchronous machine parameters [11], wy is the base
frequency and Sj is base power. For virtual synchronous machines, H is selected based
on how much power is available to be delivered during set changes [241], it can
be tuned based on desired application and is not constrained by physical characteristics

of the machine [242], rather than the available stored energy.

1 2
H= 5‘]%2 (3.35)

The derivation of the VSM model can be obtained from assessing a simplified
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Figure 3.10: Simplified Equivalent Synchronous Machine to Grid.

synchronous machine to grid system, with neglected resistance, shown in Figure
3.10l It should be noted that this is the classical model, with simplifications in the
representation, assuming neglected resistance, for ease of representation. The grid
voltage is E,/0, converter voltage is Esy,/d, and if the total inductance is defined by

X7 = X4 + Xy, then the complex power behind Xy, assuming neglected resistance,

and can be defined by ([3.36))

EsnEysin(0)  Eym(Esm — Eycos(
S=P+jX = Bl = )?;m( ) 4 jBom < gcos(9)) (3.36)

where I; is the current through the impedance and I} is the complex conjugate of the
current. From (3.36)), the active power is defined by

B E¢mEgsin(9)

P
Xr

(3.37)
If this linearised around the initial angle, § = dg, (in per unit, with T representing
torque) then the relation can be defined.

EsnEy

t

AT = cos(dp)(A9) (3.38)
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The relation between AT and AJ is called the synchronising torque coefficient K. This
is derived from the synchronising power, which is equivalent to the theoretical maximum
value of the power transferred between the two voltage sources [242]. This is the power
a machine can provide or absorb from and to the grid when there are disturbances. A
high synchronising power ensure the machine is capable of maintaining synchronism

with the grid, ensuring stability.

EsnE
Ky =~ cos(dp) (3.39)
Xt

The per unit linearised representation of the swing equation can be now seen in
where the electrical power/torque has been replaced with the synchronising torque and

rotor angle, and the damping term defined by D

d 1

where rotor angle and grid frequency are related by equation (3.41]).

d
— A0 = wpA 41
o 0 = woAw (3.41)

In terms of the rotor angle only, and if the Laplace transform is taken, the following

representation is obtained

D K w
2 S 0
A —s(A Ad) = —T, 42
S (R0) g s(A0) + 5 wo(B0) = o T (8.42)
giving the characteristic equation
D K
2 _ 78 =

s+ 57 + S0 (3.43)

which can be related to the general form of
§% 4 2Cwns + wp? (3.44)
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Therefore, an indication of appropriate tuning values can be concluded from comparing

(3.43)) and (3.44)), and the selected damping, D, can be obtained.

wp K
= 3.45
WN =4/ 5 ( )

D =2(\/2Hw,K, (3.46)

VDC Rcrl Lcrl Rnr1 I-nr1

UgpLL Egabc

Gate /'cdql» g —l
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eVSMl + Loop :
PW M| Vabc abc <—qu eVSM 1 1 Udq icq

+
dg s 2Hs F« ref U,

Power
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"ﬁ"ﬂl:j Ko(s) H(%)_« I '
M.

AC Voltage Controller

Figure 3.11: Control structure of virtual synchronous machine (VSM) with AC voltage
controller and synchronisation loop.

A basic control of the [VSM]| converter is implementation of the swing equation, with
the power directly relating to the angle set by the controller creating the power
synchronization. The AC voltage is maintained by a PI controller which sets the
magnitude of the voltage, which is fed into the averaged model of the converter to
return the converter side voltage. The system and control diagram are shown in Figure
with the direction of current considered from the converter to the grid, modelled

in the dq reference frame with the d-axis aligned to the a-axis, and the g-axis leading
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90° to it. The grid, PCC, and converter voltages are F,/0, Upcc /0y and V./0y.
The grid and converter side impedances are R,;1, Lypr1, and Rer1, Ler1, respectively.

The reference frequency wrpr can be set at the system nominal value (50 Hz), or is

frequently taken from a PLL to remove initial offset (w, in Figure [3.11)) [243].

3.5 Small Signal Modelling

3.5.1 Model of Converter to Grid System

Classically, power systems have been subject to either small, or large disturbances [244].
Small signal stability describes the ability of the power system to maintain synchronism
when subject to a small disturbance [21]. It informs about the power system’s inherent

dynamic characteristics and stability.

Small signal modelling is used to transform non-linear EMT equations into a linearised
form. To obtain the model, the non-linear equations for the full system are represented
in the rotating reference frame, presented in state space form [21] and linearised around

their operating point.

These equations and final linearised state space form can be expressed with the following
representation. The state, input and output variables are Az, Au, and Ay, and A, B,

C and D are the state, input, output, and feed-through matrices [21].

ddATx = AAz + BAu (3.47)
Ay =CAx + DAu (3.48)

For all systems in this work, the equations are divided into subsystems, described by

the forms in equations (3.47) and (3.48]). Considering Figure the grid equations in
the SSM are shown by equations (3.49)) to (3.55]).
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[F= w240 0 0
—Rer —1
—w Lcrl1 0 Lcrl 0 0
1 -1
< 0 0 w = 0
Agrid = ©r 1 Cr , (349)
0 0 pr 0 FEw
1 _Rc'r
| 0 0 O oo Y T
- _
Tom 0 0 0
0 7= 0 0
Bgrid = r 1 (350)
0 0 T 0
[0 0 0 ]
(10 0 0
01 0 0
0 0 0 O
Cgm’d: (351)
0 0 0O
0 010
_0 0 0 1_
Dgyriq = zero(4x4) (3.52)

where the state, input, and output variables are defined by x4, ugy and y,. The converter
and grid voltages are V., and E, respectively, and the converter and grid currents, i
and i,. As described in Section there is a global reference frame and converter
reference frame. The grid system is modelled in the global frame, indicated by zy, and
converter frame by dg. Therefore, the grid side current is indicated by 7,5, iny, grid
side voltage by Fy., E4y, and converter side currents and voltage by ic;, icy, and Vi,

and V.

Ay = [Nieg, Niey, AUppy AUsy, Nig, Niy, ] (3.53)
Aug = [AViy, AVyy, AEg,, AE,,] (3.54)
Ayg = [Aicrv Aiczn AUcma Achy] (355)
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From this sub-system, the voltage at the PCC can be obtained, as well as PCC currents.
These output components are in the global grid frame (here on represented by zy
frame), but then are passed through the linearised reference frame to transform from the
variables from grid frame to the converter frame. Additionally from these dg voltages
and currents, the three phase active power is calculated based on the dq instantaneous
power theory [245]. The Park transform has been described earlier in this chapter, with

a three-phase variable being transformed to two orthogonal signals, Yqq = Yy + jY;.

Ug+ jUq
V2

Z.cd_jicq
) 7 ) (3.56)

S =P+ jQ =3vdarde = 3(
3
P = §(Udicd + qucq) (3.57)

Linearising around the operating point gives a relation between input voltage and

currents to compute the small signal measured active power, APpeqs-
APeas = AUgicqo + DiegUgo + Aquch + Aichdo (3.58)

Additionally, the calculation of measured voltage at the PCC can be calculated by

(3.59) and linearised to (3.60)).

Umeas = /U7 + U2 (3.59)

Alj’meas = AU, UdO qu

d + AU,
VUA0? + Uq0? 1V Uq0? + Udo>

3.5.2 Linearised Small Signal Synchronous Reference Frame Phase

Locked Loop

(3.60)

The relation between grid voltage and the converter synchronisation relies on the angle
estimated at the PCC, as described in Section The method of grid synchronisation
differs between converters operating in GFL and GFM control, for the former, the PLL
is used. The converter aims to synchronise to the PCC voltage, ideally minimising the

error between the estimated PLL angle and the real value, to zero. Therefore, rotating
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the converter dq frame at the same frequency and angle as the input voltage state
space vector. For the further small signal modelling sections, the full system needs to
be modelled in the dg component equations and then linearised. However, to do this,
a global reference frame needs to be defined and the relation to the converter reference

frame.

The relation between voltage vector and the PLL estimate angle was displayed in Figure
If a global reference frame is introduced, the new relations can be shown in Figure
with this global frame defined by dg, and rotating at wy rad/s. The converter
frame is defined by dg., rotating at wprr. Uppy, is the measured PCC voltage in the
stationary frame, Upyy, is in the global frame, and ﬁPLL in the local converter frame.
The angles in Figure [3.12] are the actual PCC angle, 0pr 1, the estimated angle from
the PLL, 0prr, the global reference frame angle, 6,, and the difference between the

converter synchronous reference frame and the global reference frame, 6.
éZépLL—Qg (3.61)

Considering the defined angles and reference frames, the following relations in (3.62))

and (3.63) apply [214].
UpLL = eijegUi)LL (362)

UpLy = e 1PLeUs, (3.63)

The stationary reference frame can be removed and the equations related in only the

global grid frame and the converter frame where 0 = épL L — 0.

3 —50 —56 9 —50
Upry = e 7"PLiUppy, = e /PiLe’Upry, = ¢ "Upry (3.64)

Following this relation, if A is the error between the two reference frames, then the
relation, GPLL = e*jéUpLL, established by , can be linearised as in equation
(13.65]).

AUprL = —je 7™ UpproAd + e 7% AUpyy, (3.65)
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ePLL

Figure 3.12: PCC voltage vector, grid global synchronous rotating reference frame, and
converter synchronous frame.

Referring back to the control diagram in Figure the relation between input voltage
and PLL angle estimation is considered again in ([3.66)).

OprL = / (wn + Kp* Upccg + K; /(Upccq)> dt (3.66)

The equation is in terms of the PLL estimate, therefore, if (3.65)) is substituted in,
the transfer function between input angle and global reference frame voltage can be

produced. Considering %(épLL) = %(9) + 4(6,), and assuming the wy, is equivalent

a4

to the global rotational speed, 7

(0g) = wy the voltage and angle can be represented
in the global reference frame. By collecting real and imaginary components, the ¢

components, the transfer function of input AUprr, to A# is produced by 1D

A0 Kpprps+ Kiprr
AU,  s2+aps+bo

(3.67)

where ag and by are comprised of the proportional and integral gains of the PLL (shown

in (3.16)) and are defined in (3.68)). The full expansion of the substitution in shown in

76



Chapter 3. Power Converter Modelling and Control

the Appendix [A]

ag = KpPLLCOS(Go)UdO + KpPLLSin(QQ)qu (368)

by = KipLLCOS(QQ)UdO + KiPLLSin(QQ)qu (3.69)

3.5.3 Linearised Reference Frame Transforms

As the previous subsection described, the system equations are in the global reference
frame, or the converter reference frame. Therefore, the frame changes need to be
linearised, resulting in the the transforms of (3.70) and (3.71), where 6 is the angle

between the two frames, and subscript ¢ indicates linearisation point.

AvE - cos(bp)  sin(By) —Ygzosin(bo) + Yyocos(6o) AY; (3.70)

—sin(0y) cos(bp) (—Yzocos(By) — Yyosin(o)

cos(bp) —sin(fy) (—Yjzsin(fo) — Ygcos(bo))

AYy =
sin(fo)  cos(bp)  (Yjycos(bo) — Ygsin(bo))

AYF (371

3.5.4 Linearised Current Controller

Passing the grid and converter voltages through the frame transforms, the linearised
current controller can be presented. Again, the converter frame representation is
signified by Yo

Aee =0 (3.72)

Beo = (3.73)

K; 0
Coe= | ¢ (3.74)
0 Kcc
K 0 — —wlL 1 0
Do = | 7€ ree ‘ (3.75)
0 Kpce wLe —Kpee 0 1
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Where the state, input and output variables are defined by Axce, Auee and Ay,

Azee = [Aeig, Aeig] (3.76)
Atee = [Adgg, Adg,, Adgg, Aigy, Aug, ug] (3.77)
Ayee = [A0, AvE] (3.78)

The proportional and integral gains of the current loop PI controllers are K,cc and
K;cc respectively, and Aei§ and Aeig are the errors between reference current and

measured current for the d and q components respectively.

The outer loop power and voltage controllers are shown in Fig. with the
PI controllers defined by Kp(s) and Ky (s) for the power and voltage controller
respectively. Outer power and voltage loop state matrices are defined by state variables,

input variables, and output variables (Azout, Atour, AYour) in (3.79) to (3.81). Aep

and Aey are the error between reference and measured power and PCC voltage.

Awout = [Aep, AGU] (3.79)
Aty = [AP™  APpeas, AU AU eas) (3.80)
Ayour = [AT, AiTeT] (3.81)

with the state matrices defined by Aout, Bout, Cout and Dy which contain power loop
proportional and integral gains, K,pc and K;pc, and the voltage loop proportional

and integral gains, Kpyc and K;yc.

Aot = 0 (3.82)
1 0 -1 O
Bow = (3.83)
01 0 -1
K; 0
Cout = | 7€ (3.84)
0 Kyuc
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Kypc 0 —Kypo 0

Dot = (3.85)

0  Kyco 0 —Bpuce
3.5.5 Linearised Grid Forming Control

The linearised angle is obtained from the output of the power synchronisation loop in
GFM control. In the [VSM] structure used in this work, the small signal representation
is detailed with the following state matrices, state and input variables. Referring back
to equations , the synchronisation loop is shown in the state space form.
The matrices are shown by Aswing, Bswing: Cswing and Dgying, With state, input and
output variables defined by xswing = [Aw,A@]T, Uswing = [APm,APmeas]T, Yswing =
[Aw, AT,

—K, 0
Agwing = | 2 (3.86)
wo 0
1 1
Bswing 2HSbase  2H Sbase (387)
0 0
wop O
Cswing = (388)
0 1
Dying = zero(2x2) (3.89)

The voltage applied to the converter is controlled by applying a PI controller to the
difference of the reference voltage and measured voltage magnitude. The output of the
controller is applied directly to the d component of the modulation index, which is in
turn, transformed to the grid frame with the output voltage angle, and return as an

input to the grid system.
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Chapter 4

Stability Limits and Tuning
Recommendation of the Standard
Current Control Providing

Inertia Support

4.1 Motivation

The drastic increase in renewable energy sources in power grids has raised stability
concerns. A particular concern exists in the ability of the converters to preserve
frequency stability, due to their inherent lack of inertia provision. Grid forming
converters have been presented as a solution to this issue, however there have been
multiple suggestions of improvements to control and that the emulated inertia can
be comparable to capabilities [13]. The standard current controller with a [PLI]
can be modified to provide inertia by including an additional control loop that injects
active power in the case of a frequency event. This Chapter presents a detailed stability
study, using a small signal model, and a set of controller tuning recommendations for
the standard current controller with inertia emulation capability. The investigation

found that the standard current loop time constant tuning causes instability in the

80



Chapter 4. Stability Limits and Tuning Recommendation of the Standard Current
Control Providing Inertia Support

control structure with the inertia emulation loop. Reducing this time constant can

allow for stable inertia emulation with classical vector current control.

4.2 Introduction

The standard current controller used in the major part of grid-connected applications
is a grid following converter [246], [247] [248], which relies on a strong grid to operate.
Grid following converters use a phase locked loop (PLI) to measure the grid electrical
angle from the point of common coupling (PCC]) and cannot provide inertia in its basic

implementation.

One solution presented to provide inertia using power converters, are grid forming
Virtual Synchronous Machines (VSMs), a particular type of grid forming converter.
They provide inertia by emulating the behaviour of conventional synchronous machines

during a frequency disturbance [249].

However, the VSM control structure, with the grid forming capabilities it provides, is
significantly different to the traditional current controller, which is currently widespread
and utilized by most manufacturers [240]. Another solution is to add an additional
loop to the standard current control to provide inertia emulation without modifying
the present control structure [9]. The benefit of using this model would be that the
control structure would not need to be changed much and existing installed control
mechanisms can be used. Furthermore, the conventional current controller has a faster
transient response than that of a typical grid forming converter (e.g. a VSM) which is a
greatly desirable feature [250], [251], [237]. Additionally, the difference between inertial
support in grid following and forming converters has been up for debate in much of
the literature. In [13], grid following and grid forming converters are compared for
their inertial response with varying grid voltage in acceptable ranges (0.9 pu to 1.1
pu), active power set points 0.1 pu to 0.9 pu, and grid SCR from 1.5 to 5, i.e., a
weak to strong range. Additionally, sweeps are performed for control settings that
would not “explicitly impact the magnitude of the inertia response”, but do affect the

stability and dynamics of the system. The paper concludes that across several system
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conditions, the grid following controller maintains the grid frequency as well as the
grid forming. Therefore, the additional inertia emulation in GFL control, can act as
this “true” inertial response typically attributed to GFM control [252]. Therefore, the
benefit of adding inertial response in grid following control needs to be assessed and
stability tuning recommendations given. This Chapter investigates the limitations and
optimal tuning for a current controller with inertia emulation, including the PLL and

current loop, for different grid strengths.

4.3 System Under Study

The system investigated is a 3 MW, 690 V grid connected two-level VSC converter,
connecting a source such as a wind turbine (such as the doubly fed induction generator
(DFIG)) or an energy storage system (Figure . The converter is connected to the
grid through an RL filter and a shunt capacitor Cy. In this study a constant DC link
has been assumed. The grid is modelled as the Thevenin equivalent [204] and will be
studied for varying SCR values; 2-5. The system is modelled in the dg frame, with the
equations described in Chapter

As described in Chapter [3] the inner current controller consists of two PI controllers,
two decoupling terms and a voltage feed-forward. The PI controller for the current loop,

Kcc(s), is tuned initially with the modulus optimum tuning technique [222], [224].

_ Kpees + Kice

K.(s) (4.1)
S
Kpee = Zer! (4.2)
Ta
R.
Kiee = — 4.
i - (4.3)

where 7, is the current loop time constant, recommended to be 5 to 10 times slower
than the switching frequency [204], which is in the range 1-2 kHz [253], up to 10
kHz [254]. Therefore, for the standard current controller, the optimal time constant

has been considered to be 1-5 ms.
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Figure 4.1: Current Controller With Inertia Emulation.

The derivation of PLL control structure has been explained in Chapter The gain

Kppr(s) is defined as
~ Kpprrs+ Kiprp

Kprp(s) = . (4.4)
2w
Kpprr = E”C (4.5)
m
K
Kiprp = TZZiL (4.6)

where E,, is the admitted voltage, ¢ is the damping ratio, and 7p;; is the PLL
bandwidth. This was described, again in Chapter [3] but it should be noted again,
that the variable w, in the natural bandwidth of the PLL filter, not the frequency of

the grid system. The initial 7p 7 has traditionally been tuned using [210]:

TPLL — % (4.7)

n
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which is used in turn, to tune the proportional and integral PLL gains. Initially, the
current loop was tuned with a current loop time constant of 2 ms, and the PLL time

constant to 4.5 ms.

4.4 Inertia Emulation

Inertia is emulated by the the control loop in the output of which is added to the
reference ¢ current to form the total reference current [9]. A gain, K, amplifies the
rate of change of frequency and adds it to the current reference i;. The frequency of the
grid is provided by the [PLI] which is then passed through a derivative term and then
a low pass filter to improve the system stability. The inertia controller can therefore

be defined as
Kin
Fs+1

ldfreq = S (4.8)

where F is the first order filter time constant. The inertia gain K, also determines
the required power to be delivered to the grid during a frequency disturbance [241].
The gain of the inertia controller can be obtained from the synchronous generator swing
equation and therefore maximum power delivery required for a particular rate of change

of frequency (ROCOE) [255], which can be simplified to

2HSbase

Pemulationmaz = w Wmazx (49)
s

where Spqse i the rated power of the turbine, H is the inertia constant emulated

(seconds), wy is the synchronous frequency and wy,q; is the maximum allowable ROCOF]
(Hz/s).

The required inertia emulation power should be divided by the nominal voltage and
[ROCOEF] to obtain the gain Kj,. The inertial branch gain is therefore derived in (4.10)).
Vihom is the line-to-line RMS voltage.

Kin _ Pe‘;nulatioi@mam _ 2-HvazJLse (410)
nomWmax WsVnom\/g
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A typical required inertia constant, H, for a 3 MW system ranges from approximately

15 s [256). 57,

4.5 Small Signal Model

The full system modelled has been described in section |4.3|and is represented in Figure
The small signal model for the converter to grid voltages, is the same as that
described in Chapter [3| by equations (3.49) to (3.55). The linearised PLL, reference

frame changes, and inner current loops are expressed in equations (3.70]) to (3.78]).

