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Summary

In recent decades, electrical transmission grids have seen a shift from con-
ventional High Voltage Alternating Current (HVAC) transmission systems
to hybrid power systems with a growing share of High Voltage Direct Cur-
rent (HVDC) transmission (hybrid HVAC/HVDC systems). In parallel with
the development of HVDC links, power systems have also become more and
more interconnected creating large AC synchronous electrical grids, increas-
ing their total inertia and thus enhancing their frequency stability and overall
reliability.

However, with the continuous industrial growth and the introduction of
new economical objectives, power systems are operated closer to their stabil-
ity limits. Consequently, the risk of severe disruptions is increasing. Indeed,
in the last decades, various events have shown that electromechanical oscilla-
tions, transient stability and stability issues in general are a threat for large
power systems.

This doctoral dissertation investigates a promising application of HVDC
systems to tackle severe instability problems: DC segmentation. DC segmen-
tation is the action of going from one large AC synchronous grid into a set
of smaller AC asynchronous grids connected by HVDC links. Specifically,
this research focuses on the study and the improvements of the effects of
DC segmentation using HVDC systems based on Voltage Source Converters
(VSC-HVDC) on power system stability. The power system-stability phenom-
ena studied in this PhD being angle stability under small disturbances (elec-
tromechanical oscillations), angle stability under large disturbances (tran-
sient stability) and frequency stability.

The main findings of this PhD thesis can be summarised as follows:

e DC segmentation can be very effective to suppress critical inter-area os-
cillations in stressed AC power systems. Thus, a new DC segmentation
algorithm has been proposed to mitigate inter-area electromechanical



oscillations. The proposed algorithm obtains a DC-segmentation ar-
chitecture for an initial HVAC system.

DC segmentation with VSC-HVDC systems controlled with constant
power references has small impact on intra-area electromechanical os-
cillations. Thus, Power Oscillation Damping (POD) controllers for the
reactive-power injections of the converter stations of the VSC-HVDC
segments (POD-Q controllers) have been proposed and implemented
in order to damp intra-area oscillations in a DC-segmented test sys-
tem. POD-Q controllers using local and global measurements have
been analysed, proving that they can help to damp intra-area oscilla-
tions.

DC segmentation with VSC-HVDC systems controlled with constant
power references jeopardises frequency stability of the overall system.
Thus, an active-power supplementary controller for frequency support
has been implemented in the VSC-HVDC segments in order to mitigate
this issue.

Altogether, the use of DC segmentation, frequency support and POD-
Q control brings an important improvement of the overall stability of
power systems compared to the initial AC system. DC segmentation
could be of interest in stressed large-scale power systems in which angle
stability is critical.
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Chapter 1

Introduction

1.1 HVAC and HVDC transmission

The genesis of electric power systems was marked by a passionate compe-
tition (sometimes theatrically called the War of the Currents) between two
technologies of power transmission: the Alternating Current (AC) technol-
ogy, promoted by George Westinghouse and Nikola Tesla and the Direct
Current (DC) supported - among others - by Thomas A. Edison.

During the 20th century, AC technology progressively became the preva-
lent technology for the transmission and distribution of electricity driven,
mainly, by the existence of the transformer that made voltage step-up possi-
ble and thus reduce line losses in long-distance electricity transmission. Such
thing was not possible for DC systems since no technology existed at the
time to increase DC voltage.

Initially, the first AC grids were of limited size, but they gradually ex-
panded to regional, national, and even continental scales, forming wide-area
synchronous grids. One example of those grids is the Continental Europe
synchronous grid (see Fig. 1.1) supplying over 400 million people in 24 coun-
tries.

While AC technology still is the dominant technology for the transmission
and distribution of electricity, it is limited by some technical aspects that can
be overcome by the DC technology developed in the last decades [5].

Indeed, in face of the growing need to decarbonise the economy while
satisfying public needs, power grids are currently facing the following main
challenges:

e The increase of the total load - and thus generation - in order to electrify

1
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Figure 1.1: Main synchronous grids of Europe [1].



1.2 HVDC transmission technologies

some historically non-electrified sectors (especially the transport sector
with the rise of electrical vehicles).

e The rise of renewable-but-intermittent energy sources (RES), mainly
wind and solar.

e The often large distance between the energy production centres and
the energy consumption.

e The increase of distributed generation (notice that this point is contra-
dictory to the previous one).

e The growing public resentment over overhead transmission lines (OHL)
leading to an increase of the use of underground cables.