The inertia response of this small-signal system was implemented by the transfer
function previously shown in equation . A no-linear EMT time domain model
was designed and simulated to validate the results of the small-signal model, with SCR
values ranging from 2 to 5. The time domain and SSM response to a power step is

shown in Figure As it can be seen, both models overlay, validating the SSM.

8 L ’_-_*_-_-_*_-_-——
' = ==FMT Time domain
= ' —-—-SSM
<
<61 |
[ 1
2 51 ]
o 1
& |
O 4r
. |
= 3r
P I
& 1
2 L
!
|
0 _—_J Il Il Il Il ]
4.9 5 5.1 5.2 5.3 5.4 5.5
time [s]

Figure 4.2: Time domain and SSM response
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4.6 Investigation

The small-signal model is used to perform a parametric sweep for increasing values
of K;, and F in order to identify the impact of each parameter on stability. This
produces the stability limits of the system under varying conditions and isolated the
optimum PLL and current loop tunings. The small signal instability is determined by
the eigenvalues of the system. In Chapter [3] small signal representation and stability
has been described. The eigenvalues of the A matrix of the state space representation,
are assessed, and for a complex pair of poles, if they move into the right hand plane,

then the system is unstable. The specific investigations carried out are as follows:

e Determining the maximum Kj;, gain whilst maintaining stability with increasing

F filter value for changing SCR.
o Investigate the effect of changing PLL time constant, 7py 1, on stability.

e Assess the impact of the current controller time constant, 7, and its effect on

system when delivering inertial power.

4.7 Results

4.7.1 Impact of K;, and F with Varying SCR

The first investigation was to observe the maximum value of K, and F which had a
stable condition when standard PLL and current control tuning were considered for
different SCR values from 2 to 5. The initial tuning of the converter has been obtained
from well-established tuning rules resulting in a current loop time constant, 7, of 2 ms,

and a PLL time constant, 7prr, of 0.0045 s [210].

Figure [4.3|shows the stability limit for different SCR and F values, a linear relationship
between the maximum value of K, and F is observed. Also, it can be seen that as
the SCR is decreased, the maximum inertial gain for a stable system at a given filter

constant reduces.

The line of stability continues as both Kj;, and F increase, however, there reaches a
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Figure 4.3: Kinma, against F Stability limit for varying SCR, 7pr;, = 0.0045 s, 7o, =
0.002 s

point where the filter value is too great and degrades the dynamic response of the power

injection during a frequency disturbance.

The limiting effect of the filter constant can be observed in Figure [{.4] which shows
that for a constant value of K;, (12 As~2), F significantly affects the performance. An
F of 0.3 s produces an acceptable dynamic performance, however, when F' is increased
to 0.9 s, the dynamic performance is much slower. Equation is used to calculate
the power required to be transferred by the converter. If a value of 24 kW is required,
Figure shows that this is not achieved by the system with F' = 0.9 s. Therefore, it
is recommended that the filter is tuned to be fast enough for an appropriate dynamic
response but slow enough to filter out standard frequency deviations that the system

is not required to respond to.

4.7.2 Kin against 7p;;,

The effect of increasing 7py;, on the stability of the system was studied for varying F'
values. Figure m shows the maximum Kj;, that can be employed as 7py, is increased,
with 7, kept constant at 2 ms. For all values of F, the maximum K, gain that can be
achieved, increased with increasing 7py;, and then plateaus off. The plateau begins at

0.04 s for FF = 0.1, 7pr.=0.15s for F' = 0.5 s.
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Figure 4.4: Power [kW] Response to 1 pu ramp increase in frequency: K;, = 12, F =
0.3s, FF=0.9s.

As expected, increasing the filter time constant increased the maximum K, gain that
could be achieved for a stable system. As the PLL time constant is increased, the
stability limit increases at first, but then reaches a plateau. Based on the location
of this plateau, a new 7pyr constant of 0.04 s was selected, 10 times slower than the
previously defined optimal tuning. Figure demonstrate that increasing the time
constant past this value would have no further impact on stability. It was therefore
concluded that the optimal PLL time constant to be selected for this system was 0.04

S.

4.7.3 Kin against 7a, Current Controller Time Constant

The maximum value of Kj;,, that can be achieved as the current controller time constant
is varied was simulated at multiple values of F. Note that and are considered
to give optimal tunings for vector current control, typically with a current control time
constant in the range 7a = 2-5 ms. Equation (4.7) is considered the optimal PLL
bandwidth.

Figure [4.6p shows the effect on the maximum value of Kj;,, that can be enabled

whilst maintaining system stability, with increasing 7, with 7pr 1, fixed at the assumed
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Figure 4.5: Maximum value of K, that can be provided whilst maintaining stability
with increasing 7prz, at SCR = 5.

optimum value of 0.0045 s, and in a grid with SCR = 5. Figure shows the same
system simulation but with 7py 7, fixed at the new optimum value, found in the previous
section, i.e. 7prr, = 0.04 s. A significant increase in the maximum K, that maintains
stability can be seen with the new value of 7prr. Figure also shows that, for a set
value of Kj;,, the controller is most stable with either a very fast 7., or a slow value.
There is a dip in stability at 1.5 ms — 10 ms, above which the system stability begins to
rise again allowing for increased Kj;,. The stability recovers with a 7, of 0.1 s or greater
for SCR 5, shown in Figure [1.7] especially with F' > 0.1. However, with SCR 5 and F
of 0.1 s, the system requires a much larger time constant for stability with an increased
K;n. The system can achieve high inertial gains for current loop time constants less
than 1 ms, but then begins to deteriorate, dipping to a minimum at around 2 ms. The
system then recovers, and the gain begins to increase again, but the time constant, 7,

has to be to about 0.1 s to achieve a high Kj,.

The analysis was repeated at SCR = 4, 3 and 2, as shown in Figure As the SCR
decreases, the dip in stability begins at a slightly lower 7,. Furthermore, for the same

F, reducing the SCR reduces the maximum Kj;, at the given 7.

This analysis shows that the standard choice of a current loop time constant in the
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Figure 4.6: Maximum value of Kj, that can be allowed whilst maintaining stability,
with increasing 7, at SCR = 5 with a) 7pr, = 2e/wn = 0.0045 s b) 7prr = 0.04 s

range 1-5ms gives the lowest possible maximum inertial gain. Therefore, a much faster

or much lower time constant is recommended, which is discussed in the following section.

4.8 Recommendations and Limitations

4.8.1 Inertia Emulation Capability in Fast Operation

From this investigation, it was determined that for the set system parameters, the ideal
system tuning can be determined from running parametric sweeps of K;, against 7prr,
and against 7,. A PLL time constant of 0.04s was recommended. However, from the
figures shown, it would appear that the optimal regions for current controller time
constant would be 0.1 ms, or a value of 0.1 s or more. This would allow the K,
gain to be increased to achieve the required power transfer required to emulate inertia.
However, this needs to be considered with converter switching limitations, which is
covered in the next sub-section. Figure shows the response of the system with 7,
= 0.1 ms, 10 ms, and 100 ms. The 0.1 ms and 100 ms systems allow high inertial

gains, but with 7, = 10 ms the system cannot reach gains higher than 100 A;2. The
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Figure 4.7: Maximum K;, with large range in 7, SCR = 5, 7prr, = 0.04,

implication of this means the maximum inertial power is reduced. The SCR 5 provides
the highest possible inertial gain, but any SCR lower than this has a significant drop

in maximum possible Kj,.

Figure shows the dynamic response of the system with a Kin of approximately 586
A2 and a filter constant of 0.5 s. The required power to be delivered was calculated
from requiring an inertia constant of 4 s, a of 2.5 Hz/s, and the system base
power 3 MW. Using , the power calculated was 1200 kW, corresponding to an
inertial gain of 568 A;2. Using the new optimum tunings developed in this section,
it can be seen that the system responds effectively and is capable of delivering the
power required by the frequency disturbance with a suitable inertia constant, H, with

appropriate dynamic performance.

4.8.2 Standard Current Controller Operation Region

Current controller time constants are limited by the switching time of the converter;
they should be 5 to 10 times slower than the converter switching frequency. The average
switching frequency for a 3 MW wind turbine to grid converter connection is about 1-2

kHz, up to about 10 kHz |254].
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Figure 4.8: Maximum Kj, allowed whilst maintaining system stability with increasing
Tos TPLL for a) SCR = 4, b) SCR = 3, C) SCR = 2.

Therefore, to comply with switching limitations, the fastest response of the current
controller should be about 1 ms. This is 10 times slower than the value of 0.1 ms (or
faster) that was recommended from this study to ensure stability. The standard current
controller value is around 2-5 ms, which the graphs in Figure to Figure |4.8| show
is the least stable region of operation. Therefore, it is recommended, that for current
controller inertial emulation, the current controller time constants must be reduced to
increase stability during frequency disturbances to obtain a high inertial gain that can
deliver or absorb power during the disturbance. The standard current controller time

constant region of operation is very limited for this type of inertia emulation.

4.9 Chapter Summary

In this study, inertia capabilities were replicated successfully in the traditional current
controller by adding an inertial gain amplifying the rate of change of frequency of the
system, and a filter. A series of parametric sweeps were performed for varying filter
constants and current controller and PLL time constants. This investigation highlighted

that in the normal area of tuning, 7, of 1-5 ms, the inertia emulation performs poorly,
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Figure 4.9: Maximum Kj, allowed whilst maintaining system stability with increasing
F, with tuning recommendations 7pr;, = 0.04s, a) 7, = 0.1 ms, b) 7, = 10 ms, ¢) 7,
= 100 ms.

unable to reach the gains required for emulating inertia. If 7, is reduced to fast values
of around 0.1 ms, then stable inertia emulation with classical vector current control can
be achieved, however this is encroaching on the converter switching frequency range of
1-10 kHz range, and so is not an acceptable value. At much slower current loop time
constants, T4pne > 10ms, the maximum Kj, that can be achieved whilst maintaining
stability is increased, however this begins to slow the current controller losing its ideal

fast response.

Using the classical PLL tuning methods with this system would produce a 7prp =
0.004s, however to enable a larger inertial gain, the PLL time constant should be
increased to 0.04 s. Increasing the time constant ever further slightly improves the

range of allowed Kj,, but loses the fast PLL tracking.

Finally, the filter the grid frequency is passed through should be selected to maintain a
reasonable response, whilst enabling the required K;,. An F greater than 0.6 s begins
to significantly slow and limit the power response. However, with a very low F' constant

(< 0.3), then the maximum Kj;, that can be achieved is reduced.
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Chapter 5

Limitations and Comparisons of
Small Signal Modelling
Techniques in Converter
Dominated Medium Voltage
Networks

5.1 Motivation

This chapter assesses several common grid forming small signal modelling techniques
of varying computational complexity for their accuracy. As discussed in Chapter
modern grids are seeing changing SCRs, due to increased power converter penetration.
Additionally, generation is increasingly being connected at a distribution level or areas
of the grid far from demand, therefore with different levels of X/R ratios. Each model
is tested for its transient accuracy limitations in response to a power disturbance for

varying grid SCRs and X/R ratios and controller damping for distribution networks.
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5.2 Introduction

The power system has seen significant changes over the last few decades as traditional
fossil fuel power plants are being phased out and replaced with converter-based
generation resources [258]. Traditional generation sites use synchronous machines
to create a stiff voltage source, however, grids are now seeing converter dominated
networks, which bring their own problems, with new device dependent and control
interactions emerging [259]. Additionally, the short circuit ratio (SCR) is increasingly
differing at points across the grid, and so the effect of SCR on model accuracy needs
to be reviewed. Furthermore, the Distribution Network Operator (DNQ))s are seeing
more renewable generation integrated into the distribution grid, instead of transmission
grids, and at a medium voltage level [130]. Distributed grids have a much lower X/R
ratio compared to transmission grids [260], and so the effect of changing X/R ratios on

model accuracy should also be investigated.

Utilisation of extensive large signal EMT models can provide in depth information
regarding power system stability and interactions [25§], [259]. However, in some
instances they may be more detailed than is required, impractical to implement when

there are many converters, and computationally intensive [261], [262].

In standard power networks, sub-synchronous oscillations (SSO) have been caused by
interactions with the generator rotors, in series compensated transmission lines [21].
The swing equation has been commonly used to model synchronous machines connected
to the grid, and to represent the interaction of the torsional modes causing the SSOs |21].
The new converter induced interactions require varying resolution of models to fully
understand stability [263], [261] in the ever-changing grid of differing SCR and X/R

levels.

Increasingly there have been several instances of sub-synchronous oscillations that have
caused stability issues to many grids, and were not predicted or could not be modelled
[225] [264]. As such, understanding the limitations of (and suggesting improvements

to) existing modelling techniques is vital. It has long been discussed in the literature
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Table 5.1: System Parameters

Parameter Value
Base Power 350 MW
Nominal L-L. RMS AC Voltage 230 kV
Grid frequency wy, 50 Hz
Grid Resistance 0.1 pu / SCR
Grid Inductance 1 pu/ SCR
Converter Resistance 0.01 pu
Converter Inductance 0.08 pu
Inertia Constant, H 5s
Converter Damping pu, Kp 2 ¢ VK2Hwqy
Voltage Proportional Gain, K, 0.1
Voltage Integral Gain K,; 50

[265], [266], these limitations, and the detail of information required in the model to
accurately represent stability, transients and oscillations. Consequently, this Chapter
offers an insight into the limitations of commonly used GFM modelling approaches
from a small-signal perspective. The full detailed small signal [204], the Jacobian
implementation [205], and the classical model [21] will be assessed for transient accuracy
compared to the full detail non-linear EMT model. The effect of the SCR, damping
ratio, and X/R ratio of the grid on the model transient accuracy will be investigated

for each modelling method.

5.3 System Under Study

A grid forming converter, based on a virtual synchronous machine (VSM) topology is
represented in the three modelling techniques [249], [267]. The full modelled system
is a VSM converter connected to an infinite bus through an LC filter. The power
measurement is calculated from the measured AC voltage and current at the point
of common coupling (PCC) and controlled to the reference power through the swing

equation, described in Section and presented again below

P,—P. = %—FDw (5.1)
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Figure 5.1: Virtual synchronous machine to grid connection

with the damping, D, and inertia, J, set following the parameters given in Table
with the damping calculated using the synchronising torque coefficient (derived
in Section and the damping factor, (. The control of the converter is the second
order implementation of the VSM swing equation, with the power directly relating to
the angle set by the controller creating the power synchronization. The AC voltage is
maintained by a PI controller which sets the magnitude of the voltage, which is fed
into the averaged model of the converter to return the converter side voltage. This
converter control was implemented in a non-linear EMT model in Simulink, to obtain

the accurate, detailed baseline to compare the other models against.

The system and control diagram are shown in Figure [5.1] with the direction of current
considered from the converter to the grid, modelled in the dq reference frame with
the d-axis aligned to the a-axis, and the g¢-axis leading 90° to it. The grid, PCC,
and converter voltages are F,/0, Upcc /0y and V /8y. The grid and converter side

impedances are Ry,,1, Lpr1, and Rer1, Ler1, respectively.
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Table 5.2: Parametric Sweep Range

‘ Parameter ‘ SCR ‘ X /R ratio ‘ ¢ ‘
1 1 0.1
6 10 1

lower limit

upper limit

5.4 Methodology

As described in Section the increase in power converter connected devices and the
change in site generation geographical location is resulting in several variations to the
grid parameters at connection, namely in SCR and X/R ratio [130]. For example, the
short circuit ratio (SCR) is changing at many points across the grid, and decreasing
beyond traditionally “low” values (<2) [268], [269]. Additionally, distribution grids
have a lower X/R ratio compared to transmission grids [260], and renewable generation
is increasingly being added to distribution networks [268]. Simplified models have been
used for basic load flows and analysis of very large systems, however with the changes
to the modern grid, it is important to represent the effect of these changing parameters

on the models’ accuracy, especially at the more “extreme” values we are seeing.

A series of parametric sweeps were performed on each of the models to investigate
the effect of short circuit ratio, damping ratio, (, and X/R ratio on the accuracy of
the models. The upper and lower range of the parameter values are given in Table
A step input of 0.03 pu (10 MW) active power reference is observed for each
model as the first case study, with key examples selected to represent the transient
inaccuracies introduced by each model. Following this, the effect of varying the X/R
ratio, SCR, and GFM damping factor, is shown on the eigenvalue detail of each model.
A selected sweep of reducing X /R ratio is used to highlight the distinction in mode
detail between the models. Finally, to show the parameter conditions that result in the
largest transient inaccuracy of each model, the error of each model during the power
disturbance, compared to the EMT non-linear model, is calculated and displayed in a

series of heat-maps.
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5.5 Small Signal Model

Following the implementation of the non-linear EMT model in the time domain,
the three small signal models of varying detail complexity were derived, to be later
compared to the non-linear model for accuracy. The three tested models are the full

detail SSM, the Jacobian representation from [205], and the classical model.

5.5.1 Full Detail EMT SSM

The first small signal model derived, is the full detail SSM representation. The method
of creating the SSM requires the linearization of all of the non-linear EMT equations
representing the grid and control system. This derivation is described in Chapter
The grid to converter system is shown in equations (3.49) to , the power and
AC voltage calculations in and . The linearised frame changes are shown
in and , and finally, the grid forming control is represented by
and . The value of damping selected is determined from the calculation of the
damping torque, which is further explained in Section Additionally, the outer loop
AC voltage control is shown by the voltage components in to An overview

of the linearised systems with the defined state variables is shown in Figure [5.2

The voltages obtained from the voltage controller are passed through the linearised
reference frame transformation from the converter frame to the grid frame [204]. The
full EMT SSM considers the dynamics of the network, the full converter impedance,

and the filter capacitor ensuring full detail of the represented system.

5.6 Jacobian Model

The next small signal model of a VSM to grid system investigated is the static Jacobian
matrix, which has traditionally been utilized for power flow and voltage stability
analysis, despite the latter being a dynamic phenomenon. However, [205] argues
that the Jacobian can still be used to observe the system dynamics if the frequency

range is “quasi-static”. It is based on the four transfer functions between inputs of
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Figure 5.2: Linearised small signal model system connections.

angle disturbance and PCC voltage disturbance, to change in output power and PCC
voltage [205], with the matrix representing the AC network and the vector control
of VSCs connected to the grid. It is derived from the voltage and current equations
from the grid to converter circuit, represented in the dq frame, and substituting the
linearised equations into the state space dq representation of the power equation [205].
However, in certain parts of the equation substitution, the resistance is neglected to
simplify the equations, and this representation with the transfer functions neglects the

filter capacitor and so its dynamics.

The motivation behind using the Jacobian is to be able to represent a synchronous AC
power system as “one multivariable feedback control system”, with feedback controllers
defined [205]. The idea is that various VSCs, synchronous machines, and loads, can
be added to the system as inputs to the matrix control. However, these simplifications
to make the matrix could result in important dynamics not being included. The

relationship between the power, angle, and voltage, resulting in the Jacobian matrix
AP Jpo Jpv| |Ab,

- (5.2)

AU Jug Juv| | B¢
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Figure 5.3: Jacobian representation of grid to converter system with VSM control.

With each Jxx, being the derived transfer function relating each variable from the
equations of the system and contain the grid dynamics representing the inputs to
outputs in the Laplace transform [205]. FEach of these transfer functions contain
dynamic information of the converter to grid model. The expanded detail of this
matrix is described in the Appendix[B] with a description of some of the simplifications

and assumptions.

Once the derivation of the Jacobian matrix has been achieved, the additional control
function can be added, as shown in Figure[5.3] The outputs from the VSM control block,
and the AC voltage controllers are input to the matrix, with the voltage controller
differing from that in the previous section, and being divided by the voltage

magnitude.

5.7 Classical Second Order Model

The simplest representation of a virtual synchronous machine connected to an infinite
bus involves the swing equation and synchronising torque coefficient [21], as shown in
Figure The swing equation is the same VSM control structure used in the full EMT
SSM and the Jacobian model, however in the Classical model, the grid is represented
only by the synchronising torque, Ks;. The electromagnetic torque can be separated
into the synchronising torque and the damping torque, with their coefficients defined

by K [pu torque/ radians] and Ky [pu torque/pu speed deviation| respectively. As
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presented in Chapter [5] the coefficient K is defined by

EV
K; = —cosé 5.3
s XT 0 ( )
and takes into account the infinite bus voltage, E, synchronous machine output voltage,
V', reactance between the two, X7 and the initial angle, §op. The damping coefficient
is calculated by ((5.4]), where ¢ is the damping ratio, H is the selected inertia constant,

and wg the base frequency.

Kp = 2¢\/K2Huw (5.4)

Equation does not take into consideration the resistance between the infinite
bus and synchronous machine, and is based on algebraic equations so lacks any related
dynamic information [1]. The synchronising torque coefficient indicates system stability,
with a negative value showing unstable non-oscillatory modes, and negative damping
torque coefficient indicating unstable oscillatory modes [270]. In Figure the
representation is in per unit, with AT, and AT, the per unit reference and electrical

torque respectively. The VSM frequency is represented by Aw;.

— >

Figure 5.4: Small signal model diagram second order synchronous machine model.

The limitations of this model depend on what information is required. There are

several higher order and more complex control structures of the VSM, however they

103



Chapter 5. Limitations and Comparisons of Small Signal Modelling Techniques in
Converter Dominated Medium Voltage Networks

can be difficult to use for analytical dynamic analysis. The “importance” of some
of the electromagnetic phenomena has also been debated in the literature [271],
the relevance of neglecting electromagnetic dynamics is less clear in the presence of
converter interfaced generation. The full small signal and Jacobian models have cross
coupling terms representing the dynamics of the impedances which are not included in
the classical model. This is a significant limitation of the basic Classical model, and
the impact of this can be observed in the results section with the reduction in X/R

ratio.

5.8 Results

5.8.1 Overview of Step Response

A series of parametric sweeps were performed on each of the models to investigate the
effect of short circuit ratio, damping ratio, ¢ (and therefore grid forming damping),
and X /R ratio on the accuracy of the models. The response to an active power step
input of 0.03 pu (10 MW) is observed for each model as the first case study. The
three implemented small signal GFM models were compared for their transient power
response across the parametric sweeps, to the non-linear EMT time domain response,

with some select examples shown here.

The higher the X /R ratio, the greater the decoupling between active and reactive power
[260] and so a step in the reference power should control the measured power without
significant effect on the voltage. However, decreasing the X/R ratio results in the
Classical model and Jacobian models having reduced accuracy. For the Classical model,
this is also partly due to the lack of inclusion of voltage control dynamics. This can be
observed between Figure and Figure where the X /R ratio is reduced from 10 to
5, at SCR of 1.5, and the Classical model loses accuracy slightly, but not significantly.
Further reducing the X/R ratio to 1, as in Figure shows significant error in both
the Classical and Jacobian models, deviating from the EMT model, showing longer

lasting oscillations.
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Figure 5.6: Step of 10 MW (0.03pu) SCR = 1.5, (= 0.1 X/R = 5.

The effect of reducing the X/R ratio is most critical at lower SCRs, as well as low
damping (¢ <= 0.1). Comparing Figures and if the SCR is increased from 1.5
to 6, for the same X/R=1 and (=0.1, the Jacobian and Classical model match the time
domain model slightly better than at the lower SCR. The model can suitably represent
small changes around the equilibrium point, however lower SCRs and X /R ratios result
in larger inaccuracies. Furthermore, this Classical model cannot reflect the changes

in voltage reference as the voltage control loop is not included in the model. With

105



Chapter 5. Limitations and Comparisons of Small Signal Modelling Techniques in
Converter Dominated Medium Voltage Networks

SCR = 1.5, H8 = 5, Damping Factor = 0.1, X/R ratio = 1

301
" Time domain model
;\‘ R e Classical Model
f . - - - - Jacobian
25+ - - - - SSM
=3
% 201 ‘\’
o
o
g
2
@151
O
=
10 p=—rd
20
10.1 10.2 10.3 10.4
I I I I | |
10 11 12 13 14 15

Figure 5.7: : Step of 10 MW (0.03pu) SCR = 1.5, (= 0.1 X/R = 1.

SCR =6, H8 = 5, Damping Factor = 0.1, X/R ratio =1
I

281

- = = = Time domain model
-------- Classical Model

- - - - Jacobian

SSM

N
(2]
T

N
S
T

N
N
T

N
o
T

=
[e2]
T

Measured Power [MW]
=
(o]

=
N
T

=
N
T

=
o

10 11 12 13 14 15
time [s]

o]

Figure 5.8: : Step of 10 MW (0.03pu) d) SCR = 6, (= 0.1, X/R = 10.

the lower SCR, the frequency of the oscillations differs for the Jacobian and Classical
models, compared to each other and the EMT, resulting in the waveforms being out of

phase with each other.

The full range of parameter values tested, in each of the three small signal models are
defined in Table To illustrate the the effects of changing SCR, X/R ratio and ¢ on
the models, a brief overview of the trends in the eigenvalue movement, and then overall

percentage error in transient accuracy calculated, in the following sections.
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5.9 Eigenvalue Analysis

For the full range of investigated SCRs, X/R ratios and damping ratios, the full
EMT SSM model completely matched the non-linear EMT model. Therefore, the
eigenvalues of the full detail SSM model were used as the accuracy baseline for the
model small signal comparisons. For the same parameters investigated, detailed in
Table the eigenvalues were analysed. The voltage controller and network modes
are represented by the full detail SSM and the Jacobian models, but they are much
more heavily damped than the electromechanical modes and so will dissipate much
faster. In Table the full range of the real parts of the eigenvalues are shown,
and the electromechanical modes are emphasized in bold. As the Classical model only
represents the electromechanical modes, they will be briefly analysed for comparison
amongst the three models. The electromechanical modes match well across the models

for this parameter selection.

Table 5.3: Real components of eigenvalues of models: SCR = 1.5, ( =1, X/R = 10

Full SSM | Jacobian Classical‘

—0.6339 —0.6358 —0.6486
—12.4488 —30.9007

—32.2373 —32.2574

—41.2439 —41.0783

—5.3925

For a constant SCR of 1.5, and damping ratio of 0.1, the X/R ratio was reduced from
10 to 1, with modes for each model shown in Figure As the X/R ratio is decreased,
the electromechanical modes become more damped for the full SSM model, but the
Classical and Jacobian modes move further apart in frequency (imaginary axis) from
the full SSM model, causing them to become out of phase with each other and the
full SSM model. They also deviate in terms of damping (time constant), due to the

deviations in the real axis.
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Figure 5.9: Comparison of the models with SCR 1.5 =, ( = 0.1, H = 5 s, over decreasing
X/R ratio (10 to 1).

Towards the lower end of the X/R ratio range, the Jacobian modes are significantly
different from the full SSM electromechanical modes, which was observed in the
oscillations of the model in Figure [5.8 The modes of each model begin to significantly
diverge from each other from X/R < 3. Increasing the SCR, at a low X/R ratio, results
in the modes becoming more damped again but with closer together frequencies and

so this phase shifting is not as pronounced.

5.10 Model Comparison Overview

The limits of the converter modelling methods in regards to accuracy are subjective in
a sense of what is an acceptable deviation. Referring back to Figures to the
full detail small signal model matches the EMT model incredibly well for the range
of investigated parameters, SCR, damping ratio and X/R ratio. For high X/R ratios,
the Classical and Jacobian models follow the EMT response very well, combined with

SCRs greater than 3 and damping factors above than 0.3. For the lower X /R ratios of
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< 1, when SCR = 6, the initial response is acceptable but begins to get out of phase,
and deviate in terms of damping. Then, as the SCR is reduced, the lower detail models

begin to lose accuracy significantly for all damping ratios.

The general conclusions of the effect of the parameters on model accuracy can be
displayed in the heat-maps of Figure [5.10] and Figure [5.11} For the three modelling
techniques, the system was implemented as a linear time-invariant block with the
corresponding state space system selected, and the output of each compared to the
EMT model. The sum of the squares of the error for each point of the response after

the step was then calculated compared to the EMT response following

% Error =100 2i=0(Pmi = Poimy)”) (5.5)
Z?:O PSimi)z '

Where Py, is the EMT Simulink response at point ¢, and P, is the investigated
model at time 4. Therefore, Figure and Figure [5.11] are heat-maps showing for
each modelling technique, the percentage error in accuracy compared to the non-linear

EMT model, across the parameters investigated.

For the range of SCRs and damping ratio, the sum of the squares of the error was
calculated for each X/R ratio. For the X/R ratio of 10, Figure the greatest error
was with the classical model at SCR 5 and damping ratio of 0.1. The exact percentage
error of this value is only 0.72%, which is very insignificant. Considering this is the
highest error for this parametric sweep, the other errors for the remaining models, SCRs
and (, are even smaller and so show great accuracy. As the overall error is very small, for
a small signal power disturbance, any three of the models would be capable of accurate
representation, and the classical model has the lowest computational burden and so

could be used very effectively for this type of investigation for the given parameters.

When the X/R ratio is reduced to 1, a significant change is observed in the accuracy
of the Classical and Jacobian models, shown in heat-maps of Figure The greatest
error observed across the parametric sweeps was 20.5%, using the Jacobian model at

SCR = 1.5 and damping ¢ = 0.1. For the Classical model with the aforementioned
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parameters, the error is 13%, and for the full EMT SSM, the error is only 0.09%. For
the Jacobian and Classical models at this X/R ratio of 1, across all SCRs and damping
ratios the percentage error is significantly increased compared to the same parameters
but with a higher X/R. The EMT SSM however still maintains a very good accuracy

across all parameters.

The Jacobian model can accurately represent the dynamic response of a power step
with an X/R > 3, as seen in the graphs of Figure to Figure However, at lower
X/R ratios, the response is increasingly inaccurate, especially at SCR < 2 and ¢ < 0.2.
The Classical model has the same limitations for each parameter. Therefore in terms
of accuracy, the Classical model has a slightly higher percentage transient accuracy
compared to the Jacobian, however they both have increased percentage error with
low X/R (< 3) and low damping factor, (( < 0.3). The EMT SSM is accurate in
all instances, and fully matches the non-linear EMT, and the classical and Jacobian

models could be sufficient in representing a power step change with X/R > 3.

5.11 Chapter Summary

The modelling of converter dominated networks, and identification of interactions
within, is becoming increasingly complex. As such, maintaining the balance between
accurate, detailed models, and an appropriate computational burden is paramount.
Non-linear EMT modelling provides the most accurate response, yet is limited by
having the highest computational cost, and the full small signal model is incredibly
useful for converter interaction and sub-synchronous oscillation analysis however at
a high complexity with limited scalability. Simplified models such as the Jacobian
representation or the Classical second order model allow for simple analysis but do not
always appropriately show the dynamics of the grid/converter, and at lower SCRs and
non-moderate damping ratios, they show an increased error, especially at lower X/R
ratios. For the range of short circuit ratios of 2 to 6, and damping ratios of 0.1 to 1,
the Classical and Jacobian models are as accurate as a full small signal model, when

at a high X/R ratio. However, with an X/R < 3, the Jacobian and Classical models
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have a much lower accuracy compared to the full EMT SSM, especially combined
with SCR < 2 and damping ratio ¢ < 0.3. The inclusion of the full converter to
grid impedances as well as filter capacitance is key for the EMT small signal model,
enabling accurate representation of the grid. The Classical model only includes the
equivalent inductance between the grid and converter, ignoring the resistance and
capacitance. The Jacobian model mainly considers the grid impedance, but makes some
simplifications in some of the internal transfer functions by neglecting the grid resistance
in some cases. These simplifications allow for ease of implementation and simplicity,
but result in lack of dynamic detail and damping. These limitations of the Jacobian
and Classical model result in significantly reduced accuracy for the increasingly seen

“extreme” grid parameters.
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Chapter 6

Assessing the Capability and
Limitations of Small Signal

Simplified Grid Following Models
for the Identification of

Sub-Synchronous Oscillations

Electricity grids are seeing dramatic changes due to increased power converter
penetration, causing variations in grid strength, X/R ratio, and new dynamic
bandwidths, which present stability challenges that need to be captured in models.
The use of appropriate modelling techniques is critical to achieve an accurate stability
assessment, however, it is also important to balance this accuracy with computational
burden. This chapter compares three key small signal models of a grid following
converter; a full detail small signal model, a Model Order Reduction (MORI) method,
and a simplified phasor model. They are compared for their ability to represent
transient accuracy, eigenvalue stability and identifying the presence of key modes that

could cause sub-synchronous oscillations. Previous literature has failed to define the
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bandwidth and accuracy of the different modelling approaches in specific conditions.
This chapter addresses the need for parametric sensitivity studies, and presents a
methodology of evaluation of lower detail models, for highlighting instability, and
the sub-synchronous, oscillatory modes that low detail models fail to capture, even
when they are expected to. Results show that the performs slightly better
than the simplified phasor model, however, both fail to capture critical stability
information regarding oscillatory modes at sub-synchronous frequencies in certain
parameter conditions. Additionally, they both have reduced accuracy in representing

system instability, especially at low SCRs, when the full detail model should be used.

6.1 Motivation

The urgent threat of the climate emergency has resulted in a dramatic change in
the power system, with traditional synchronous generation being replaced with power
converter interfaced renewable generation [3]. The most widely used converter control
is the grid following (GFL) structure, which utilises a phase locked loop (PLL) to

synchronise to the grid voltage at the point of common coupling (PCC), [272], [12].

System operators have observed sub-synchronous oscillations (SSOs) that were not
predicted during the grid connection simulation phase. Such examples occurred in
the UK in June and July 2023, where 8 Hz oscillations occurred on 5 separate days,
resulting in tripping of generation, an HVDC link, an inter-connector and a transmission
circuit [14]. Other cases have been reported worldwide, such as in China and the USA,
which have been severely destructive [16]. These issues highlight the difficulties system
operators are experiencing, and the need for accurate modelling and identification of

oscillatory modal phenomena.

CIGRE [273] stresses that SSO screening methods are important and should be simple
and easy to understand. This is complicated considering that model accuracy could
be impacted by low SCR (values <2) [268], [269], variable X /R ratio (depending on
generation connection point) [260], and variable controller gains. This Chapter aims

to provide the required screening to identify the ability of the models to accurately
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predict SSOs across the range of relevant conditions.

Non-linear electromagnetic transient (EMT) time domain models offer the highest
accuracy of modelling but are associated with significant computational burden and
simulation time, the need for detailed understanding of the power system parameters
and dynamics, and difficulty in identifying the source of oscillations and/or instability.
Small signal models (SSM) can offer a compromise between accuracy and computational
demand, as well as offering classic control theory tools to assess oscillations and their
instability mechanisms [21]. Different SSMs of GFL converters have been proposed,
however there are problems that exist for each model, ranging from computational

burden, to lack of accuracy [1,]262,274-276).

The literature has compared different models for accuracy and representation, such
as the extensive descriptions in [1,[274] and [277], which compare EMT models, to
some phasor, small signal and simplified models of differing dynamic detail. However
they give a theoretical overview of the modelling capabilities and not a practical
analysis of the contained dynamic modes and instability indications across realistic
parameter conditions, as this paper aims to. Large signal model order reduction
methods and comparisons have been presented in papers such as [278], [279] and [280],
showing a good match in response for a reduced 6th and 4th order models, with a
moderate reduction in accuracy for a 2nd order model. The authors of [281] give an
extensive comparative review of small signal models in terms of state space, transfer
functions, and impedance models. However, again the models are not compared across

a combination of parametric conditions.

Therefore, this chapter compares three small signal models of varying detail, and
identifies the conditions under which each model can be used, and when the full detail
SSM is required. This is achieved by assessing if each model can identify problematic
conditions, such as sub-synchronous oscillations, and instability. The three models
assessed are the full detail SSM, such as in [204], a Model Order Reduction (MORI)
method, from [282], and a simplified phasor model [274]. The motivation behind

selecting each model is provided in Section [6.3.1], with the complexity of each model
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described and the derivation of the equations.

The key contributions of this chapter are: a methodology for screening models for their
modal accuracy and capabilities of identifying oscillatory sub-synchronous modes, and
comparing the accuracy of three common small signal modelling techniques, to assess
what system and tuning conditions result in a degradation of model accuracy. It is
expected that the simpler models will not be as accurate as the full detail model,
however it needs to be studied what parameter conditions exacerbate these issues,
and if they do not recognise dynamic detail in the sub-synchronous range, which they
would be expected to. To the best of the authors’ knowledge this is the first study
to complete such a sensitivity analysis. The models are investigated under changing
SCR, X/R, and outer power loop time constant. Using the eigenvalue analysis across
the range of relevant conditions, this paper defines the conditions that each model-
type can be used by Transmission System Operators (TSO)s to accurately identify and
describe SSOs.

6.2 Methodology

The case studies presented in the results in Section were completed with the

following methodology.

6.2.1 Implementation of Small Signal Models

The motivation of this work, described in the introduction, is to give a clear
understanding of what degree of model complexity is required across varying system
and control parameter conditions. The first step in this method is to implement each
of the small signal models, which entails the linearisation of the full VSC system and
control equations. The linearised equations are expressed in state space form, from

and
Ax = AAx + BAu (6.1)

Ay = CAz + DAu (6.2)
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where  is the state variables vector, u is the input vector, and y is the output vector.
The matrices A, B, C'and D are the state space, input, output, and feed-forward matrix.

The derivation of each linearised state space set of equations is detailed in Section [6.3

6.2.2 Identification of Problem Modes

The purpose of reducing the detail in complex models is to improve computational
burden, and increase simplicity. It is assumed that there will be detail missing,
such as high frequency modes, however many models aim to retain lower frequency
modal information, such as the aforementioned MOR] method, and accurately represent
instability. Therefore, it is important to test the limits of detail that can be represented

by the [MORI] and simplified phasor model compared to the full detail SSM.

To understand the limitations of models, eigenvalue analysis is used to identify cases
where the full detail SSM represents key features of the system but the [MORI] and
phasor model do not. The eigenvalues of the overall system A matrix [21] are defined
by A in , and from this the damping of each mode can be defined by . The
damping ratio, ¢, indicates when a system is critically damped ({ = 1), over-damped
(¢ > 1), or under damped (¢, < 1). The frequency of each iy, eigenvalue, defined by
fi, is equivalent to b; in

Ai = a; + jbi (6.3)

a;

(= —F—— (6.4)

\Ja?+b?

From this eigenvalue analysis, it will be identified when the MOR]and simplified phasor

models do not represent key information that is in the full detail model, such as:
1. when the system is unstable (a; > 0)

2. when there are “modes of concern”: poorly damped modes, with ¢ < 0.2, that

occur in the sub-synchronous (f; < 1007rad/s) range.

By reviewing eigenvalue plots of the systems, modes of concern that are missing from

the lower detail models are identified. The damping ratio of each mode has been
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calculated with , and where the damping is less than 0.2 the mode is highlighted.
A value of 0.2 damping ratio has been selected as outside of this range, in the literature,
has been stated as being poorly damped [21], [226]. Additionally, modes that indicate
instability that are included in the full detail SSM, but not the lower detail models are
identified.

6.2.3 Parametric Overview

TSOs, vendors, equipment manufacturers and project owners are highlighting the
importance of simplicity of modelling, whilst balancing accuracy. Therefore, the
industry needs methods to give indications of what conditions simplified models can be

used to accurately represent sub-synchronous oscillations.

In Section for each parametric condition, the full detail SSM is analysed to see
if it contains “modes of concern”, or instability (defined in the previous sub-section).
The MOR and simplified phasor are then checked to see if they also contain this modal
detail, and if they do not, the parametric value is plotted. Therefore, in these plots,
the zyz coordinates of each point are the SCR, 7, and X /R value, and so any plotted

point indicates at those values, the lower detail model is not accurate.

6.3 Modelling

In this Section, the three small signal models are described in detail for their defining

equations and assumptions made.

The modelled grid-following current controller is pictured in Figure It contains the
outer power and AC voltage control loops, and the inner current control containing
proportional and integral gains dependent on the converter side inductance and
resistance [204], based on the modulus optimum tuning technique [224]. The power
loop controller K, (s) has proportional and integral gains, K, pc and K;pc respectively,
and for the voltage controller Ky/(s) the gains are Kpyc and K;yc. The phase locked
loop (PLL) is defined by Kprr,(s) with the proportional and integral gains being K,pr1,

and K;prr. The grid side inductance and resistance are defined by L,, and R,,, and
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the converter side defined by L. and R.. The DC voltage is assumed to be constant, as
the purpose of the models the authors are analysing is for the identification of SSOs in
the AC grid. Some of the lower detail models do not contain DC voltage feedback, and
the goal is to test that claims of the detail included in the simpler models, therefore
the effect of the DC link is not assessed. The operating points of the system have been

calculated using MatPower [283].
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Figure 6.1: Current controller model of GFL in dg control.