Overcoming these challenges would require a substantial evolution of cur-
rent electrical grids with the construction of many new transmission lines for
the transmission of electricity over long distances, either to increase the in-
terconnection between countries and regions, or to connect bulk sources of
production to the rest of the grid. Additionally, many of these transmission
lines would actually be underground or underwater cables due to geograph-
ical constraints (manly for the connection of offshore wind farms or distant
countries) or public acceptance issues.

In many of these applications, HVDC transmission is better suited than
HVAC transmission (or even the only solution). For example, no AC link
would ever connect two asynchronous grids. Additionally, due to the ca-
pacitive effect and the need of reactive power compensation, it is nearly
impossible to use underground or undersea AC cables for long distances.
Finally, over a certain distance, known as the break-even distance, HVDC
transmission becomes cheaper than HVAC transmission. This is due to the
lower losses, lower amount of cables needed and the absence of reactive power
compensation for HVDC, even with the initial high cost of the AC/DC con-
verter stations (see Fig. 1.2). The break even distance is typically around
600km for OHL and 50km for underground or submarine cables [6, 7.

Summarising, the main applications were HVDC transmission may be
more appropriate than HVAC transmission are:

e Connection of asynchronous AC power networks.
e Transmission of bulk power via OHL over long distances.

e Transmission of power via isolated cables (submarine and underground)
over medium-to-long distances.
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Costs

f Total HVAC costs

Total HVDC costs

AC line

[ - .
| AC terminals

T L.
Break-even Transmission
distance distances

Figure 1.2: Cost comparison between HVAC and HVDC transmission sys-
tems. Figure from [2].

1.2 HVDC transmission technologies

HVDC transmission can be based on two converter technologies: thyristor-
based Line-Commutated Converters (LCCs) and IGBT-based self- com-
mutated Voltage Source Converters (VSCs).

LCC technology is a more mature technology with most of the existing
HVDC links using this kind of converters. However, VSC-based technology
is currently becoming the preferred technology thanks to its superior con-
trollability and flexibility. In particular, VSCs have a constant DC voltage,
can control reactive power independently of active power at the AC side, can
rapidly change the power direction, can be connected to weak grids, and can
offer black-start capability.

VSC technology takes different forms, from the conventional 2-level
VSC to the more recent Modular Multilevel Converter (MMC) [8-10].
MMC topology possesses all the advantages of the 2-level VSC while limiting
many of its problems. Indeed, in comparison with the 2-level VSC, MMC
have higher power ratings, smoother outputs with much lower amount of har-
monics (and thus do not require expensive harmonic filters), a much better
electromagnetic compatibility and lower losses.

A VSC-HVDC converter can be controlled in various manners, the two
most common ones being grid-following and grid-forming control.

Grid-following (GFL-VSC) also known as current-source control is the
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traditional method. GFL-VSC power converters behave as a current source.
They impose both the active and reactive power by controlling the current
injection to the AC grid. To do so, a GFL-VSC locates the voltage space
vector at the AC connection point using a Phase-Locked Loop (PLL) and
orientates its output current according to the active- and reactive-power set
points. Thus, a GFL-VSC must always be connected to a functioning AC
grid.

Grid-forming (GFM-VSC), also known as voltage-source control, has
emerged more recently. Originally, it was intended for islanded applications
[11] but it is also becoming a common request from TSOs of bulk power
systems [12-14]. In this control mode, the VSC operates as a voltage source
behind a series impedance and thus, imposes the voltage magnitude and
frequency at the point of connection. Since more than one GFM-VSC or
several synchronous generators (SGs) may also be connected to the same
grid, some form of synchronisation mechanism has to be provided. This
strategy is the most appropriate to connect VSCs to weak grids. GFM-VSCs
need a self-synchronisation strategy to operate in power systems with other
conventional synchronous generation or GFM-VSC generation [11-14].

Supplementary controllers can be implement in both grid-following and
grid-forming VSCs in order to improve the stability of the system. As an
example, embedded VSC-HVDC systems (i.e. VSC-HVDC systems with
both VSCs connected in the same AC grid) can participate in the damping
of the system [15] while VSC connected to small asynchronous regions [16]
can provide frequency support. A review of the supplementary controllers of
VSCs is presented in Section 2.3.

For the remainder of this work, unless stated otherwise, all the systems
studied will be VSC-HVDC controlled in grid-following mode.

1.3 Existing and future HVDC links

Table 1.1 [17] presents a list of the HVDC links commissioned since 2021.
(All the links of the table were last accessed in May 2024).

In general, new HVDC projects involve the installation of new conductor
lines, which can be either overhead lines or underground cables. However,
when the construction of new overhead lines faces strong public opposition or
when the cost of new underground AC or DC cables is prohibitive, converting
existing AC overhead lines to DC becomes the only feasible option to increase
power exchange capacity [18,19]. An example of such conversion is the
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1.4 Power system stability

Ultranet project!, a 2 GW, +380kV, 340km OHL link to be commissioned
in 2026.

1.4 Power system stability

Power system stability terms, definitions and classification were presented by
a IEEE/CIGRE Joint Task Force in |20] and recently updated in [3,4]. In
those references, power system stability is defined as [4]:

The ability of an electric power system, for a given initial oper-
ating condition, to regain a state of operating equilibrium after
being subjected to a physical disturbance, with most system vari-
ables bounded so that practically the entire system remains intact

Traditionally [20], the stability of power system was classified into three
types: rotor angle stability, frequency stability and voltage stability. More
recently, a new task force was established in order to extend the classification
to take into account the effects of electronic power devices [4]. This work
added the concepts of resonance stability and converter-driven stability as
presented in Fig. 1.3.

This PhD thesis focuses on frequency stability and rotor angle stability
(divided into transient and small signal stability).

1.4.1 Rotor angle stability

According to the IEEE/CIGRE Joint Task Force on Stability Terms and
Definitions, angle stability is defined as [4]

The ability of the interconnected synchronous machines in a power
system to remain in synchronism under normal operating condi-
tions and to regain synchronism after being subjected to a small
or large disturbance.

It can be classified into two types:

e Large-disturbance angle stability (transient stability) [20]:

"https://www.amprion.net/Grid-expansion/OQur-Projects/Ultranet /
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Figure 1.3: Classification of power system stability [3,4].



1.4 Power system stability

The ability of the power system to maintain synchronism
when subjected to a severe disturbance, such as a short cir-
cuit on a transmission line. The resulting system response
inwvolves large excursions of generator rotor angles and is in-
fluenced by the nonlinear power-angle relationship.

e Small-disturbance (or small-signal) angle stability [20]:

The ability of the power system to maintain synchronism
under small disturbances. The disturbances are considered to
be sufficiently small so that the system of equations can be
linearised for analysis purposes.

Transient stability

Transient stability is related to loss-of-synchronism phenomenon in power
systems caused by large disturbances. Most common threats to transient
stability are short circuit in stressed power systems with the subsequent
cascading disconnection of parallel lines due to overloading. This can cause
the separation of a power system in two or more asynchronous zones. Some of
them may have a production deficit that would cause under frequency while
others may have a production surplus that would cause over frequency. A
typical example of this events has been the Continental Europe Synchronous
Area Separation on the 8th of January of 2021 [21]: a strong power flow from
east to west in Europe caused an overload in a substation in Croatia, causing
cascading outages, leading to the separation of the grid in two asynchronous
area. In the North-west area, the frequency dropped down to 49.7Hz leading
to the disconnection of many industrial loads in France and Italy. In the
South-East area, the frequency rose up to 50.6 Hz causing the disconnection
of generators.

A similar sequence of events caused a Blackout in Turkey on March the
31st, 2015 [22] and another Continental Europe Synchronous Area Separation
on 24 July 2021 |21] showing that transient stability is still an issue for large
power systems.

Small-signal angle stability

In small signal angle stability, the main focus is on the study of electrome-
chanical oscillations (also known as power oscillations), i.e, the electrome-
chanical modes associated to the angles and speeds of the synchronous ma-
chines. The analysis relies on a linearised version of the system of interest.

9
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In large power system, electromechanical oscillations are still an issue as
shown by the inter-area oscillations event on the 1st of December of 2016 23]
when a poorly-damped inter-area oscillation was triggered by a line discon-
nection in France, close to the border with Spain.

Traditionally, electromechanical oscillations have been tackled using Power
System Stabilisers (PSS) in some of the generators of the system [24] . More
recently, Power Oscillation Damping (POD) controllers are being installed
in FACTS [25,26] or in HVDC converters [27], for the same purpose.

This PhD thesis illustrates how DC segmentation can be used to suppress
inter-area oscillation modes (Chapter 6), while the remaining local modes
are tackled using POD controllers on reactive power (POD-Q) in the HVDC
converters used for the segmentation (Chapter 7).