6.3.1 Model Selection Overview

The three small signal models analysed in this section are the full detail SSM, the
selected Model Order Reduction method from [284], and a simplified phasor model. The
reasoning behind the model selections have been briefly described in the introduction,

and are expanded upon here, highlighting the known benefits and draw backs of each

model.
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The full detail SSM contains the dynamics of the grid, which entails representing the
system as the currents, voltages and impedances in first order differential equations.
This accurately shows the non-linear characteristics of the voltage and currents flowing
through the representative grid impedance. The full detail model also includes the
outer, and inner current control (CC) loops, and accurately represents the small
disturbance characteristics of the system, sub-synchronous oscillations, small transients
and instability [21,1285]. It is presented in a state space representation, with a large
number of system states. This extensive state detail gives the ability to obtain great
insight into the cause of oscillations or disturbances, by the use of eigenvalue analysis
and participation factors. However, a detailed knowledge of the system is required, and
the implementation of deriving all the equations of larger systems can be impractical

for system operators.

The second model assessed in this study is the MOR implemented from [282] and
[284], and has been chosen as it is a very popular simplification method utilised in
[286/-289], and is deemed to be a good ”intermediate” simplification step between the

full detail SSM and the simplest modelling method. It is implemented in state-space

form as a Multi Input Multiple Output (MIMOI) system of transfer functions, allowing
the use of classical control theory tools to analyse the represented dynamics. The MOR
is stated to be used for analysis of dynamic behaviour and system stability considering

sub-synchronous modes in weak grids (pertaining to low SCR) [284].

The simplest representation of a grid-tied GFL converter is a phasor implementation,
where the differential equations of grid dynamics are represented algebraically, and the
converters are represented as a current source with magnitude and angle defined by the
controller. Typically they have been employed due to the assumption that the system
frequency will remain close to the rated synchronous frequency, and that the dynamics
of the grid do not need to be represented [1,[274]. The simplicity of this method is
highly beneficial to TSOs and those developing large system models, however it lacks

information of system dynamics and some converter interactions.

The full detail SSM contains the grid dynamics and all of the current controller
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Table 6.1: Details included in each model.

Detail | Full Detail MOR  Simplified Phasor

Grid Included Included Not Included
Dynamics

Not Included, angle

PLL Included Included taken directly
Dynamics from phasor
Inner Included I, =17¢f I, =17
CcC

dynamics. The selected MOR is derived from linearised system differential equations,
but is simplified to multiple Single Input Single Output (SISO transfer functions.
The method also involves further simplifications, such as assuming the inner current
loop is fast enough that the measured current follows the reference current exactly.
The simplified phasor model contains no grid dynamic detail, as it models the grid
algebraically. Like the MOR, it also assumes the current follows the reference exactly,
however it does not represent the grid synchronisation with a PLL, instead it directly
uses the angle from the PCC voltage phasor, losing all detail of the PLL dynamics.
Additionally, the reference frame conversion in the MOR is simplified to neglect the
initial angle deviation. An initial overview of model detail is given in Table and a

summary later, in Figure |6.3

6.3.2 Model 1: Full Detail SSM

The first small signal GFL model tested is the full detail SSM. The AC grid to converter
network can be represented by the matrices, AA,, ABy, and ACy, shown in (6.5)) to
, which are defined by the impedance between the converter and grid voltages (vqq

and eqq), and the system frequency, w. AD, is a null matrix, in this case. In the
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following sections, the variables are in either the grid frame, or the converter frame.

- B )
A w2 00 0
w *f} 0 ;—j 0 0
1 -1
A, = | ? R 01 (6.5)
0 0 £ 0 F w
| 0 0 0 L% —w —ijn_
- )
= 0 0 0
o L% 0 0
AB, = (6.6)
0 0 %i 0
[0 0 ]
(1 0 0 0
0100
AC, = (6.7)
0010
00 0 1
AD, = zero(4z4) (6.8)

Where the state variables and inputs, Axg and Aug, are defined in terms of the
converter side currents, Aicq, Aicq, grid side currents, Aing, Aing, and PCC voltage

Aug, Aug:
Az = [Migq Mgy Aug Aug Nipg Aing (6.9)

Aug = [Avy Av, Aey Aey] (6.10)

A key feature of the grid following converter is its reliance on a PLL to synchronise

with the grid and follow the voltage. The grid angle, 6, is obtained from where
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Gprr is the PLL transfer function.

Af _ Grrr _ Kpprrs + Kiprr (6.11)
AUq S 52 + aps + b[) '

where ag = (Kpprrcos(00)Uqgo + Kpprrsin(8o)Uq)
by = (Kiprrcos(0o)Ugo + Kiprrsin(fo)Uy with the subscript, o, indicating initial

operating point of the variable.

The outer loop controls and inner current loop are modelled using the dg components
to form the voltage references to be applied to the gate drives. The grid dq currents
and voltages are converted into the converter reference frame from the grid frame, by
the linearised frame transformation [83] and the angle given in equation (6.1T). If

a component X is defined in the grid frame by X, and in the converter frame by

X§, then the relation can be expressed by (]6.12[) and (]6.13[) (where the superscript ¢

indicates the converter frame), and 6 is the angle difference between the frames.

X§ = Xyel? (6.12)

Xy =XGe /" (6.13)

The transfer matrix from grid to converter frame needs to be linearised, and is defined
by T, and by T~! for the converter to grid frame, which are explained in Chapter
For a variable X, the linearised transform between each frame is defined by T, with the
linearisation around Xy, and 6.

- cos(bo)  sin(bo) —waosin(fo) + zqocos (o) (6.14)

—sin(by) cos(Bg) —xzgocos(bo) — xq05in(6p)

With the linearised inverse transform defined by 7!

cos(fp) —sin(fy) —xgysin(bo) — zgocos(fo)

7! = (6.15)

sin(fp)  cos(bo)  xgecos(bo) — zgosin(bo)

The inner current loop can then be expressed, with the state space representation shown
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by (6.16) to (5.19).
Ao = zero(2x2) (6.16)

10 -1 0 00
Beo = (6.17)
01 0 —-100

K; 0
Coe= | ¢ (6.18)
0 Kicc
K 0 — —wlL 1 0
Dee= | ¢ pee ¢ (6.19)
0 Kpce wLe —Kyco 0 1

Where the state, input and output variables are defined by Axce, Auee and Ay,

Aze. = [Aeig, Aeig] (6.20)
Atee = [Aily, Aizq, Adgy, Aigq, Aug, ug] (6.21)
Ayee = [A0G, AvE) (6.22)

The proportional and integral gains of the current loop PI controllers are K,cc and
K;cc respectively, and Aei§ and Aeig are the errors between reference current and
measured current for the d and ¢ components respectively. The outer loop power
and voltage controllers are shown in Figure [6.1 with the PI controllers defined by
Kp(s) = Kppc + @ and Ky(s) = Kyc + % for the active power and AC
voltage controller respectively. The integral gain of the power controller is defined
by K;pc, which is defined by the proportional gain, and the time constant of the
controller, 7; one of the parameters varied in the study case in Section [6.4 The
outer loop of power and AC voltage is defined by ([6.23]) to (626]), where the state
variables are the error between reference and measured values, Az, = [AeP, AeV],
and input variables are the reference and measured power and AC voltage Auy =
[AP,et, APpcas, AUref, AUpeas]. The measured PCC power and voltage can be
calculated from the equations shown in the next section in (6.50) to (6.51I)). In this

study, the DC voltage is not included as an input disturbance, and there is no DC
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voltage droop control to the outer loop, as typically this control is in either active
power control or DC Voltage, switching between the two [290], and in this study, the

small signal response is assessed with active power outer loop.

AA, = zero(2x2) (6.23)
1 -1 0 O
AB, = (6.24)
0O 0 1 -1
K; 0
AC, = | 7€ (6.25)
0 Kuc
K — 0 0
AD, = | PFC TP (6.26)
0 0 Ky,ye —Kyuc

6.3.3 Model Two: Model Order Reduction

The reduced order model uses multiple SISOl transfer functions, derived from [282] [284],
to provide an input-output relation between power and voltage references and measured
values. Reference [282] justifies this as a sufficiently accurate yet simplified model for
eigenvalue analysis, however this only is stated for lower SCRs, and needs to be assessed
across further parameters. The following section presents an overview of the derivation
of the transfer function, however, the reader is directed to [282] and [284] for

full model descriptions.

The plant equations of the VSC, PCC and grid voltage are defined by, (6.27)) and (6.30)).

This is similar to the system equations in Section (6.3.2]), however the filter capacitance
is not considered. The grid inductance and resistance are indicated by L, and R,, and

the combined grid and converter impedance by L, and Reg.

Aug — Aeg = (sLg + Ry)Aicqg — wLgNieg (6.27)

Aug — Aeqg = (sLg+ Rg)ANieg + wLyAigq (6.28)
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Avg — Aug = (8Leg + Req) Aicg — whegAigg (6.29)

Avg — Aug = (sLeg + Reg) Nieg + wleqAicq (6.30)

If the initial angle difference is assumed to be 0, the PLL angle can be represented as

(6.31]). This transfer function is referred to as Gppr.

A0 Kpprrs+ Kiprp
AUq s24 Uagos + Ugg

(6.31)

If (6.28) is substituted into the linearised PLL equation given in (6.31]), it can be
expanded, resulting in the grid angle being represented by (6.32)). Note, the grid side

voltages, Aegq and Aegyq, are neglected.

Abprr, = GPLL((SLg + Rg)AiCq + ngAicd) (6.32)

The grid voltages and currents are then transformed between the grid and converter
frame. In the full detail model, this is achieved using the linearised transforms in
and . However, for this MOR, the transform is simplified to the equations
in (6.33) and (6.34)), as the initial angle deviation is assumed to be negligible. For this

transform, a variable F' is in the grid frame, and F'¢ in the converter frame.

Afq 10 —~fg Afi 6.33
qu - 0 1 50 qu ( )
_AH_

Arel 1o g AJd
afe] o1 —a) | .
_Ae_

As the current control is assumed to be fast enough to follow the reference directly, the
transient is ignored, and the inner current loop controller is not included in the model

(resulting in the controller in (6.35)), G (s) = 1). These linearised reference currents
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are substituted into the equations for the inner current control loop, with the converter

frame denoted by ¢ and the grid frame without any superscript.

AvSy = Aug + Gcl(s)(Aiﬁefcd — Aigg — wL:Adg,) (6.35)
A’Ug; = AUCCI + GCl(S)(Aiiefcq - A’lgq + WLcAigd) (636)

The converter voltage equations, transformed currents, voltages, and linearised PLL

equations are substituted into the VSC-PCC equations of (6.29) and (6.30)). The steps

of substitution of this stage are expanded upon in Appendix [C]

After this substitution, the system can be represented in terms of current reference,
converter currents, and change in angle. The change in angle can be represented solely
in current terms, leading to the current reference to current output representation given

by (57,

Aieg A B| |Ad,
= (6.37)
Aigq C D| |Ai

cq

In [284], the grid inductor dynamics are neglected, resulting in even more system
simplification. However, they can be included, as in [282], with the simplification
of the matrices to give an input current reference, to output measured current, which
is detailed in [282], shown in . The relation between the measure power and PCC
voltage, to input dq current references is defined in .

AP m n| |A B| [Ai,

_ (6.38)
Au p q| |C D| |Aig,
Where the matrix entries A, B, C, and D are transfer functions defined as
A= ! (6.39)
1+ GprrXgleq '
B=0 (6.40)
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GprrXgledo

C =
1+GprrXgleg

(6.41)
D=1 (6.42)

and m, n, p and ¢ defined by
m = 1.5[eqo + icq0Xg + icdoRgl,p =0

n = 1~5[_icd0Xg + Z.ch-Rg]? q= _Xg

In the matrix defined by m, n, p and ¢, the g-axis aligned voltage is simplified to
zero, and the d-axis voltage is equivalent to —X,I., (as the g-axis current through an
inductor is d-axis aligned). A further simplification, is the infinite bus voltage, e, is
assumed to be negligible, as is the grid resistance. The full system of input
Power and Voltage reference to AP and Aw is given by . Measured active power

and PCC voltage are shown in (6.48]) and ([6.49)).

Y
GPCO *
AP | 1+GPCO 1+15j}(00 AP
= i (6.43)
Au 1+ N GACO Au*

1+GACO 14+GACO

where the intermediate variables X, Y, M, N, GPC0 and GPCO0 are defined by

X = Kp(s)(mA+nC),Y = Ky(s)(mB + nD) (6.44)
M = Ky(s)(pA+qC), N = Ky(s)(pB + ¢D) (6.45)
YM
GPCO =X — a N (6.46)
YM
GACO= N — ] (6.47)

The magnitude of the PCC Power and Voltage can be calculated with (6.48]) and ([6.49]).

3, .
Preas = i(udzcd + Uqlcq) (6.48)

U =\/uj+ u? (6.49)
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3. . . .
APpeas = i(chOAucq + chOAUcd + uqOAZcq + UdOAch) (6'50)
A A
AU = —a02t Hdo 2t (6.51)

Vido+udy Judo+ul
6.3.4 Model 3: Phasor Simplified Small Signal Model

The simplest modelling approach does not model the system as a series of differential
non-linear equations but represents the grid algebraically [274]. Additionally in this
presented model, it is assumed that the current loop accurately tracks its references
and the grid voltage is shown as a static gain e,4, as in [274] and [1]. The simplified
phasor model is shown below in Figure [6.2]

Rn iXn

ipr is

E<0

Vs
Pref . dq — xy |—>| Ipr = ixHy |—} Is = Ipr + JT;:

Pmeas

Vref ‘b@—}

Vmeas

Figure 6.2: Simplified phasor model [1].
The angle from the PCC voltage phasor, The angle from the PCC voltage phasor, Vs,
is used to convert the dq currents to their cartesian x-y grid frame [274], [1], using
the linearised frame transformation, 7. The output current from this transformation
is Ipr = iz + jiy, and together with the current derived from Vj, across the parallel

converter inductance, Xpg, the source current (I; = is, + jz'sy) can be calculated.

Vs
I,=1Ipp—3j 6.52
PR= 5 (6.52)
Where the PCC voltage is derived by
Vel0 = E/0 + (ig + jiy)(Rn + jwLy) (6.53)
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The simple phasor model is then linearised to create the state space small signal
representation, giving the simplified phasor small signal model. Collecting the real
parts of the equation, these can be set equal to the cartesian z component of the

equation, and the imaginary parts of the equation are equal to the y component.

AV, _ R, —wL,| |Ai, (6.54)
. wln R, .
Ml TR x| (6.55)
Aig, ;(—; 1+ | | Al

The PCC voltage and power are calculated with the same method as the full SSM,
however using the x-y coordinates. Although the PI controllers or system dynamics
are not included up to this point in the simplified phasor model, several papers have
cited the use of outer loop controllers even in RMS or phasor modelling, such as in [1]
and [274] due to their slower speed. Therefore the outer power and voltage loops with
PI control are included in this model, with the same proportional and integral gains
as shown in Figure[6.1] The summary of the equations and simplifications used in the

three models can be viewed in Figure (6.3)).

6.4 Case Study

The three modelling techniques were tested for their accuracy across varying parameters
and control gains to observe the limits of each model, using them to implement the

system in Figure [6.1] The base system parameters are defined in Table

The varied range of parameters, the SCR, the X/R ratio, and the time constant of the
outer power controller, 7 are presented in Table [6.3] These parameters, especially the
latter two, lack prior study of their effect on the validity of the reduced order models,
when trying to identify poorly damped modes, SSOs, or instability. The range of each
parameter, specified in Table have been decided upon as the probable expected
range each parameter could be. Traditionally a high SCR is anything above 3, and
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Figure 6.3: Summary of small signal representation of equations and assumptions used
in each model.

anything below 2 as low [269]. Therefore a suitable encapsulating range of SCR = 0.4
to 5 has been investigated. The range of X/R selected was to test across a full range of
possible lower values in distribution and transmission grids, with low values of 1 [291],
and high values of up to 20. The outer loop time constant is varied between extremes

of 1ms and 500 ms.

The eigenvalues of each model are assessed at each parameter condition to compare how
each model represents sub synchronous modes and system instability. The eigenvalues
are checked to see if the under-damped oscillatory modes present in system (as shown

by the full detail SSM), are identified in the lower detail models.

6.4.1 Results

The validation of the power responses is shown in Figure and Figure [6.4bl The
models are compared to the step response (0.01 pu active power) of an EMT time
domain model of the same system. The accuracy of the full detail SSM is validated

for both sets of parameter conditions in Figure and Figure [6.4Dl The MOR and
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Table 6.2: System parameters

Parameter ‘ Value ‘
Base Power 350 MW
Nominal AC L-LL RMS Voltage 230 kV
Grid Resistance, R, 0.1 pu / SCR
Grid Inductance, L, 1 pu/ SCR
Converter Resistance, R, 0.01 pu
Converter Inductance, L. 0.08 pu
Current Loop Time Constant 20 ms
Kpprr [204] 0.002
Kiprp, 0.0045
Kpyc 0.001
Kiye 0.5
Kppc 1.0722 x 106
Kipc @

Table 6.3: Parametric range tested

Parameter ‘ Lower Limit Upper Limit
Short Circuit Ratio, SCR 0.4 5

X/R 1 20
Time Constant, 7 1 ms 500 ms

simplified phasor maintain good accuracy in Figure[6.4al, with SCR = 1, 7 = 50ms, and
X/R = 10. However, in Figure [6.4D with an increase in SCR = 4, and reduced time
constant to 7 = 25ms, the response of the MOR and simplified phasor model are much
less accurate in transient response. The source of the change in accuracy between
Figure and Figure [6.4D)] is difficult to discern for the wide range of potentially
significant parameters. Considering this, and the lack of information regarding mode
damping and instability available from the time-domain response, a more thorough
approach is required to clarify the impact of system condition on model accuracy.
Therefore, a comprehensive technique is required to give an overview of the effect of

varying parameters on model accuracy.
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Figure 6.4: Selected power responses of 0.01 pu disturbance. a) SCR = 1, X/R = 10,
7 =50 ms. b) SCR =4, X/R = 10, 7 = 25 ms.

Eigenvalue Parametric Sweeps

The following section provides examples of plots of the eigenvalues of the three small
signal models, across a series of parametric sweeps, comparing the dynamic detail each
model represents. Instability is indicated by poles in the right hand plane, and the
poorly damped modes with damping (6.4]) of lower than 0.2. These eigenvalues that
have a low damping factor, are highlighted in blue circles. In Figure to Figure
[6.0] the full detail SSM is represented by the “x”, the MOR by the triangle, and the
simplified phasor model by the square. The colour of each key in the legend indicates
the first value of the parametric sweep (for example, in the case of Figure [6.5al an SCR
= 0.5), and changes as the variable (SCR) is increased (to 6). The arrows on the figure

represent the direction of the increasing variable.

Figure shows an example of eigenvalues of the system for each model, at 0.1 pu
active power with 7 = 0.04 s, X/R = 20, and iterating across SCR = 0.5 to 6. The
modes of concern are highlighted with blue circles, indicating eigenvalue damping ()
is below 0.2. They can be seen at —50s~!' to —100s~! in the full detail SSM, but
they are not represented in the MOR, or simplified phasor. There are several of these
modes that are above 314 rad/s (50 Hz), however there is a sub-synchronous mode

that is only shown in the full detail, seen at —50s~! damping. This is important to

134



Chapter 6. Assessing the Capability and Limitations of Small Signal Simplified Grid
Following Models for the Identification of Sub-Synchronous Oscillations

note, as the MOR and simplified phasor model are expected to not include all the
higher frequency dynamics, however this is a clear case of even sub-synchronous modes
not being represented in the lower detail models. There are sub-synchronous modes
close to 300 rad/s shown in Figure from —350s~! to —150s71, that are present in
both the MOR and full detail, however they are very well damped and would quickly
dissipate. As expected, the simplified phasor model does not include much oscillatory
modal detail, across the sweeps, which can be observed in the pole plot. Figure [6.6]
shows further examples of “modes of concern” only represented in the full detail model,

highlighted by the blue circles.

In Figure the power operating point is increased to 0.7 pu, with the same SCR
range, and X/R ratio as in Figure but 7 of 0.001 s. At this operating point, the
MOR contains modes of concern at around 300 rad/s, but it cannot show any higher

frequency modes that are seen in the full detail model.

An example of the conditions where the full detail, and simplified phasor show
instability, but the MOR does not can be seen in Figure with system modes
observed across increasing 7. The simplified phasor model and full detail show a very
unstable mode for the 7 of 1 ms, which is not accurately represented in the MOR.
In this sweep, there are other unstable modes that the MOR does not reflect yet the
simplified phasor does, and also modes of concern that only the full detail SSM includes.
Although the specific modes in the full detail and simplified phasor model indicating

instability are not of the same damping or frequency.

Considering the examples given in Figures to it is evident that there are
conditions in which the MOR and simplified model do not represent sufficient detail of
the modes of concern and instability. Therefore, a complete insight needs to be given
to show under which parameters these happen. The next section presents an overview
of the SCR, X/R ratio, and time constant and their effect on the models’ abilities to

represent oscillatory modes, and instability.
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Figure 6.7: Parameter conditions at which the full detail model has oscillatory sub-
synchronous modes, but are not identified by a) the MOR. b) the simplified phasor.
0.1 pu active power operating point.
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Parameter Overview

For the three models, the SCR, X /R ratio and 7 were varied across the range given in
Table At each parameter condition, the full detail model was checked for modes
showing instability, and poorly damped sub-synchronous modes, with the identification
process described in Section The figures in this section show the parameter
conditions where the MOR . or simplified phasor do not contain the modal detail that
the full detail model does. Each point is the X/R, SCR and 7 value that indicates the
condition where the lower detail models fail to capture modal detail. In each figure the
green shaded areas show the full range of parameters that were swept through, and the
pink shaded area shows the bounded area of parameters which don’t show the modal

detail in the lower detailed models.

Figure [6.7a] shows the parameters where there are modes of concern represented in the
full detail model that were not present in the MOR, at 0.1 pu active power. The MOR
is capable of representing them across slower time constants, in general, above 0.3 s.
However, between 0.2 s to 0.3 s, and increasingly below 0.2 s, the MOR is not capable
of accurate mode representation with X/R = 6 to 14, and SCR = 0.5 to 1.5. The
modes of concern represented by the full detail model, and not the simplified phasor,
are shown in Figure [6.7D at 0.1 per unit active power. At this operating point, the
simplified phasor model does not represent any of the modes of concern, across the
full range of X/R ratio, SCR and time constant, and so is not suitable for identifying
possible poorly damped modes. However, the MOR is capable or representation of
some sub-synchronous poorly damped modes, but only above an outer power loop time

constant of 0.3 s.

If the operating point is now increased to 0.7 pu active power, looking at Figure
the MOR fails to represent modes of concern across a larger parameter range than at
0.1 pu active power. In Figure the MOR . highlighted modes of concern for time
constants greater than 0.3 s, and recognised more for 0.2 s - 0.3 s compared to the
simplified phasor model. However, in Figure across the full range of 7 there are

cases where the MOR  fails to recognise the modes of concern. This is more prevalent
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7 [s] SCR 7 [8] SCR
(a) Not identified by MOR (b) Not identified by simplified phasor

Figure 6.8: Parameter conditions at which the full detail model has oscillatory sub-
synchronous modes, but are not identified by a) the MOR. b) the simplified phasor.
0.7 pu active power operating point.

for fast 7 (below 0.1 s), SCR = 0.5 to 2, and X/R = 4 to 20. At this higher active
power operating point, the MOR does not recognise modes of concern at very slow
time constants, up to 7 = 0.4s, between X/R = 5 to 17, and SCR = 0.5 to 1.5. This
is significant as 7 > 0.1s is a typical tuning value, about 10 times slower than the
inner current controller, [224], and therefore the MOR is expected at typical tunings
to accurately identify poorly damped sub-synchronous modes. Figure shows that

this cannot be assumed.

Figure [6.8b] shows the conditions where the simplified phasor, fails to represent the
poorly damped sub-synchronous modes. As with Figure[6.7D] the points plotted entirely
coincide with all of the conditions where the full detail model has modes of concern.
That is to say, the phasor model has been incapable of recognising the modes of concern

in any of these conditions, even the cases in the sub-synchronous range.

The modelling methods were then compared for accurate representation of system
instability. The full detail SSM highlights the conditions under which the system would
be unstable, and the MOR, and simplified model are compared to it for recognising
instability, by identifying modes in the right hand plane. The full range of parameters
identified in Table [6.3] were tested, however only SCR < 2 is shown in the following
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7 [s] ' SCR 7 [s] ' SCR

(a) Not identified by MOR, (b) Not identified by simplified phasor

Figure 6.9: Parameter conditions the full detail model indicates instability, that are not
recognised in a) the MOR. b) the simplified phasor. Operating point of 0.1 pu active
power power.

figures as there were no instances of instability above this. Figure and show
that for the lower power operating point of 0.1 pu, the MOR and the simplified phasor
have very similar conditions for which they don’t represent instability when the full
detail model does. Therefore, it could be concluded that at 0.1 pu active power
operating point, for stability indication, there is no benefit to using the MOR. over
the simplified phasor model at these parametric conditions. However, some caveats to

this conclusion arise when considering Figures [6.10d] and [6.10¢d

However, if the power operating point is increased to 0.7 pu, the modelling methods
differ in their ability to represent instability across the parametric range. From Figure
and Figure the figures show when the simplified phasor and then MOR do
not show instability that is represented by the full detail SSM. The MOR and simplified
phasor have similar capabilities to each other across the parameters, however there is
some variance. Across the full range of 7, at SCR = 0.4 to 2 and X/R = 6 to 20, the
models are frequently inaccurate. At lower X/R ratios (5 to 8), and lower SCR (0.5
to 1), the simplified phasor model is more accurate than the MOR. Figure and
show when the MOR recognises instability but the simplified phasor does not,

and vice versa. The simplified phasor model appears to identify when the system will
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be unstable in more situations compared to the MOR method. However the caveats to

this are discussed in the next paragraph.

Figure shows conditions when the simplified phasor model indicates instability,
but the full detail model does not. The full detail model obviously is more accurate
than the simplified phasor model (which can be seen in the validation Figure , and
so these parameters show conditions where the simplified phasor model is inaccurate,

showing a false positive. This leads to the conclusion also that the simplified phasor

model recognising more instability in Figure [6.10c| and [6.10d] compared to the MOR is

not a sign of greater accuracy, but the indication of false positives.

Therefore, it can be concluded that the MOR method can represent when the
system has poorly damped modes that could cause unwanted interactions, much more
effectively that the simplified phasor model. The simplified phasor can be slightly more
suitable for identifying areas of instability at the lower SCR ranges, however this model
is more inclined to producing false positives highlighting instability. Ultimately, the
full detail SSM is advised for anything below SCR = 2, especially at lower 7 and X/R
15 to 20.

6.5 Summary and Model Suggestions

In this chapter three small signal modelling methods were reviewed for their accuracy
compared to the non-linear time domain model and their ability to predict poorly
damped oscillatory modes, and unstable operating regions. A series of parametric
sweeps were performed across SCR, X/R ratio, and outer power loop time constant,
identifying the conditions where only the full detail SSM is capable of accurately

representing modes of concern and instability.

The MOR and simplified phasor models both fail to predict instability in low SCR cases,
therefore the full detail SSM is required to describe instability in these conditions. If
the grid is known to be strong, since the MOR is not more accurate than the simplified

phasor, then the latter should be used.
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Figure 6.10: Parameter conditions the full detail model indicates instability, that are
not recognised in a) the MOR. b) the simplified phasor. Operating Point of 0.7 pu

active power power.
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At 0.1 pu active power, the simplified phasor model, across the full range of parameters,
had very low accuracy in identifying modes of concern. However, with 7 > 0.3 s,
the MOR should be suitable to highlight enough oscillatory mode detail. With low
SCR (< 2) and faster time constants, 7 < 0.3, the full detail model should be used.
Increasing the active power to 0.7 pu results in the MOR losing some capability of
identifying modes of concern even with slower time power loop time constants up to
7 = 0.4 s. This indicates that even with “typical tuning”, at weaker grid conditions of
low SCR, the MOR is not viable for model usage, likely due simplification of the inner

current controller, and the full detail model should be used.

It is expected that lower detail models will have limitations and will not represent high
frequency oscillations. However, it is expected that they will be accurate in indicating
instability, and lower frequency oscillatory modes. This study highlights the parameter
conditions where the lower detail models fail to capture this detail, and the full detail

model should be used in these situations.
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Chapter 7

Effect of Grid Forming and Grid
Following control on Firewall

Capability of MMC-HVDC

Systems

7.1 Overview

HVDC-VSC/MMC systems have been stated to have an inherent “firewall” capability,
which is conventionally described as the prevention of unwanted oscillations between
interconnected AC systems, due to the controllability on either side of the link.
Typically the control of the converters has been with grid following (GFL) control,
however grid forming (GFM) control has become increasingly popular for grid support
and these control methods could affect the inherent firewall capability. This Chapter
uses electromagnetic transient and small signal models of a point-to-point HVDC-MMC
link to identify and verify the firewall capabilities of GFL and GFM controllers in a
range of control and grid conditions. Notably, MMC dynamics have been derived
and incorporated within these models, which are often neglected for HVDC studies.

Critical state dependencies are identified using eigenvalues and participation factors,
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which informs parametric selection and worst case scenarios. Although most tunings
and conditions do not result in problematic propagation, the GFM was identified to
amplify oscillations more than the GFL, highlighting a downside of the grid-supporting
outlook, particularly at higher damping and higher droop constants. The conditions
under which there exists risk of oscillation propagation between AC grids is highlighted

using a novel firewall quantification metric.

7.2 Introduction

Transmission and distribution grids are seeing drastic changes in generation, load sites,
stability and reliability of supply. Many sites of renewable generation are located far
from demand centres, and so the use of HVDC technology has seen a distinct rise in

the last 20 years [292], as well as converter-interfaced generation (CIG).

Early HVDC technology was enabled by Line commutated-converter (LCC) connection,
but since the 1970s there have been several updates to converter technology, resulting
in Voltage Source Converters (VSC)-HVDC and now, modular multilevel converters
(MMC)-HVDC [293]. HVDC has been stated to have an inherent “firewall capability”
due to the enhanced controllability of the converters [294] enabling good control
of power flow and DC voltage [268]. This has been shown to prevent fault and
oscillation propagation from one AC grid to another, producing the “firewall”. VSC-
HVDC systems offer this capability, as can MMCs, provided the energy balancing
control of the sub-module capacitors does not prevent a voltage ripple. The industry
is moving towards MMC based systems, which allow for higher voltage step ups,
reduced harmonic distortions, and better controllability, with improved scalability and
modularity [295,296]. However, there are limitations with MMCs, as internal circulating
currents and sub-module capacitor voltages need to be controlled to reduce their 100
Hz harmonic content [297]. Therefore, accurate modelling of these variables and their

harmonic content is required.

VSC-HVDC and MMC-HVDC systems have typically employed grid-following (GFL)

control strategies, which lack the inherent capabilities of self-synchronization and
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voltage support that synchronous generators (SGs) naturally provide [185]. Grid
forming (GFM) controllers have been proposed to combat some of these issues, by
setting their own frequency, being capable of self-synchronisation [29§], acting as a
controlled voltage source with a low series impedance, and in some topologies providing
inertia [185]. The goal of the GFM converter is to support the AC grid it is interfacing
and typically provide more supporting ancillary services compared to GFL converters.
Depending on the magnitude and speed of the support, the HVDC firewall capability
could be degraded.

There has been research into the limits of firewall capability, however not to the full
extent required. Further investigations are needed into MMC-HVDC systems with
GFM control, accurate modelling of the HVDC link, and MMC dynamics. For example,
much of the literature focuses on the use of grid following, as in [299], or basic grid-
forming capabilities, such as solely P-f droop control in [300], which also only models one
converter, similar to [301]. [302] provides an extensive model overview of MMC-HVDC
transmission systems, however they model the MMCs as connected to an ideal DC
voltage source. Reference [303] presents a detailed GFM-MMC system, and focuses
on the stability of the directly connected AC grid, however, it does not assess the
impact of the GFM on the propagation of oscillations to the AC grid on the other side
of the HVDC link, and only the virtual inertia and damping coefficient are varied in
the parametric sweeps. In [231], a detailed analysis is provided of energy-based control
structures in grid-forming converters connected through an MMC-HVDC link to a GFL
converter. However, they do not vary the parameters of the system. Sufficiently detailed
point-to-point MMC-HVDC models with accurate DC links and MMC dynamics have
not been evaluated in the literature to conclude what parameter conditions result in

the controllers significantly affecting the firewall capability of the system.

This chapter assesses the research gap, by showing the impact of a virtual synchronous
machine (VSM) [232] GFM controller on the firewall capability of a point to point
(P2P) MMC-HVDC link. Two small signal systems are compared, the first with a
GFM-MMC connected to one grid and a GFL-MMC connected to the second grid
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(referred to as the GFM/GFL), and a system with both converters in GFL control
(GFL/GFL). They are assessed across various parametric sweeps for the propagation
of oscillations from one AC grid, through the HVDC link, to the next. The key control
parameters investigated for their impact on firewall capability are the GFM inertia
and damping, and DC voltage droop control (on GFL side). The effect of SCR on
converter stability has been extensively researched; however, the combination of these
parameters with varying SCRs needs to be investigated. The small-signal models will
give information on the participation of the system states and their influence on modes
that are poorly damped, and of frequencies of concern, such as MMC zero and second
harmonic components. From this, the system bode plots with the states of interest can

be analysed to find what parameters result in significant oscillation propagation.

The key contributions of this Chapter are, a detailed small signal model (SSM) and
large signal model of MMC-HVDC (P2P) system with grid following and grid forming
control. Analysis of harmonic content with sufficiently accurate detail at a small signal,
and large signal level. A method for identification of oscillatory modes that pose a
risk of propagation, as well as a methodology of screening for significant oscillation
propagation and participating system states. Also, a firewall quantification metric to
identify the conditions that could cause oscillation propagation, and a comprehensive
overview of the effect of changing system and control parameters on firewall capability

of the HVDC system.

7.3 System Under Study

The modelled system is a mono-pole P2P MMC-HVDC system. Two controller systems
are implemented: one configuration with GFL controllers on both converters, (referred
to as the GFL/GFL), and one with GFM control on terminal 1, and GFL on terminal 2
(GFM/GFL). This is shown in Figure showing the equivalent model of the HVDC
link, with the two control system tests. Both systems utilise the second GFL to maintain
DC voltage control, as there can be difficulties of DC voltage control with inertia

emulation on the same controller [304], [305]. Additionally, both control systems utilise
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Table 7.1: System Base Parameters

Vaom | Nominal L-L RMS Voltage Grid;; = Gridyy 360 kV
Shase Nominal Power 1000 MW
Zn Base Impedance V.2 /(Shase1)
Rr Transformer Resistance 1.3 Q
Lp Transformer Inductance 0.033 2
Re Converter Resistance RT’" + Rr
Lo Converter Inductance LT’" + Lt
R Grid Resistance Oslglb%l
Lo Grid Inductance 250’3“5?81%
R, Arm Resistance 0.08 Q2
L, Arm Inductance 0.084 mH
Cm MMC Sub-Module Capacitance 31.42uC
Lpc DC Link Inductance 1.5 mH
Liink DC Reactor 1.5 mH

circulating current suppression, and not energy balancing control, to not restrict the
voltage ripple in the sub-module capacitance. Table gives an overview of system
parameters, with Section detailing system modelling. The representation of one
grid-connected MMC topology is shown in Figure

MMC Equivalent MMC Equivalent
AC Side;, DC Side;, DC Sidey AC Sidey

-t = = == —
r Control MMC 1 |
| System 1:GFL
System 2: GFM |
| (VSM) r

Control MMC 2

Figure 7.1: AC gridj; to AC gridy;, through HVDC-MMC link.

The equivalent model of the point-to-point system is shown in Figure and the
full detail of one grid-connected MMC topology can be observed in Figure The
grid side resistance and inductance, R, and Ly.1, vary depending on the SCR, the
MMC arm impedance is R, and L,,, and average sub-module capacitance is C),. The

mathematical representation of the MMC is fully described in Section and then
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linearised to make the small signal model.

7.4 Methodology

The goal of this research is to highlight parameter conditions where the implementation
of converter control (GFL and GFM) inhibits the firewall effect of MMC-HVDC
systems, as well as presenting a comprehensive method of assessing when the firewall

effect is limited. The methodology is presented in this section.

7.4.1 Small Signal Model Development

Full detail EMT models are built to verify time-domain behaviour of the systems,
while a small signal model of the system is derived to enable the use of classic control
methods [21]. To obtain the SSM, the non-linear equations for the full system, shown
in Figure [7.1] are represented in the rotating reference frame and linearised around

their operating point. The linearised state space representation is expressed by

iz _ AAz + BAu (7.1)
dt
Ay =CAx + DAu (7.2)

Where the state, input and output variables are Az, Au, and Ay, and A, B, C and D

are the state, input, output, and feed-through matrices [21].

7.4.2 Identifying Problem Modes and Participating States

For the two tested systems (GFM/GFL and GFL/GFL), the eigenvalues of the small
signal model will be analysed to highlight poorly damped modes in the systems across
a range of parameters. The parameters varied in this study are: SCR of both AC grids,
GFM inertia (H), GFM damping (D), DC voltage droop, and grid SCRs. The SCR is
varied from 1 to 6, (weak grid, SCR < 2, to strong grid, SCR > 2) [269]. VSM inertia
is varied, from low values, 0 s< H < 1 s [306], to large H = 10 s [307], [308]. Damping
is tested from very low values of below 10 pu [309], up to 10* pu [310].
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Lm Lm

Rm Rm

Lnr1 Rnr1
Vgabc
Vdc
Lm Lm
Rm Rm
iIb IIc

Figure 7.2: Single MMC topology connected to AC grid.

The eigenvalues of the system are defined by ([7.3)), and the damping of each eigenvalue,
¢, is derived using (7.4)). In this study, a value of ( < 0.1 damping ratio has been selected
as the limit of a poorly damped mode, as a value outside of this range, in the literature,

has been stated to be poorly damped [21], [226].

Ai = a; + jbi (7.3)

a;

(=2 (7.4
\/a? —H)Z2

The states that participate in these modes are identified using participation factors,
shown in equation . The derivation is described in Appendix @ but in brief, they
are quantification of the amount each state participates in an identified mode. If A;
is the i*" eigenvalue in the system, then py; is the participation factor of the k" state
variable of the A matrix in the mode being analysed. pg; is calculated with wy; and

Ui, which are the &y, entries in the left and right eigenvector of the iy, eigenvalue [311].
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This is to reduce the number of states to be reviewed in the bode plots (described in
the next subsection). The most relevant states from grid;; (input) to gridy, (output)

are selected to create the bode plots.

Dhi = (Vg || Wi
’ ZZ:1|Ukinki|

7.4.3 Bode Plot Input-Output Selections

Once the participating states of the problem modes have been identified, this
information can be used to obtain relevant state input-output (I/O) bode responses, to
analyse the amplification of oscillations. In this study, the input disturbances will be
injected on grid;;, and the output will be observed on gridy,. The selected responses are
reviewed across the full parametric range, and from the bode plots it will be identified
at what parameters the grid following only system is more effective as a “firewall”, and

when the system with the GFM negatively impacts this, and vice versa.

7.4.4 Heat-maps for Screening of Propagation Risk Conditions

To give an overall screening method to quickly establish the parameters that might
mitigate firewall response, heat-maps of the peak magnitude of the bode plots, across
the parametric sweeps will be created. This gives a comprehensive overview of the
effect of parameters on oscillation propagation. The heat-maps can act as a screening
method, then the bode plots can be assessed in more detail for the frequencies of
poorly damped oscillations and to visualise the trends. In this paper, the heat-maps
are presented after the bode plot analysis to give a comprehensive overview of the effect

of system parameters and tunings on magnitude propagation.