1.4.2 Frequency stability

According to the IEEE/CIGRE Joint Task Force on Stability Terms and
Definitions [20],

Frequency stability refers to the ability of a power system to main-
tain steady frequency following a severe system upset resulting in
a significant imbalance between generation and load. It depends
on the ability to maintain/restore equilibrium between system gen-
eration and load, with minimum unintentional loss of load.

In order to improve frequency stability in power systems, so far, the trend
has been to connect together local or national grids in order to increase their
total inertia. This has led to the creation of continental-size power systems
such as the continental Furopean grid reaching from Portugal to Ukraine.
Thus, frequency stability has been less of an issue in large power system
while it is still the primary issue for isolated power systems [28].

Applying DC segmentation to a large power system will lead to reduction
of the inertia for each of the new asynchronous areas and thus could threat
their frequency stability. This phenomenon is studied in Chapter 4 and
a frequency-support control strategy is proposed in Chapter 7 in order to
mitigate this issue.

1.5 DC segmentation of power systems

As seen in Section 1.4, the large size (and thus total inertia) of large intercon-
nected power systems has allowed them to greatly improve their frequency

10
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stability. However, their size has become an issue for their angle stability
and for cascading outages that can cause important outages.

Thus, one may wonder if there exist a perfect size for power system in
which global stability is optimised. The research in [29] suggests that there
is indeed a size for which the balance between total inertia (for improving
frequency stability) and risk of large scale blackout is optimised.

However, future power grids cannot be built from scratch to fit this theo-
retical perfect size and must adapt to the existing grids and the geographical
characteristics of each region. One concept that could be used to approach
this balance is DC segmentation.

DC segmentation was first proposed in [30] with the following definition:

DC' segmentation involves breaking large grids [.. .| into smaller
sectors interconnected by Back-to-Back HVDC' links and HVDC
transmission lines.

DC segmentation is regarded as a promising application of VSC-HVDC to
tackle, once and for all, severe instability problems or to improve the opera-
tion of the system [31].

It is worth pointing out that DC segmentation is a planning action that
creates permanent AC asynchronous regions (called clusters) linked by DC
links. Thus, it must not be mixed up with temporary measures (for example
intentional islanding) even if they also create AC asynchronous regions.

Fig. 1.4 depicts the DC segmentation of a power system in three asyn-
chronous clusters.

a: AC system b: DC segmented system

Figure 1.4: DC segmentation of a power system.
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On the one hand, DC segmentation may seem to be going against the
historical evolution of power systems as it consists in segmenting grids that
have previously been linked together. However, it allows the exchange of
power between regions while limiting the propagation of perturbations as
the power through DC links is fully controllable. Thus, DC links can play
the role of "grid shock absorber" as proposed by the Electric Power Research
Institute (EPRI) [32] preventing large scale cascading outages.

On the other hand, DC segmentation can be seen as a natural evolution
of power systems. Indeed, in some interconnections initially done by AC
transmission lines, new DC links have been built and, in some places, they are
progressively taking over the largest part of the total trans-border capacity.
For example, the trans-border capacity between France and Spain is currently
of 4 GW, half of it through 4 AC lines and half of it through a DC link [33].
However, a second 2 GW DC link is currently under consideration [34]. If
the trend continues, one may ask why the AC transmission lines should be
kept even if they transmit only a fraction of the power while limiting the
degrees of freedom of the system (as they force the two regions to stay in
synchronism permanently).

This situation has already occurred in southern China where five HVDC
links carry a total of 26 GW from Yunnan to Guangdong. It has been found
that a contingency of one of the DC links would have a chance of overload-
ing the parallel inter-area AC lines. Since this risk has been estimated more
important than the service offered by the parallel AC lines, it was decided to
disconnect them in July 2016; leading to the first documented DC segmen-
tation of a power system [35].

1.6 Main objectives of this PhD thesis

The scenario presented above, described a stressed power system operating
closer to its stability limits and evolving towards a hybrid HVAC/HVDC
power system with a growing share of HVDC transmission. Thus, while DC
links are usually installed to increase the capacity of the system, it is of
strong interest to study the potential of VSC-HVDC to improve the stability
of stressed power systems. More specifically, this PhD thesis focuses on one
use-case of VSC-HVDC, namely, DC segmentation.

This PhD thesis aims at providing technically sound and supported an-
swers for the three following questions:

e Objective 1: What may be the effects of DC segmentation on the sta-
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bility of a power system?

e Objective 2: How and where, to DC segment a power system in order
to improve its stability?

e Objective 3: How to control a DC-segmented system in order to im-
prove its stability?

In particular, this PhD will focus on the following power-system-stability
phenomena:

e Angle stability under small disturbances (electromechanical oscilla-
tions).

e Angle stability under large disturbances (transient stability).
e Frequency stability.

As stated above, DC segmentation is a planning action requiring a signif-
icant investment. The tools presented in this PhD thesis are not for planning
themselves, however, they can help the evaluation of DC segmentation when
new grid developments are deemed necessary, taking into account technical
aspects.

A review of previous work will be presented in Chapter 2 and the identi-
fied research niches will pinpoint more precisely the three objectives above.

1.7 Outline of this document

The manuscript is organised as follows:

e Chapter 1 (this chapter) presents an introduction to the topic of the
PhD thesis.

e Chapter 2 presents a review of previous work on DC segmentation.

e Chapter 3 presents the dynamic models used in this PhD and their
implementation under Dymola and SSST. It details the electromechan-
ical model of VSCs used both for dynamic simulations and small-signal
analysis in the following chapters.

e Chapter 4 investigates the impact of DC segmentation on the stability
of power systems. To do so, two variations of the commonly used
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Kundur two-area test system are compared: the usual AC one and a
DC-segmented one (with the AC transmission line replaced by a DC
link). The comparison is done by means of small signal analysis and
dynamic simulations.

Chapter 5 studies the concept of dominant electromechanical-oscillation
paths and their automatic identification. It discusses the use of various
indicators, namely bus-voltage and frequency observability factors, to
identify oscillation-propagation paths. It then proposes a fully auto-
mated algorithm for the identification of these paths and validates the
proposed algorithm by applying it to the Nordic 44 test system.

Chapter 6 proposes an algorithm for the DC segmentation of power
systems to mitigate electromechanical oscillations. This algorithm sup-
presses a selected inter-area electromechanical mode by DC-segmenting
the system at the centre of the dominant paths of the target mode.
Thus, this algorithm relies on the one proposed in Chapter 5. The al-
gorithm is then applied and validated using the Nordic 44 test system.

Chapter 7 investigates whether the stability of a DC-segmented sys-
tem can be further improved by additional controllers of the DC link.
One frequency-support control based on active power is proposed to
limit the deterioration of frequency stability due to the DC segmenta-
tion. Two POD-Q control strategies are proposed to damp the local
modes of the system, one using only local measurement and one using
the frequency of the centre of inertia of each region.

Chapter 8 concludes the PhD thesis by summarising its contributions,
discussing its results and proposing potential novel lines of research to
extend its results.

Appendices A, B and C contain the details of the test systems
used in previous chapters, namely the Kundur 2-area test system, the
proposed 6-generator test system and the Nordic-44 test system.
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Chapter 2

Review of previous work and
identification of gaps for
research

2.1 Introduction

This chapter presents a review of previous work on the main aspects of
this PhD, namely, DC segmentation and supplementary controllers in VSC-
HVDC systems. The chapter also identifies the open gaps for research ad-
dressed in this PhD thesis and it links them with the objectives defined in
Section 1.6 of Chapter 1.

This chapter is organised has follows. Section 2.2 presents a full review
of previous work on DC segmentation. Section 2.3 presents a review of pre-
vious work on the supplementary controllers used in VSC-HVDC systems to
improve power system stability. Section 2.4 identifies the open research gaps
addressed in this PhD thesis and Section 2.5 summarises them.

2.2 DC segmentation of power systems

As stated in Section 1.5, DC segmentation is a new promising application of
VSC-HVDC technology and constitutes the main focus of this PhD thesis.
For the sake of clarity, the review of previous work on DC segmentation is
divided in 3 parts aligned with the three following key questions:

e What are the effects of DC segmentation on AC/DC power systems?
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e How and where, to DC segment a power system?

e How to control the VSC-HVDC links of a DC-segmented system?

2.2.1 The effects of DC segmentation on AC/DC power sys-
tems

Mitigation of disturbance propagation

One of the most extensively documented effects of DC segmentation is its
ability to limit the propagation of perturbations across the different resulting
clusters [32,36,37|. For example, [32] describes the HVDC links as “Grid
Shock Absorbers”. Indeed, when controlled with constant power references,
HVDC links are capable of preventing fluctuations in power or voltage from
propagating between different AC clusters, effectively serving as an electrical
firewall.