7.4.5 Firewall Quantification Metric

For different 1/0O variable types, the threshold for a magnitude response that amplifies
an oscillation is not intuitive from a bode plot, in decibels. Therefore, to express the
passing of oscillations between different I/O signal combinations, a firewall metric is

defined. The calculated gain response is normalised by the per unit input and output

151



Chapter 7. Effect of Grid Forming and Grid Following control on Firewall Capability
of MMC-HVDC Systems

variables. For example, for an input variable type X disturbance to an output variable
type Y, the normalised gain, Gpom, is expressed as the product of the gain of the bode
G (in ratio not dB), with the ratio of the nominal input and output (7.6).

Xnomina
Grom = G=1ominal (7.6)

Ynominal

It is expected that there will be power transfer from one grid to the other, however, with
this representation, any G, greater than 1 pu is amplifying the response, indicating
firewall capability is being greatly inhibited. Ultimately, effective firewall behaviour
would be indicated by a Gpom = 0, for zero oscillation transfer. Therefore, even
though a normalised G, less than one (but greater than zero) would represent a
small normalised oscillation transfer, it could still represent an undesirable passing of
oscillations from one system to another. For representation in the heat-maps, the peak
magnitude presented will be in this per unit normalised gain, to better understand the

propagation of the oscillation.

7.5 Small Signal Model

The full system can be seen in Figure (with the DC link shown in Figure The
sub-sections are explained in this section, and the system equations are transformed into
the synchronous reference frame. Throughout this paper, the grid frame is represented
by zy, and the converter frame as dg, with 6 being the angle difference between these

two frames [299], transformed by:
d+jg=(z+jy)e™" (7.7)
v+ jy = (d+ jq)e’ (7.8)

AC Grid Equations

The AC side of the system from Figure can be represented in state space form,
with the state variables and input variables defined by Az,.;q and Aug.iq. The grid
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state matrices are Agpiq, Bgrid, Cygria and Dgyiq, with output variables Ayg,;q defined

by @D,

Axgrz’d = [Aigcza A'L'gcya AUcma Achyy Aimm Ainy}T

Augrid = [A‘/cza Achy’ AECJB) AE1cy]T

Aygrid = [Aigcma AZ.gcyy Ay, A'U/cy]T
[ —Rer -1
Lcrl1 w Lc'rl 0 0
w0 g 0
1 —1
A 0 0 w -
Agrid = Cr Cr
0 c% —w 0 0
1 7Rc7'
0 0 LnTl 0 L(:'rl1
0 0 0 = -—w
oy -
Toa 0 0 0
0 1 0 0
Bgm'd = Lert 1
0 0 T 0
-1
L 0 0 0 Ln'rl_
1 0 0 O
01 0 0
Cgm’d =
0 010
_0 0 0 1_

Dgyyiq = zero(4x4)

MMC Dynamics

(7.9)
(7.10)

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)

For each system the AC grid to MMC connection is modelled as shown in Figure

The current through the AC side can be defined by i74., which flows through grid side

resistance and inductance, R,,1 and L,,,1, transformer with turns ratio Kr, and through

the converter side impedance, R..; and L..;. The upper and lower arm currents are

defined by iy4cp and ijqp respectively. The voltage across the combined submodules
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can be defined by

Veuabe = Muabc‘/c%ibc (716)
where V_yape is the output arm voltage, M. is the modulation index and Vm%:ab . is the

sum of the capacitor voltages across the sub-modules. From Figure the equations
for circulating currents, voltage across the MMC submodules, and grid currents and

voltages can be derived.

Ly diygpe . Ve
Vgabe + ZmCluabe + Rmntuabe + Vuabe = ~de (7.17)
dt 2
Lde abc . _V C
‘/gabc - le — Rpitabe + Viabe = 2d (718)
avz
Cm#abc = Muyabcluabe (719)
dve
Cm% = Myabcllabe (720)

where the upper and lower arm currents can be combined to define the circulating

current, ig;rs, and the the grid current, i4. from

i = bl ; “labe (7.21)
igcabc _ Luabe 2_ Labe (722)

From equations to and considering equations and the circulating

and grid currents can be expressed in state space representation

digcabc Rm . TnfuabcvZ b MiabcViiqp QVn 2thabc
= abe — cuabc clabe a"n K 9
dt L, 9cab 2L, | oL, L. L, T (7.23)
didiffo. _ ij idigf — MuabcVsuabe mlabc'l)czlabc n Ve (7.24)
dt Ly 2L, 2L, 2Ly,
and the voltage across sub-modules can be expressed as
AV e Mouabe .
ctuabc _ gabcldiff + 2éabc i geabe (725)
m m

154



Chapter 7. Effect of Grid Forming and Grid Following control on Firewall Capability
of MMC-HVDC Systems

dVle Miabe . Migbe .
% = C:;Cldiff — Wamclgcabc (726)

where the positive and negative modulation indices are defined by the outputs of the
inner control loops. For each phase, the m, and m) are defined by ([7.27). The 2wt term
is introduced to represent the 2nd order harmonic dq term, required to represent the

dynamic detail of the circulating currents and sub-module voltages in the MMC [312].

my = = (1 — Mcos(wt) — Macos(2wt)) (7.27)

N |

(1 4+ Mcos(wt) — Macos(2wt)) (7.28)

N =

my =

where M and Ms are the outputs from the inner and circulating current control loops.
A generic oscillating signal, X(t), can be represented in terms of its zero, fundamental,

and 2nd harmonic components as in equation ([7.29)).

X(t) = Xo + Xxcos(wt) + Xy sin(wt) + Xxacos(2wt) + Xyocos(2wt) (7.29)

If the modulation index signals from (7.27) and (7.28]) are considered in their zy
components, as

m, = Mcos(wt) = Mycos(wt) — Mysin(wt) (7.30)
Mo, = Macos(2wt) = Myacos(wt) — Maoysin(wt) (7.31)

the applied modulation to the upper and lower arms can be represented in the zy frame,

for zero component, fundamental frequency and 100 Hz component. This is achieved by

equating the expanded xy terms in ((7.27) and (7.28)) to the expanded signal in ((7.29).

my — (%)0 + (_T]Ww)xcos(wt) + (%)ysm(wt) + (#)ﬂcos(zw@ +( M;Q ) yosin(2ot) (7.32)

%)Icos(wt) + (%jwy)yszn(wt) + (#)IQCOS(ZUJt) + (@)ygsin@wt) (7.33)

m; = (5 )o+( 5

2

If equations and (the upper and lower voltages) are expanded for their

fundamental components, then the the representation in the zy frame is shown as

155



Chapter 7. Effect of Grid Forming and Grid Following control on Firewall Capability
of MMC-HVDC Systems

such. .
Vel = %(%Idiffo - %Idiffaﬂ + %Idiffy2 - Zgjy) (7.34)
Ve = %(_TMIIdiffo - ]\Zz Liifyzo — %Idiffyﬂ - %) (7.35)
Vewe = %(_]2\% Lyigo + %Idiffaﬂ - %Idiffgﬂ + i’%) (7.36)
Veuy = %(_JQ\{[QE Laigfo — ]\fodiffzzﬁ - %Idiffgﬂ + igf) (7.37)

Comparing the upper and lower arm expanded equations, it can be concluded that they

are negative of each other.

‘/cuy = —Vely (739)

For the fundamental component of voltage, the zero component of the i4 ¢ equation
(7.24), is expanded, and the equivalence between upper and lower fundamental

component of the voltage can be defined by
VUZC:JO = VL%O (7.40)

with the relation of the lower arm voltage components to the upper voltages, the
equations from ([7.17|to [7.20)) can be expanded and put in state space representation.
The state and input variables Ax and Au are defined by

Az = [Nigif e, Nidif py2, Niaif o, AVovaz, AVeurys, AVovas, AVery, AVerol?  (7.41)

Au = [Aigy, Nigy, AMy, AMy, AMyo, AMys, AVpc|” (7.42)
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with the state and input matrices, Ayrprc and By, defined by ((7.43) and (7.44]).

—R —1 M, 0 —Viy0 M, 20
o 2w 0 st O iy L. oin
B —Ron -1 My My My
2w Tom 0 0 2Lm  4Lm  4Lm  2Lm
0 0 —Rm Mgoo  My20  Myo Myo —1
Im 4L,, 4L,, 4Lm  4Lm  2Lm
: 0 fe2 0 2
5— =8l w 0 0 0
2Cm QEm (7.43)
0 o 52 2w 00 0 0
—Ma0 —Vy0 Mo
ICm ICm 2Cm 0 0 0 w 0
Myo —Mgo —yo
iCp, iC, 2Cm 0 0 —w 0
— M, 20 *My20 1
oM iC, 2 0 0 0 0 0
> RV >
v, V, v,
UCz0 UCyo0 UCo0
0 0 5= il 3L 0 0
y0 UCz0 UC00 7.44
0 0 —fow Uos 0 gL (7.44)
> >
0 0 Votwo  VOtw  Vitwo Vw1
4L, AL, 4L AL, 2Lm
Converter Side Voltages
The equivalent converter side voltages can be defined by
_Vuabc + Wabc
——— = Viube (7.45)

2

where Vi is the converter AC voltage. This is now represented in the rotating

reference frame

1 € 1 €
Veo = 5(miVic)a — 5(muVic)a (7.46)
1 € 1 €
Vey = §(leLc)q - §(muVUC)q (7.47)
Vo (2M, V2, (2 +J\4ﬂ)(VUZCI)Jr
- = - - (7.48)
My(Vige,) n M Vi . MyVige,s))

4 4 4
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>
Vo = M) 2 Moz )
HEE2) — V) () + (V) (1)

(7.49)

which are then linearised around the operating point and the small signal model can

be obtained, given in Appendix [E]

The DC side converter voltage is defined by Epc which is the same of the three positive

and negative arm phase voltages,

Epc=7 Y, (Veu, +Ver,) (7.50)

j=A,B,C

W =

and then take the zero component of this equation to obtain the DC only component.

MzQ
Epc = VUZCO Ty VU%m_ (7 51)

Mys > Mo >
2V 2V

M, 5
UCy2 UCx 7‘/

UCy

7.5.1 DC Link

The DC Link structure is shown in Figure From this, the output voltage from the
converters can be related to the voltage and currents at either end of the DC link. The
DC link voltage, Vpc, input to the converter MMC equations shown in equation
is obtained from the equations below, with the final derivation in equation . In
this instance, the voltage obtained from the DC link is on the grid;; side, therefore for
the converter MMC equations Vpc = Vjpc. When obtaining the MMC equations for
the converter at gridgy, the DC link voltage V4. must be obtained and input to ((7.42)).

Figure 7.3: AC Gridj; to AC Gridyy, through HVDC-MMC link.
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T = i i (7.52)

dzl/fj = ;,Qlijk - Cl,zidck (7.53)

d;ik _ zzjlk Vit 2£jk Vi — Zé: (7.54)
B _ ng;c/jfc (7.55)

Vipo = mfj%(«adc g B ) (7.56)
L feuyt aem TER 0V o)

T 2dej + %Larm 3 2dejk
Following the derivation of the equations, the state space representation is shown by

Apc, Bpc,Cpc and Dpc.

T ohn e
Apc = 6—21 0 0 (7.58)
e 0 0
0 o
Bpc = % 0 (7.59)
0 &)
-0 1 O-
Cpc=10 0 1 (7.60)
E 0 0_
Dpe =0 (7.61)

With the state and input variables defined by Axg4. and Augc respectively.

Axqe = [ijk, Vi, Vi T (7.62)
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Auge = [idek, lacj] " (7.63)

The only inputs to the DC link required are the DC currents flowing out of each DC
side of the converter, which are calculated from the zero component of the circulating
current, iq. = 3igiffo. From the DC link, and equation (7.57)), the DC Voltage outputs

required, Vjg. and Viqc, for the internal MMC dynamics can be obtained.

Grid Following Current Controller

For the grid following controller the inner current loop is used to control the voltage
at the applied terminals. The control structure is shown in Figure [7:4 The current

controller state space representation is given by

A =0 (7.64)

Beo = (7.65)

K; 0
Coe= | ¢ (7.66)
0 Kicc
K 0o - —wL, 1 0
Dee= | 7€ ree (7.67)
0 Kpce wL. —Kyeo 01

Where the state, input and output variables are defined by Axce, Auee and Ay,

Az = [Aei§, Aeif]” (7.68)
Atee = [Aiky, Aih,, Aily, AiS,, Aug, ul]” (7.69)
Ay, = [AvG, Avg]" (7.70)

The proportional and integral gains of the current loop PI controllers are K,cc and
Kicc respectively, and Aeig and Aeig are the errors between reference current and

measured current for the d and q components respectively.
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The reference currents are produced but the outer loop equations. In the GFL/GFL,
the control on grid;; produces the references using the same control shown in Chapter
|§| Sectionm For both the GFL/GFL and GFM/GFL, the control on gridy uses the
same AC voltage control on the outer loop, and the DC voltage droop control described

in Section ([7.5.3).

Rert Lert icabe Rir1 Lnr1

E CONTROL . Vot
w SYSTEM e O,
Wm Uy icdg PLL
0

i
“ 1 K(s) FQ,L,

2 U
3
i
[

i)
o
(g]

NETWORK INNER LOOP OUTER LOOP
. .
V2cedg + q—O:— 0
Kip2{wps
$+2{w S5+ W, ldiff2xy

Figure 7.4: Grid following current control.

A key feature of the grid following converter is its reliance on a PLL to synchronise

with the grid and follow the voltage. The grid angle is obtained from

(KprrUy)

S

= (7.71)

Which can be linearised and used in conjunction with the park transform. A full
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description of the PLL and its derivation is given in Chapter

A0 Kpprrs+ Kiprp
AU,  s2+aps+bo

(7.72)

where ag = (Kpprrcos(00)Ug + Kpprrsin(0o)Ugp), bo = (Kiprrcos(0o)Ugy +
Kiprrsin(0o)Uy), with the proportional and integral gains of the PLL defined by

Kpprr and Kippr.

2¢ .
Kpprr = ——, 7rLL = o Kiprr = (7.73)
with F,, as the nominal input voltage, { is the damping ratio of the response, and 7p1,

as the PLL time constant.

7.5.2 MMC Circulating Currents

The MMC circulating currents also need to be limited by the circulating suppression
control. The input measured circulating currents are passed through the equation
in (7.74), producing the output modulation indices Ms.,. The full details of this

suppression control is given in [313].

2 Kpyps® + (Krp K 20(e)s + Krpwy)

K(s) =
(5) Vie (82 4+ 2w(es + w?)

(7.74)

where w,, is the frequency of the circulating currents, 100 Hz, and K,, and K,, are

proportional gains. The selected damping ratio of the transfer function is defined by

Ce-

7.5.3 DC Voltage Droop

The DC voltage droop control [314], [315] is in both systems, on the converter connected
to gridgx (as seen in Figure . This control maintains the DC voltage across the
HVDC link, and was implemented on the converter that is always operated in GFL

control across both systems (on gridyy), as inertia emulation in a GFM can counteract
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0+ 2 Lo M2,
- Vdc
ldifay | 5420w ,5+ W,
Figure 7.5: Circulating current controller.
the DC voltage control [304], [305].
i 1
Vdc P
h Kdroop
Vdc + +
* ¥
Pac Kp(S) >l
Pac

Figure 7.6: DC voltage droop, V — P,..

7.5.4 Grid Forming Control

The control of the grid forming converter is the Virtual Synchronous Machine (VSM),
emulating the swing equation, defined by ((7.75))

dw

P.r—P.=J
ref e dt

+ D(wy sy — wn) (7.75)

where P,y is the reference power, P, is the electrical power, J is the moment of inertia

(]]f;;]"/ni), 2H = J, H is the inertia constant (in seconds), D is the damping constant

(per unit) and wy gy is the virtual angular velocity, and w,, is the rated velocity (or
can be estimated grid frequency from a PLL). This power synchronisation loop sets the
converter angle. It also introduces a virtual inertia and a damping term, which draw

power from the DC side of the converter during a frequency or angle disturbance on the
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connected AC grid. The converter voltage is directly set with the magnitude controlled

by a PI controller, and the magnitude and angle from the synchronisation loop is used

to set the voltage source.

Rcrl Lcr1 icabc Rnrl I-nr1

L H(a

Gate
signals \

Idiffabe

Loop

Bvsm l
dg > abc

e Mapc

PWM

Synchronisation |

O+ Ma[ 2 :+ Vi
- ° KV(S) - f
Krp2Qwns T de +-

Circulating Current $+20WpS+W,? Taifeaxy

Suppression

Control System AC Voltage Controller

Figure 7.7: Control of implemented grid forming converter.

The synchronisation loop state representation is shown by

—Dpu 0
Aysy = | 2
w 0
1 =1
Bpey — |27 ?H
0 0
1 0
Cvsm =
0 1
Dysy =0

where the state variables, Axzy gy and inputs Auy gy are defined by
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Azysm = [Awvsm, Advsm]” (7.80)
AUVSM = [AP*, AP]T (7.81)
Ayy s = [Awysar, Ad]" (7.82)

The voltage magnitude of the grid former is controlled by the outer AC voltage PI
loop, with gain Ky ac(s) = Kpyac + Kivac, Auvac = [Viefs Vineas]! (reference AC
voltage and measured AC voltage magnitude), Azyac = [eV] (AC voltage error),

Ayv ac = [Vinag] (voltage magnitude reference to be applied to Mjy).

Asc =0 (7.83)
Bac = [1 _1] (7.84)
Cac = [QK(/%} (7.85)
_ | 2K 2K
Dac = [ prac _ %chc} (7.86)

Each subsystem was connected to create a full detail SSM, as shown in Figure [7.§
in which the relations between the global reference and converter reference frames are
also shown. The components in the global reference frame are output from the AC
Grid sub-system, and transformed into the converter frame, to the power and voltage
control loops, and circulating current controller. The outputs of this are the modulation
indices, which are then transformed to the global reference frame again to be applied
to the internal MMC dynamics, that produces the converter side AC and DC voltages.
The two systems were also built as EMT Simulink models to validate the small signal
models, shown in Figure where the SSM matches the EMT time domain model

when subject to an input power disturbance.
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Figure 7.8: Overview of full SSM of system.

7.6 Case Study Results

This section presents the results obtained by following the methodology of Section [7.4]
using the model from Section [7.5] The base system parameters from Table are
used in the model, and operating points from the EMT large signal model at steady
state are used for the linearisation of the SSM. The validation of the small signal model

following the EMT time domain response is shown in Figure [7.9

7.6.1 Participating State Identification

The small signal model is used to identify conditions producing poorly damped
oscillatory modes. Any eigenvalue with ¢ < 0.1, is considered to be poorly damped,
and the states participating in these modes are identified by . An example is given
in Figure showing the eigenvalues across varying SCR, and Table showing
the identified poorly damped modes of the system, and their participating states. In

Figure [7.10} any eigenvalue above the dashed line representing ¢ = 0.1 is assessed for
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Figure 7.9: Validation of small signal model, power at PCC on grid;; following 0.1 pu
step in power reference.

the participating states. For the final sweep value of SCR;; = 5, the participating
states are shown in Table [.2l

1000 *  GFM SCRjj = 1
— . A GFL SCRjj=1
w500 sy A e * GFM SCRjj =2
- A *x A A | A GFLSCRj=2
g o & A | * GFMSCRj=3
5 R i L A GFL SCRjj =3
£ -500 iy GFM SCRjj = 4
T GFL SCRijj = 4
1000 .~ A GFM SCRjj=5
: : : GFL SCRjj=5

-100 -50 0

Real [s"]

Figure 7.10: Eigenvalue parametric sweep across SCRj; of poles of system. ¢ = 0.1
shown by dashed lines. SCRyr =2, H = 6 s, Droop = 0.002, Damping = 1000 pu.

The MMC circulating currents and sub-module voltages participate in most of the
poorly damped modes. The states participating in any poorly damped modes, across all
of the parametric sweeps, were identified, and then selected to be I/O variables for the
bode plots. This method reduces the bulk of the data needing analysed. In this study,
the main states participating in poorly damped modes are detailed by the example

in Table The voltage and current on grid;; have been identified as participating
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Table 7.2: Example identifying participating states of poorly damped modes in
GFM/GFL system, for SCR;; = 5, DC Voltage Droop = 0.002, D = 1000 pu, H
= 0s.