Limitation of cascading outages and black-outs

In contrast to AC lines, HVDC links offer full controllability which can play
a significant role in limiting cascading outages and blackouts. Indeed, HVDC
links can be controlled in order to always respect their thermal and stability
limits, thus preventing unplanned tripping issues that might occur with AC
lines during over-current situations. Likewise, HVDC links can be controlled
to limit their power flow to levels that are safe for the providing cluster. This
could strongly limit the risk of cascading failures and blackouts [30].

This effect has been confirmed in [38] with DC links controlled with fre-
quency support and in [39] with DC links modelled as AC lines with con-
trollable impedance. Both papers show that DC segmentation significantly
reduces the risk of large-scale blackouts.

Increase of net transfer capacity

According to [30], DC segmentation increases the net transfer capacity be-
tween clusters. The main reason is that no line capacity needs to be held
in reserve for uncontrolled power flows that can result from disturbances.
Additionally, DC segmentation can be the occasion to upgrade existing lines
from HVAC to HVDC which greatly increase their net transfer capacity as
stated in Section 1.3.
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Improvement of market operation

Thanks to the increase of controllability, market operation could become
more efficient in a DC-segmented system, mainly if the segmentation bound-
aries correspond to different market sectors [32]|. For this purpose, [40] pro-
poses a method to segment a power network in order to improve its market
operation.

Impact on power system stability

It is well known that AC power systems are planned to be meshed and
large (when feasible) to improve their reliability and resiliency. However,
in some cases involving stressed large-scale power systems, stability issues
may introduce technical limitations that DC-segmentation could mitigate.
Of course, this does not mean that all AC power systems should be DC-
segmented.

In terms of the impact of DC segmentation on power system stability,
two main aspects, have been reported in the literature:

e Impact on rotor angle stability: DC segmentation can increase the angle
stability margin of the system [41]. Indeed, generators from different
clusters are not bond to stay in synchronism with one another: DC
segmentation suppresses the synchronisation constraint between the
AC clusters. Moreover, since it decouples different parts of a power
systems, DC segmentation can cut the dynamic paths associated to
angle stability.

e Impact on frequency stability: DC segmentation can jeopardise the fre-
quency stability of the resulting asynchronous clusters (since each of
the resulting cluster will have a smaller inertia and weaker frequency
support than the original system). Indeed, when controlled with con-
stant active power references, HVDC links “prevent the propagation of
perturbations but stop inertia sharing” [36].

2.2.2 Where and how to DC-segment a power system?

Once the advantages of DC segmentation reported in the literature have been
understood, the problem of how to select the DC segmentation scheme for
a given power system rises. To the best of the author’s knowledge, the only
previous work in this matter is the patent in [40] that proposes to follow
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the market boundaries without consideration of power system stability as-
pects, and [42] that compares different segmentation schemes to limit the
commutation failure of the LCC-HVDC converters of the system but with-
out justifying the initial selection of the segmentation candidates. Thus, no
previous work has addressed the problem of how to select the optimal DC
segmentation scheme for a given power system based on technical aspects.

One possibility to maximise the stability advantage of DC segmenta-
tion would be to place the DC links in order to cut the propagation of the
dominant inter-area oscillation dynamic paths associated to angle stability.
Reference [43| proposes a method for the identification of dominant inter-
area oscillation paths, and this method could be used in the context of DC
segmentation. Finally, [44] proposes a list of principles to operate a grid of
grids of DC and AC sub-grids interconnected by power converters. Since a
DC-segmented system is a particular example of those grids, it seems impor-
tant to follow these rules for selecting the segmentation boundaries and to
develop the appropriate control.

2.2.3 How to control the VSC-HVDC links of a DC-segmented
system?

The control of HVDC links between asynchronous areas is a well studied
subject. For example, as stated in Section 2.3.3, numerous papers propose
the use of some kind of frequency control for VSC-HVDC links between two
asynchronous regions. In [44], the authors propose some principles to operate
a "grid of grids", i.e., a system composed of numerous asynchronous AC
grids connected by a large number of DC systems. Reference [45] proposes
to optimise the role (GFM or GFL) of the VSC of such grid of grids to limit
steady-state deviations, and improve small-signal stability.