Mode | Damping States

—20.17 + — —
20086 | 00945 | VOPO;; VOPOw VOPuysk idif f0;; idif fOx

—27.46 + —

j682.48 -0.0402 idif fy2;;

—31.15 + —

j662.47 -0.0470 idif fry2kk

330 + —

je3gao | 00052 idif fry2;;, VCP2ay;;

—858 + —

j629.66 -0.0136 idif for, VCOP2aygx

—14.1217+ '

j486.603 -0.0290 VCPury;; VCOP2xy;; icdg;,

in poorly damped modes, so they will be the input variables for the bode plots. The
remaining participating states are selected as the output: the converter side currents
texykks MMC Voltage Sub-module 100 Hz and zero component, VCPxyy, and VC POy,

and MMC circulating currents, idif f2,xx-

7.6.2 Bode Plots

Some key bode plots are shown here to highlight the main differences in magnitude
response of the GFM/GFL and GFL/GFL systems. All of the I/O combinations
specified in section were reviewed, however, for the sake of brevity only key
examples are given here. The magnitude responses are different for all parameter
and tuning combinations, but there are key trends to observe. The general trends
of Figures {711, highlighted in the following paragraphs are: the GFM/GFL
has two sharper resonant peaks, compared to the GFL/GFL system. The first peak
occurs at 0.01 Hz - 1 Hz, and the second at 100 Hz (highlighted by the red circles).

The figures also show the GFL/GFL is not as affected by the tuning and parameter
conditions, having a more consistent oscillation magnitude, without the large resonant

(or with more reduced) peaks seen in the GFM/GFL.

These peaks in the GFM/GFL vary dependent on the parametric values and tuning.
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For example, shown in Figure [7.11], as the DC voltage droop decreases, the first peak
increases to just below the 1 pu threshold, indicating a larger transfer of low frequency
oscillations. Although a larger DC voltage droop corresponds to a smaller oscillation
transfer at this lower frequency, a value above 0.2 can lead to instability, so the two
objectives must be compromised. Increasing the damping also increases the magnitude
of the first peak in the GFM/GFL system, leading to a a larger oscillation transfer,
and therefore reduction in firewall capability. However, as shown by Figurd7.11p and
Figure , this is typically only at very high damping (> 2000pu). This first peak
is also affected by SCR;;, shown in Figure , with an increase resulting in a larger
magnitude response in the GFM/GFL. Conversely, in the GFL/GFL, in this frequency

range, the magnitude is slightly reduced, as the SCR;; increases.

The second peak seen in the bode plots in the GFM/GFL, occurs at 100 Hz, and like the
first peak, is also affected by the SCR;; and DC voltage droop. Figure shows for
the GFM/GFL the first peak increases if droop is decreased, however this second peak
at 100 Hz slightly increases as dc voltage droop is increased. In Figure|7.11k, increasing
the SCR;; also increases the second peak at 100 Hz. This is due to the higher SCR
corresponding to a lower coupling impedance, and therefore, driving a higher resultant
current magnitude. Across the full range of SCR;;, the GFM/GFL has a larger second
peak than the GFL/GFL, however the latter still exhibits a 100 Hz peak, increasing as
the SCR is increased above 2. With SCR;; < 2, the peak decreases, but the GFL/GFL

system is unstable at this weak grid value.

Throughout the bode plots, and evidenced by the figures shown in this section, some
clear trends are apparent. Namely, that the GFM/GFL system does tend to have
a greater magnitude response compared to the GFL/GFL, particularly at low droop
and high damping at lower frequencies. The first magnitude peak in the GFM/GFL
responses typically is between 0.01 Hz to 1 Hz, the bandwidth of which being dependent
generally on the inertia constant. In both systems, a peak is also seen at 100 Hz, due
to the 2nd fundamental components seen particularly in MMCs. The firewall metric

for each 1/O combination has been discussed in Section This is implemented in
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Figure 7.11: Bode plot of a) input current disturbance to ac Gridyy current, damping
600, SCRs = 5, H = 6. b) input Voltage to M M Cyy, sub-module voltage SCR;; =
5, SCRyr = 5, H = 6, Droop = 0.02. c¢) input voltage disturbance to AC Gridyy
current. Damping = 400 pu SCR;; = 5, H = 1, droop = 0.002, varying damping d)
Input current to voltage zero component. SCR;; = SCRy = 5, H = 6, droop = 0.02,
varying damping.
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the heat-maps of the next section, which show the peak magnitude of a bode response,

in per unit.

7.6.3 Heat-map Parametric Overview

It is evident from the bode plots that for a disturbance on grid;;, to gridg, the
GFM/GFL frequently has a slightly larger magnitude response, with peaks at 0.01
Hz - 1 Hz, and 100 Hz. However, it is difficult to interpret all of the parameter effects

from multiple bode plots at once. Therefore, to summarise the data:

e Heat-maps of the peak magnitude response for each I/O bode plot, are produced
to find the parameters that amplify oscillations. The peak magnitude is
represented in per unit to give a more intuitive way of interpreting the firewall

limit (described in Section [7.4.5)).

e The parameters that result in large oscillation propagation will be emphasised by

key examples, not all I/O pairs and parameter conditions can be shown.

The per unit representation indicates any value over 1 pu will amplify a response
and indicate the firewall effect is inhibited. However, anything above a zero gain, still
shows an oscillation transfer from one grid to the other, which could still be undesirable,
especially at these “peak” frequencies seen in the bode plots. Any NaN spaces in the

following heat-maps indicate that for that parameter, the system is unstable.

The first key trend to be noted, observable in Figures and [7.12p, is that the
GFL/GFL is unstable in more conditions across these parametric sweeps, compared
to the GFM/GFL. These figures show the peak magnitude response of a disturbance
on grid;; voltage, ed;;, to converter current, icdyy, for the GFL/GFL and GFM/GFL
systems respectively, across DC voltage droop and SCRj;. For both systems, the
peak per unit disturbance is at 100 Hz. For the GFL/GFL the peak is between 0.2
pu - 0.3 pu, however there are many parameter conditions that result in instability.
For the GFM/GFL, the peak is much higher, varying between 1.7 pu to 2.3 pu,
increasing as SCR;; is increased, however this system maintains stability across more

parameter conditions compared to the GFL/GFL. Therefore, the GFM/GFL amplified
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the response more than the GFL/GFL, but maintains stability more often across the

sweeps.
GFL/GFL edijj to icdkk, D = 60 pu, SCRkk =5, H=2's GFM/GFL edjj to ildkk, D = 60 pu, SCRkk =5,H=2 s
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Figure 7.12: Heat-map of peak oscillation in system, per unit output from 1 pu input
disturbance, edjj to icdkk, SC Ry = 5, GFM damping = 60 pu, H = 2 s a) GFL/GFL
b) GFM/GFL.

The effect of DC voltage droop can be observed in the heat-maps, confirming the results
presented in the bode plots. In Figure[7.12p, there is a slight increase in peak magnitude
as droop is increased, however this increase is more prominent in Figure [7.13h, which
shows a current icd;; disturbance to sub-module voltage component on gridy,. For
both of these heat-maps, the peak is at 100 Hz for the lower value damping scenarios,
and as discussed and shown in Figure [7.11j, increasing the DC voltage droop, increases
this second peak. For the higher damping conditions, the peak magnitude is can be at
the lower 0.1 Hz - 1 Hz frequency range, when combined with the higher DC voltage
droop.

Considering GFM damping, in Figure , the oscillations are typically (< 0.1pu)
and so can be considered as maintaining firewall capability. With damping greater than
1200 pu, and DC voltage droop above 0.02, the peak magnitude begins to increase. In
general, with very high damping, and larger DC voltage droop, the magnitude of both

peaks increases significantly. The peak magnitude response with damping above 1600

172



Chapter 7. Effect of Grid Forming and Grid Following control on Firewall Capability
of MMC-HVDC Systems

pu, occurs in the 0.01 Hz to 1 Hz frequency range. Any amplification is unwanted
for this I/O pair, especially at 100 Hz as the second harmonic component is being

amplified.

GFM/GFL icdjjto VCPy2kk, SCR::

ii = SCRkk =5, H=1s
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Figure 7.13: Heat Map of Peak Oscillation in Grid Forming System, a) icd;; to
VCPy2y, SCRj; = SCRy, = 5,H = 1s b) icdj; to icdyy , H = 2s, droop = 0.002, D
= 100 pu.

The effect of increasing SCR;; on the GFM/GFL system is shown by Figures ,
[7I3p, and [T.14h. As highlighted by the bode plots in Figure [7.I1f, increasing the
SCR;jj, results in the 100 Hz peak increasing. Figure shows converter current
disturbance from grid;; to gridyy, varying both grid SCRs. The SCR does affect the
response across the full range of frequencies, but this peak oscillation, which in this
instance occurs at 100 Hz, is not varied significantly by either grid SCR. Increasing
SCR;; from 2 to 10, slightly reduces the peak, whilst increasing SC Ry slightly
increases the peak. This peak in oscillation propagation at 100 Hz highlights a cause
for concern for the GFM/GFL system, even though the magnitude is less than 1 pu;

0.7 pu propagation at 100 Hz is a large oscillation at an unwanted second harmonic.

Figure shows the effect of increasing SCR;; and inertia, on a grid voltage
disturbance to MMC sub-module voltage output. The inertial power provided with
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Figure 7.14: Heat Map of Peak Oscillation in Grid Forming System, a) ed;; to VCPOkk,
D = 100 pu, droop = 0.002, SCRy, = 5 b) icd;j to idif fa2g,, D = 60 pu, SCRyy, = 5,
droop = 0.002.

an H > 3s, results in the converter at gridy. experiencing a peak increasingly greater
than 1 pu at low frequencies, inhibiting the firewall response. Therefore, the support
of adding inertia power must be balanced with its negative effect on firewall capability,
especially with H > 3s. The effect of SCR;; and inertia can also be observed in Figure
@b showing current on grid;; to circulating current on gridy,. The effect of the
inertia in this figure is less prevalent, as this peak occurs at 100 Hz (frequency of the
circulating current) and the inertia effects the response mostly in the low frequency

range.

7.6.4 Frequency and Time Domain Comparison

Some selected non-linear EMT case studies are compared in the frequency spectrum
and time domain to highlight the propagation of unwanted oscillations between AC
Grids. A time domain Simulink model, used for validation of the small signal models,
was used to demonstrate the characteristics of the two systems. The Fourier transform
was taken of the time domain data points to obtain the amplitude of the frequencies

propagated, to confirm the predicted frequencies of concern indicated by the small
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Figure 7.15: Response of GFM/GFL and GFL/GFL systems to an input power
oscillation of 0.05 Hz at 0.1 per unit. Damping = 2000 pu, Droop = 0.02, H = 1
S, SCRjj = SCRkk =35.

signal model.

The bode plots highlighted that the GFM/GFL has peaks in magnitude response at
typically 0.01 Hz - 1 Hz, and at 100 Hz. The heat-maps act as a screening tool to
highlight the parameters that cause large magnitude responses. The findings from the
heat-maps are verified using the time domain models. The response in Figure [7.15
exhibits the firewall capability when subject to a low frequency input disturbance,
corresponding to the 0.01 Hz to 1 Hz resonant peak. A 0.1 pu power oscillation at
0.05 Hz is input on grid;;, and the power on gridy, measured. The system parameters
were selected from the heat-map screenings of Figure [7.13p, showing a larger oscillation
can occur at damping = 2000 pu, DC voltage droop = 0.02, H = 1 s, and SCR;; =
SCRyr = 5. The response of Figure [7.15| agrees with this screening, showing the
GFM/GFL propagating a 0.05 Hz oscillation from grid;; to gridy, more than the
GFL/GFL system. For the next tests, for both systems, harmonic injections at 100
Hz, of 0.2 pu and 0.15 pu were injected at the AC grid;; grid voltage on phase a and
phase b respectively. 100 Hz was selected as several of the frequency responses saw a
magnitude peak at this frequency, as well as at 0.1 Hz - 1 Hz in the GFM/GFL system.
Both grids are set at SCR = 4, GFM damping set at 1000 pu, H = 6 s, and DC voltage
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droop is 0.2. Figure shows the frequency spectrum of the a-phase voltage across
the MMC upper arm sub-module at grid;;, and Figure [7.16b shows the spectrum at
gridgr. The expected upper arm sub-module voltage is an oscillating DC voltage at half
the DC link voltage. This is shown in Figure[7.16h by the amplitude peaks at 0 Hz and
50 Hz. Another amplitude peak is shown at 100 Hz in both systems at grid;;, and it is
significantly larger in the GFL/GFL system. Looking then at the converter at gridg,
shown in Figure , the 100 Hz oscillation is 3 times larger in the GFM/GFL system
compared to the GFL/GFL, as well as a 200 Hz oscillation. However, considering the
input disturbances (0.2 pu, and 0.15 pu harmonics injections on a and b phase), the
propagation from gridjj to gridg, in the GFM/GFL system is still significantly more
damped than the input disturbance. The GFM/GFL system, in almost all cases, has
a larger propagation response from one grid to the next, but in very few situations, is
the response significant enough to cause sustained oscillation issues in the connected
AC grid. Furthermore, in these tuning and parameter conditions, the system tends

towards instability, therefore they are not the optimal or suggested tunings.
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Figure 7.16: Frequency spectrum of voltage across phase a in sub-modules in MMC at
(a) gridj;. (b) gridyy.

Considering now the measured PCC voltages, Fig. presents the time domain
response for both systems at gridj; and gridp,. Under the same harmonic 100 Hz

injection of 0.2 pu, in the a-phase grid voltage, the GFM/GFL system manages to
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Figure 7.17: Time domain response of PCC voltage at when subject to a 100 Hz 0.2 pu
voltage disturbance in AC grid;; voltage ed;;. (a) PCC voltage grid;; (b) PCC voltage
gridkk.

dampen the PCC voltage more than the system controlled with the GFL/GFL on the
grid;;. However, this system sees larger oscillations on gridy, PCC voltage, compared
to the GFL/GFL system. The injected oscillation at grid;; has an amplitude of 0.2 pu,
and this is reflected in the GFL/GFL system in Figure [7.17h, whilst the GFM/GFL
system has damped this oscillation to below 0.1 pu. However, on gridgi, the oscillation
in the GFL/GFL is 10 times smaller than the GFM/GFL system. The amplification
of oscillations from grid;; to gridyy, are greater in the GFM/GFL system compared to

the GFL/GFL, although neither are significant.

7.7 Conclusion

The effect of a grid forming virtual synchronous machine converter on the
inherent “firewall” capability of a monopole point-to-point MMC-HVDC system was
investigated across a series of system parameters and tunings. The grid forming inertia,
damping, grid following DC voltage droop and grid SCRs were varied to observe the
effect on oscillation propagation. A small signal model of the full system was developed,
including the MMC internal dynamics. Extensive parametric sweeps were performed
for encompassing values of the aforementioned variables, to identify conditions in which

firewall capability may be affected.
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Across most responses, the propagation from input disturbance on grid;; to output
on gridy differed between the grid forming and following controls, with the former
typically having a greater magnitude response across all parameters and responses.
The GFM/GFL amplifies oscillations more than the GFL/GFL, but maintains better
stability across the sweeps. The GFM/GFL typically amplifies low inertial frequencies
(0.01 Hz - 1 Hz), and the second fundamental frequency, 100 Hz. For most of these
parameter conditions, even though the GFM magnitude response on gridy; was larger,
it was not significant enough to cause a serious oscillation propagation. This was
quantified using the proposed “firewall” metric to easily understand the impact of
oscillation propagation irregardless of variable type. The results can be concluded as

such:

e The SCR;; can have a significant impact causing the GFM to draw “too much”
of a response from AC gridgi. The worst conditions are generally with a DC

voltage droop above 0.02, damping above 1200 pu, and SCR;;=4.

o SCRy has limited impact on the peak magnitude propagated, however, it does

still affect the whole response across the full frequency spectrum.

e A sufficient droop coefficient of < 0.02 is required for ensuring DC voltage
maintenance, and reduce the oscillation propagation from one grid to the other.

Anything over 0.02 results in an oscillation transfer between the grids).

e GFM Damping significantly affects the oscillation propagation and should be
limited to below 1400 pu for droop above 0.02. For lower droop values, damping

above 1400 pu can cause increased oscillations, especially above 2000 pu.

e Increasing GFM inertia does show a slight unwanted increase in magnitude
response, but it only causes a variation in response at lower damping values

(< 100pu), especially with an inertial constant above 3 s.

e The GFM/GFL system has a larger magnitude response from a disturbance
on grid;; to gridg, compared to the GFL/GFL system, in most parameter

conditions. However, at typical values, the response is not significant enough
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across most of the frequencies, and does not reach the threshold values (above 1

per unit response).
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Chapter 8

Thesis Conclusion

The work presented in this thesis is summarised in the following chapter, giving general

conclusions and goals for future work.

As detailed in Chapter [I] the motivation for this thesis is driven by the urgent need to
decarbonise all energy sectors to combat the urgent threat of the climate emergency.
Renewable converter interfaced generation will help contribute to this goal, but there
are several developments to converter and transmission technology required to enable
this. Many sites of renewable generation are located far from traditional synchronous
generation sites (such as fossil fuel power stations), and far from demand locations.
Therefore Medium and High Voltage Direct Current transmission has been increasingly

utilised to enable low power loss power delivery across large scale distances.

One of the goals of this thesis is to present an overview of the possible capabilities of
MVDC/HVDC systems in enabling the development of power grids, and to assess the
benefits and issues of the controllers that can be implemented to support the grid in this
transition. The difficulties experienced by the modern grid, from voltage instability,
low SCR, varying X/R ratios and wide controller bandwidths, need to be understood
by describing the technologies involved in MVDC/HVDC and converter systems. This
is presented in Chapter [2] and the background modelling derivations used throughout
this thesis are detailed in Chapter
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In Chapter [l the stability limits and support capability of a classical grid following
current controller with grid supporting control is assessed to show the extent of inertia
provision the controller can provide whilst maintaining system stability. [GELl converters
have typically been stated to be more suited to operation in a “stiff” or strong grid, and
grid forming in a weaker grid [316]. However there are variations to this, dependent on
the additional grid supporting features added in the GFL structure, the other system
parameters and control tunings. Reference [13] highlights the comparability between
inertia response provided by grid following and grid forming converters, showing across
varying parameters, GFL control can have a very similar response to GFM control.
Therefore, the study in Chapter [ is important guidance to highlight the effect of
control parameters on the maximum inertia that can be emulated in grid following
control. The inner current loop controllers, the time constant of the phase locked loop,
and the filter of the measured frequency all affect the maximum inertia that can be
implemented. Some notable recommendations indicate that the typical inner current
loop frequency range has reduced stability at higher inertia gains. The inner current
loop should be 5 to 10 times slower than the converter switches (which have a frequency
of 1-2 kHz, up to about 10 kHz [254]), therefore the inner current loop should be no
faster than 10 ms. From the case study completed, higher inertia constants can be
implemented whilst maintaining stability with very fast inner current tunings of below
1 ms, however this contradicts with the limit set by the converter switching (it should
be noted that the switching of the converter was not included in the model, hence why
the results show a larger inertia capability at very fast time constants). Therefore,
in order to maintain system stability, the inner current loop must be tuned with a
slower time constant to be able to set a larger inertia constant. Typically inertia is a
slow response (however, beginning instantly, or within 5 ms defined by the UK grid
code [226]), but if the current response is too slow it will lag the desired reference that

has been generated to provide the inertial power required.