The work in [46] analysed electromechanical oscillations in an AC power
system segmented with LCC-HVDC links. The paper shows that an increase
of the load in the DC-segmented system reduces the damping ratio of some
electromechanical modes and the work proposes an operating-point adjust-
ment of the active-power flow of the LCC-HVDC segments to counteract that
reduction. The work in [47] also analyses a DC-segmented system with LCC-
HVDC links and its impact on electromechanical oscillations. It proposes two
control strategies for the LCC-HVDC segments to improve the overall sta-
bility of the system, in terms of electromechanical oscillations. The control
strategies consist in adding a supplementary set-point term to the DC-current
reference of the rectifier station and a supplementary set-point term to the
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DC-voltage reference of the inverter station, which lead to an active-power
modulation in the LCC-HVDC segments. The first supplementary controller
(named GSC1) aims at isolating the electromechanical oscillations within
each asynchronous area. The second control strategy (named GSC2) allows
the propagation of electromechanical oscillations among the asynchronous
AC areas of the DC-segmented system, but aiming at improving small-signal
angle stability of the overall system. Supplementary controllers in the LCC-
HVDC segments are designed using Linear-Quadratic-Gaussian (LQR) tech-
niques.

However, there are few references studying the control of HVDC sys-
tems in the context of DC segmentation. Papers [30,32,37,41,42] all study
DC-segmented systems with DC links controlled with strategies such as “fix
power set points” or alternatives for “frequency control” but they do not
compare control alternatives. Only [36] compares DC segmentation with
fix active power set point versus an active-power control strategy using the
inter-regional frequency difference. The work in [46] and in [47] proposed
active-power set-point adjustment and supplementary controllers to damp
electromechanical oscillations in the DC-segmented system, however, both
papers analyse LCC-HVDC systems and not VSC-HVDC systems.

2.3 Supplementary controllers in VSC-HVDC sys-
tems to improve power system stability

Supplementary controllers in VSC-HVDC systems can be used to improve
power system stability. This section presents a review of previous work of
supplementary controllers in VSC-HVDC systems (a) to damp electrome-
chanical oscillations (power oscillation damping), (b) to improve transient
stability and (c) to improve frequency stability. These types of controllers
could be useful when applied to DC-segmented power systems.

2.3.1 Power-Oscillation-Damping controllers

Traditionally, the most cost-effective solution to damp electromechanical os-
cillations in power systems has been the use of supplementary controllers at-
tached to different devices of the power system. The most extended solution
is the implementation of Power System Stabilisers (PSS) in synchronous ma-
chines [48|. Nevertheless, supplementary Power-Oscillation-Damping (POD)
controllers in converter-interfaced renewable power plants [15, 49|, Energy
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Storage Systems (ESS) [50], Flexible Alternating Current Transmission Sys-
tems (FACTS) [25,51], LCC-HVDC systems [52, 53|, and VSC-HVDC sys-
tems [27,54| systems have also proved to be effective solutions.

This PhD thesis focuses on DC segmentation of power systems with VSC-
HVDC links. Hence, POD controllers attached to these installations will be
the ones of interest. A comprehensive review of previous work on POD con-
trollers in VSC-HVDC systems can be found in [27] and [54]. In VSC-HVDC
systems, POD controllers can be applied to the active-power injections of
the VSC stations (POD-P, for short), to the reactive-power injections of the
VSC stations (POD-Q, for short) or to both (POD-PQ, for short). POD
controllers have been applied to point-to-point VSC-HVDC systems and to
multi-terminal VSC-HVDC systems (VSC-MTDC).

The work in [55] proposed POD-P controllers in point-to-point VSC-
HVDC systems embedded in HVAC systems, using the frequency difference
between the AC terminals of the link, as input signal. The work in [56-58]
proposed the use of remote signals in POD-PQ controllers using a Wide Area
Measurement System (WAMS) for the input signals. The work in [59] stud-
ied the use of remote signals for the inputs of a POD-P controller, which
uses the difference of speed deviation of two remote synchronous machines,
as input signal. The work in [60] proposed POD-PQ controllers using robust
Linear Matrix Inequality (LMI) optimisation approach. The work also pre-
sented a comparison of different POD controllers. Ref. [61] proposed adaptive
WAMS-based POD-PQ controllers with adjustable observation signal, actu-
ator and parameters. An example of a VSC-HVDC equipped with POD-PQ
controllers is the INELFE-1 France-Spain 2x1000 MW VSC-HVDC inter-
connector [62]. The work in [63] presented field tests of the POD-P controller
of INELFE-1 VSC-HVDC inter-connector, where the gain of the POD-P was
re-tuned and additional adjustments were made in order to make the POD-
P controller compatible with the operation of the link in Angle Difference
Control (ADC).