To ensure systems and converter controllers perform as expected, accurate modelling
is essential especially for transmission system operators [I'SOl and the Energy System
Operator (ESQOl). As described in Chapters there needs to be a balance between
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accurate modelling and computational burden, and therefore there are many different
variations of models proposed in the literature, ranging from highly detailed models,
to simplified low detail models. More specifically, there are several small signal models
of varying dynamic detail, with simplifications that include the type of control utilised.
Therefore, the accuracy of various small signal models has been analysed and presented
in this thesis. In Chapter [5] three small signal models of grid-tied converters, with grid
forming control, of increasing complexity are compared for their accuracy in matching
the EMT time domain response of the system. These models are the full detail EMT
SSM, a Jacobian representation [205], and the classical representation of a grid forming
source to grid connection |21]. Across a series of changing system parameters, each
small signal model was compared to the EMT model and the root mean square error
was calculated across a set time window of the response. These tests are necessary to
find the system conditions where lower detail models can, and cannot be used, as the
study cases show that model accuracy is dependent on system parameters, even when
linearised around the exact operating points. Specifically, for varying grid SCR, and
X/R ratio, and GFM damping. A high X/R ratio results in a good decoupling between
active and reactive power, however, conversely this also means poor decoupling in lower
X/R ratio grids, such as in distribution grids. The Jacobian model does represent the
relation between active power and voltage (therefore reactive power), however there
are simplifications in the modelling assumptions to be able to represent the system as
this simplified MIMO model. Chapter [5|shows the limitations with lower detail models
exhibiting poor transient response accuracy at low X/R ratios, especially combined
with low SCR values. The worst transient response for the lower detail models occurs
at SCR < 2, X/R < 3, and a GFM damping ratio of ( < 0.2. The Jacobian model
can adequately represent the transient response above these low values, however, it has
the worst response when below this range. The transient response figures in Chapter
show some selected responses, highlighting the largest inaccuracy of lower detail models.
The EMT non-linear and full detail SSM show oscillations of approximately 0.8 s (1.25
Hz), which is not a super-synchronous or fast oscillation that would not be expected

of a low detail model to represent. Therefore, the aforementioned low value regions of
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X/R, SCR and damping result in the lower detail models having inaccurate transient

responses, when they would be expected to be precise.

Continuing from the comparison of grid forming small signal models, the accuracy of
three grid following small signal models of varying detail are compared in Chapter
6. A methodology is presented for screening the models to identify conditions where
they do not identify poorly damped sub-synchronous oscillations, and instability. As
with the studies in Chapter it is anticipated that the lower detail models won’t
include fast dynamics, however there are parameter conditions where they cannot
identify sub-synchronous modes or instability. CIGRE recommends [273] that T'SOs,
system operators, project owners and vendors must assess the capabilities of the models
they are using and in what conditions they sufficiently represent instability and SSOs.
Therefore, a full detail GFL SSM, a reduced order model, and simplified phasor model
were assessed across a range of system SCR, X/R ratio and outer active power loop
time constant. The case studies showed that the MOR method can represent when the
system has poorly damped modes that could cause unwanted interactions, much more
effectively that the simplified phasor model. However, with low SCR, the MOR fails
to identify poorly damped SSOs even with larger tuning time constants (0.2 s - 0.3 s),
that is would be expected to [224]. The simplified phasor can be slightly more suitable
for identifying areas of instability at the lower SCR ranges, however this model is more
inclined to producing false positives highlighting instability. Ultimately, the full detail
SSM is advised for anything below SCR = 2, especially at lower 7 and X/R = 15 to
20.

Having highlighted the importance of accurate modelling in the previous sections,
Chapter 7 presents a detailed small signal model of a point-to-point MMC-HVDC
system. The MMC internal dynamics are included in the model, the grid and converter
equations, and the DC link dynamics. The full description of the system small signal
model derivation is explained in the chapter, and the effect of different controllers on
the system is investigated. The ability of the MMC-HVDC system to control power

flow and limit oscillation propagation from one side to the other is assessed across
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a series of parameters. Two systems where tested, one with a GFM on the first
AC grid and GFL on the second AC grid (referred to as the GFM/GFL), and then
a system with a GFL controlling both grids (GFL/GFL). The goal of this research
was to assess what conditions limit the controllers’ abilities to prevent oscillation
propagation. It was found that the GFM/GFL system limited this capability more
than the GFL/GFL, however, across most conditions, it was not significant enough
to be a “cause for concern”. A comprehensive methodology was presented to identify
parameter conditions where the GFM/GFL has a larger oscillation propagation from
one grid to the next compared to the GFL/GFL system. The concept of “firewall” was
quantified for ease of interpretation, as an input oscillation on grid;;, resulting in an
equivalent per unit response on gridg;. Explanation of this is detailed in Chapter
It was concluded that the SCR;; can have a significant impact causing the GFM to
draw “too much” of a response from AC gridg,. The worst conditions are generally
with a DC voltage droop above 0.02, damping above 1200 pu, and SCR;;=4. GFM
Damping significantly affects the oscillation propagation and should be limited to
below 1400 pu for droop above 0.02. For lower droop values, damping above 1400
pu can cause increased oscillations, especially above 2000 pu. Increasing GFM inertia
does show a slight unwanted increase in magnitude response, but it only causes a
variation in response at lower damping values (< 100pu), especially with an inertial
constant above 3 s. Ultimately the GFM/GFL system has a larger magnitude response
from a disturbance on grid;; to gridy, compared to the GFL/GFL system, in most
parameter conditions. However, at typical values, the response is not significant enough
across most of the frequencies, and does not reach the threshold values (1 per unit

disturbance).

Throughout this thesis, the importance of model accuracy has been brought to the
spotlight, especially as the grid sees more[[BRk connected and ever changing parameters
at points of connection. CIGRE, TSOs, and system operators are requiring an even
deeper understanding of the power system and the models they use. There is a serious
need of models with low computational burden and high speed, however this thesis has

shown there are system conditions where low detail models lack the precision they would

184



Chapter 8. Thesis Conclusion

be expected to offer. Repeatable and straightforward methodologies have been proposed
to show when model simplifications are not adequate. The importance of detailed
dynamic representation is further emphasised in Chapter [7} where the inclusion of the
MMC dynamics is essential as they frequently participate in oscillation propagation

between grids.

8.1 Future Work

Further work to extend the research completed in this thesis is described in this section.

Chapter [4 highlighted the capabilities of enhanced GFL controllers to provide an inertial
response, also highlighting the limitations GFL inertia support can have on system
stability when interacting with inner loop controls. Therefore, future work would
be conducted to compare the stability between GFL control with inertia and GFM
converters with inertia. The benefit of the fast response of GFLs needs to be assessed, as
the results of Chapter [4] showed fast current loop and PLL time constants restricted the
maximum inertial gain the converter could have whilst maintaining stability. However,
the GFL could still provide inertia up to a set power limit (maintaining a suitably
fast control response), therefore, the required power could be restricted, and assess
the benefits of GFL in fault ride through compared to a GFM VSM topology which
typically switches to GFL control during faults [317], or require significant inner current

limiting control during faults.

Considering that the importance of model accuracy has been highlighted throughout
this thesis, it would be beneficial to develop a model simplification method
that simplifies grid tied converters with GFL and GFM control whilst accurately
representing sub-synchronous oscillations. The fast frequency dynamics might not
necessarily be required, but the SSOs that grid T'SOs have not been able to predict
would be desirable in a lower detail model. Incorporating dynamic phasors into
simplified models to investigate if they can improve the sub-synchronous oscillation
detail that is missed in the simplified models would be the first step, to create a model

that can represent low order harmonics and inter-harmonics of the system.
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An extension to the studies completed on the MMC-HVDC point-to-point system in
Chapter [7] is desired, specifically:

¢ Performing parametric sweep case study tests on an HVDC link interconnecting

a synchronous AC grid.

e Following from this, a more detailed AC grid representation would need to be
developed, compared to the previous infinite bus AC Grid. For example, a system
similar to the IEEE 9-bus system [318], with modified HVDC link interconnecting
two areas. This would offer a more in depth study into the propagation of
oscillations, highlighting any inhibited firewall capabilities in future synchronous

grids, with multiple HVDC links.

o A further goal is develop a metric that represents the “full” firewall capability
for the system instead of each input-output pair, i.e., an interpretable value that
weights the significance of individual large propagation oscillations between AC
grids, and/or multiple smaller propagations, cumulating to make a significant

effect overall.

e The effect of alternate GFM structures will also be investigated. The current
GFM control uses VSM synchronisation, with AC voltage magnitude control
and circulating current suppression. The effect of cascaded inner current and
voltage control loops will be investigated. In particular, determining whether
this inner additional control gives beneficial controllability or further damages
the firewall capability. Additionally, energy based control has been recommended
in the literature for control of MMC sub-module voltages [319], which should be
implemented. Tuning of the control to suppress the unwanted harmonics in the
MMC could be recommended from repeated case studies of this system, by varying
the gains of these suppression loops, and ultimately, suggested improvements to

the control.
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Appendix A

Full Derivation of Small Signal
Synchronous Reference Frame

Phase Locked Loop

A detailed description of the steps and assumptions taken to produce the transfer
function of the linearised phase locked loop was described in Section In this

section, the expanded substitutions are given, step by step, for improved reader clarity.

The relation between the estimation of the PLL angle and voltage was defined by, (3.66))

éPLL:/<wn+KP*ﬁPCCq+Ki/(UPCCq)) dt (A.1)

éZépLL—Qg (A.2)
If %é PLL = %5 PL L—I—%Hg, and it is assumed the feed-forward reference, w, is equivalent
to the grid frequency, 0,, then the following equations can be expanded.

d - d ~ d d ~
—Oprr = =0 —0y = —0 A3
g oPeL = opLL+ 5 0g = 0P+ wg (A.3)
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Uprr = ¢ 'Upry, (A4)
d

%éPLL = Kp* Upccy + Ki /(UPCCq) dt (A.5)

if (A.4) is linearised, then the the substitution is as follows, where the PLL sub-suffix
has been dropped for clarity.

AUpyy, = |€_jéUPLL\lin= _je_jéOUPLLOAé + €_jéOAUPLL (A.6)

AUy —i—jAU =—j (cos(éo) — jsin(§0)> * (Ugo + jUq0) A+

(cos(eo) - jsm(éo)) (AU, + jAU,) (A7)

AUd + jAU = (—jUdocos(ég) + Udosin(ég) + quosin(éo) + qucos(éo)) AO

+ AVycosly + AVqsinéo + jAchoség — jAVdsinéo (A.8)

Collecting real and imaginary terms and comparing them, the imaginary component

AUq can be expressed as

AUq = (—Udocos(éo)—i—quosin(ég)) AG + AUqcos(ég) — AUdsin(éo) (A.9)

The input of the AU, term is neglected and then is substituted into the linearised

&3).

%AQ = <Kp + I?) ((—Udocos(éo) + quosin(éo)> A + AUqcos(éo) — AUdsin(éo)>

(A.10)

If this is transformed into the LaPlace domain
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$2Af + (KppLLUdocOS(é()) - KpPLLUqQSin(éQ)) s+ KipLLUdQCOS(é())

— KipLLqusin(éo) =s (AUqupLLCOS(éo) + AUinpLLCOS(§0)> (A.11)

Aé . KppLLCOS(QN())S + KipLLCOS«éo))

A.12
AUq 52 + aps + bo ( )
where
ag = KppLLCOS(Ho)UdO + KppLLSin(Qo)qu (A13)
by = KipLLCOS(QQ)UdO + KiPLLS’in(QQ)qu (A.14)

If the initial angle difference is assumed to be zero, ((fy) = 0), then this expression can

be simplified to .
A0 Kpprrs+ Kiprr

AUq sz Ugos + Ugg

(A.15)
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Jacobian Matrix Detail

The derivation of the Jacobian Matrix is extensively detailed in [205], however an

overview of the equation derivations is shown here.

Firstly, the grid system equation, L% = v — E — Ri — jwlLi, has some of the dq

components represented in terms of magnitude and trigonometric functions.

Vi + jVy = Veos(8,) + Vsin(6y) (B.1)

The following assumptions and function simplifications are assumed when linearised,

shown in (B.2)) to (B.2).

Oy = 0vo + Aby, iq = iqo + Aig,iq = g0 + Aig (B.2)
sin(0y0 + Aby) & sin(0y0) + cos(0y0)Ab, (B.3)
cos(byo + Aby) = cos(0y0) — sin(By,0)Ab, (B.4)

Further explanation of the system substitutions that are applied to the grid equations
are explained in [205], and the transfer functions for the Jacobian matrix are derived.

The expanded form is given here.
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a, 52 als as (W
Tro(s) = (SL ++ R)12 : (52)3 (B-3)

where
ap = (Lpu/wy) * (ks — k1)
a] — (Rpu/wl) * (kg — kl) — Lpu * kg

ag = (w1 * Lyy * kg — Rpy * k)

aos® + ais + (w)
(sL + R)? + (wL)?

Juse(s) =

where

ap = _Lpu * Lgpu * kg * Upu
ap = _Rpu * Lgpu * kg * Upu

a9 = —w1)2 * Ly * Lgpy * k2 x Upu — w1 * Rpu x Lgp,, x k1 * Upu

Qa 82 als w
Tev(s) = (LR (B.7)

where

ag = (Lpy/wi) * (k4 — k2)
a1 = (Rpu/wy) * (k4 — k2) + Ly, * k1
ag = w1 * Lpy * k4 + Rpu * k3

Q 82 als w
Jopv(s) = (e (B.3)

where

ag = Lpy * Lgpy * k1/Upu
a1 = Rpu * Lgp, * k1/UT Dpu

as = (w%) s Lpy * Lgpy * k1/Upu — (w1) * Rpu * Lgpy, * ko /Upu

The variables K; are comprised of the per unit voltage magnitudes and angles.
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K1 =VTDpuxUTDpu * cos((ThetaT DV 0O — (ThetaT DUO)))
K2 = VT Dpu * UT Dpu % sin((ThetaT DVO — (ThetaT DUO)))
K3 = ETDpu x VT Dpu * cos((ThetaT DV0))

K4 = ETDpu x VT Dpu * sin((ThetaT DV 0))
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Model Order Reduction Detailed

Expansion

A detailed expansion of the substitution steps to obtain the reduced order model from
[282] are shown in this appendix. The variables have been defined in Chapter @] in
Section [6.3.31

If the equation for the current control voltage references in the converter frame are

considered as

AvS = Au§ + Ga(s) (A% — Aily — wLAL,) (C.1)
Avgr = Aud 4 G(s)(Aig — Aif, + wLcAily) (C.2)

then the representation in the global reference frame is transformed using the relation
shown in Chapter [f] in equations (6.33) and (6.34). This results in the converter

reference voltages expressed in terms of the global reference frame.

AU:d = A?}gzz — 'quoAHPLL, U:q = A’Ug:; + UngAepLL (CS)

C*k ES C*
Avcd = A’Ucd + ’chOAHPLL, Veq

= AU:q — UchAQPLL (04)
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Avg = Aug +ugAblprr + Gor(s)(Aigy + iegoA0pLL — Aicg — icq0A0pLL)

— wLeq(Aicq — ichAHPLL) — vquAGPLL (C5)

A’U; = Auq — ugoAbprr, + GCL(S)(AZ':q — i:doAHPLL — Aicq + ichAePLL)

+ Wheq(Aieg + icqAOprr) + VegoAbprr,  (C.6)

The equations relating the converter side voltage to the PCC are shown again below in

©7) and [CF).
Avg — Aug = (8Leg + Req) Aleqg — wWhegAieg (C.7)

Avg — Aug = (sLeg + Reg)Aicg + wleqAicq (C.8)

If the converter voltage in the global reference frame of (C.5]) and ((C.6|) are substituted
into (C.7) and (C.8), and assuming the Uy, = Vdg, then the following equations are
produced:

(SLeq + Req + GCL)Aicd = wLquiCq — Aug + Aug + quAepLL—l-

Gorn(s)(Ai%h — iegoA0pLr) — wheg(Aicg — ieanA0prr) — v A0prs  (C.9)

(SLeq + Req + GCL)AiCq = —wLquicd — Auq + Auq — ugoAbpr,+

GCL(S)(AZ'E; + ’iCdQAQPLL) + wLeq(Aicd + 'L'Cq(]AHPLL) + UngAHPLL (C.lO)

Furthermore, the PLL angle, py,, was shown in Chapter [] that it can be represented

in terms of the converter currents
Abprr, = GPLL((SLg + Rg)Aicq + ngAicd) (C.11)

where Gpry, is the PLL transfer function, also described in Chapter [] If the Abpy
in equations (C.9) and (C.10|) is replaced with the expression in (C.11]), then the grid
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current equations are simplified to (C.12)) and (C.13|) (note: the reference current only

is considered in the converter reference frame for going forward).

Ger jor (Ger + Req)icqo
Zie Z;

Aieg = GprrwlyAicg

Ger + Reg)ie )
—( oL Z, ) qOGpLL(SLg—l—Rg)AZCq (C.12)

G Gor + Reg)i
Aieg = TC"L NG + (Gor +Z ca)iedo GpriwLlylicg
K3 (2
+ (GC’L + Req)icdo

Z;

Gprr(sLg+ Ry)Aiey (C.13)

where the variable Z. is introduced for simplification of the equations and is equivalent

to Zije = 8Leg+ Reg+Ger. Considering the current loop PI controller, G¢y, is expressed

as
Gor = Kpeo(1+ chs) (C.14)
then the following simplification can be derived
Ger, wor(Leg + Req) 1
_ s = (C.15)

Z 8Leq + Req + wor(Leg + Req) WZL +1

S

If the inner current loop is considered fast enough that the converter current directly
follows the reference, and the grid dynamics are simplified as in [284], then the equations

in (C.12)) and (C.13|) can be simplified to

Aioy A B| |Ai,

= (C.16)
AV C D| |Aig,
where A, B, C and D are transfer functions defined as
A= ! (C.17)
1+GPLLXgIcq0 '
B=0 (C.18)
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GprrXgledo
C = C.19
1+GprrXgleg ( )
D=1 (C.20)

Further to this, the derivation to obtain the state space representation of input power

and PCC voltage are the inputs, is described in Chapter [6] resulting in the final form

Y
GPCO 1+ X *
AP _ | 1+GPCO 1+GACO AP C.21
= | A (C.21)
Au 1+ N GACO Au*

1+GACO 14+GACO

where the intermediate variables X, Y, M, N, GPC0 and GPC0 are defined by

X = Kp(s)(mA+nC),Y = Ky(s)(mB + nD) (C.22)
M = Ky(s)(pA+qC), N = Ky(s)(pB + ¢D) (C.23)
YM
GPCO =X — arm (C.24)
YM
GACO= N — s (C.25)
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Participation Factors

The participation factor of a mode is derived to help identify how a dynamic variables
affects the mode. For the state space model, referring to equation (6.1)), the state

component, x, of the system,

dx

—=A D.1
7 = AT (D.1)
the vector of eigenvalues of the A matrix is defined by A and v is the eigenvector. The

relation is denoted by

Av = v (D.2)
The measure of the sensitivity of each eigenvalue to each diagonal entry of the A matrix
(akk) is the participation factor [311].

_on
 dakk

The py; participation factor for each i*" eigenvalue and kk" diagonal entry in A matrix

relates the k" state to the i** eigenvalue.

From the participation factor equation defined in (7.5)), the kth entries in the left and

right eigenvectors, w; and v;, satisfy:

A’UZ' = )\iviwa = wf/\i (D.4)
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MMC Equation Derivation Detail

The expansion of two oscillating signals, X(¢) and Y(t), multiplied together in the dq

reference frame can be represented by

XpYp = XqYg +XD2YD2+XQ2YQ2

Z(t) = (XoY(
(1) = (xovy+ 2202 X, Xoo 2L
XpoYp  Xg2Yo XpY) XoY,
(XpYo + XoYD + D22 D Q22 @4 D2 P2 4 Q2 Qz)cos(wt)
XpoYg  XgYp XY XpYoe, .
+ (XoYo + XoYg — D22 Q4 Q; D_ Q2 D2 4 D2 Qz)szn(wt)
XpYp  XoYo

+( 5 5 + XpaYo + Xx,Yp2)cos(2wt)
XoY; XpY,
g

+ X2Yo + Xx,Yo2)sin(2wt) (E.1)
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The expanded linearised equations for the converter side AC voltages in the dq frame

can be defined by:

>
AV, — A]\/101(2”5000 + vlzJ:CDQO) AM, (v g20)
d= A + 1 +
AMDQ(U[Z]:CDO) AMQ2(U§CQ0) Av(z]:CDZMDo
+ + +
4 4 4
A”(?CQzMQO n AU(%:CD(—? + MD20)+
4 4
AU%:CQ(MQQO) AUE:CO(QMDO)
4 + 4

>
_ AMa(vizoqga) n A]\4q(2“[§:coo - Ug:cmo)
4 4

AMW(”%:CQO) n AMQQ(UE:CDO) A7)(§:(,*/r)2]\4éz()+

4 4 4
>
AvizegaMpo AU(?CD(MQ%)
+
4 4
AU(;CQ(2 + MDQO) n AUI;CO(2MQO)
4 4

AV
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