The work in [64] proposed POD-P controllers in VSC-MTDC systems
embedded in HVAC systems using a WAMS for the input signals. Besides,
the work in [65] proposed POD-P controllers using local measurements: every
VSC of the VSC-MTDC system added a term to the DC-voltage set point for
the DC-voltage droop (the so-called, DC-voltage loop shaping) using local
measurements of the frequency deviation at the AC connection point. The
work in [66] proposed POD-PQ controllers using, as input signal, the devi-
ation between the frequency measured at the AC connection point of each
VSC and a frequency set point. This frequency set point was calculated as
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the weighted average frequency of the VSC-MTDC system. POD-PQ con-
trollers were designed using a coordinated design method based on eigenvalue
sensitivities, in order to damp a set of electromechanical modes.

All references discussed above addressed POD controllers in VSC-HVDC
embedded into HVAC systems. In the context of VSC-HVDC connecting
asynchronous AC systems, some additional precautions must be taken into
account when designing POD controllers. POD-Q controllers could be used
to damp electromechanical oscillations in each asynchronous AC grid, due
to the independent reactive-power control of VSC converters. However, the
case of POD-P controllers is different, since if the VSC-HVDC system could
contribute to the damping of electromechanical oscillation of one of the AC
areas by means of P modulation, it will necessarily cause a perturbation in
some other AC areas. References [67] and [68] proposed POD-P controllers in
offshore wind farms connected to the main AC grid through VSC-MTDC sys-
tems. The work in [69] proposed POD-P controllers in VSC-HVDC systems
interconnecting asynchronous AC systems, where the energy storage of the
MMC valves was used to provide damping capability to the two asynchronous
AC grids connected to the VSC stations. Notice that this work, presented a
preliminary study and the potential of the proposed solution needs further
investigation, since the energy stored in the MMC vales is limited. Ref. [70]
proposed a POD-P controller in VSC-HVDC systems interconnecting asyn-
chronous AC systems, based on the concept of virtual friction proposed by
the authors, in which a supplementary P set point proportional to the differ-
ence of the frequencies of both AC terminals of the VSC-HVDC systems is
used. Since the effect of the POD-P controller in damping electromechanical
oscillations of one of the AC areas produce a perturbation in the other one,
a trade off in the design of the POD-P controller gain was proposed.

2.3.2 Transient-stability-tailored controllers

Previous work has shown that supplementary controllers in P and Q injec-
tions at the converter stations of VSC-HVDC systems embedded in HVAC
systems can be used to improve power system transient stability.

The work in [71]| proposed a P-based supplementary controller in a point-
to-point VSC-HVDC system to improve transient stability, using as input
signal a non-linear function of the difference between the angle of the voltage
of the two ends of the VSC-HVDC system. The work in [72] proposed a
control strategy for P injections in VSC-HVDC links, in which the supple-
mentary P set point was calculated as a function of the frequency difference
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of the two ends of the VSC-HVDC link. Ref. [73]| proposed control strategies
for P/Q injections of the VSC stations based on Model Predictive Control
(MPC) and global measurements. The work in [74] analysed the impact of
VSC-HVDC systems on transient stability, using P and Q control strate-
gies. In active-power control strategies, the approach of [72| was used, while
in reactive-power control strategies, Q injections in each VSC station were
modulated comparing the frequency at the connection point with the average
of the frequencies of both AC terminals of the VSC-HVDC link.

References |75] and [76] proposed control strategies for P injections of the
converter stations of VSC-MTDC systems embedded in HVAC systems to im-
prove transient stability using global measurements collected by a WAMS.
In [75], P injections of VSC stations were modulated according to a bang-
bang-type controller and using global measurements of the speed deviations
of the synchronous generators of the systems with respect to the speed of the
Centre Of Inertia (COI) of the system. In [76], a sliding-mode control law for
P injections of the converter stations was used, requiring measurements of the
speed of the COI and of the mechanical power and electrical power injection
of synchronous generators. In the work of [77,78], transient-stability-tailored
supplementary controllers in VSC-MTDC were proposed using global-but-
practical measurements of the frequencies at the AC side of the converter
stations of the VSC-MTDC systems. In the proposed control laws, the in-
put signal of the supplementary controller of each VSC station is the error
between a frequency set point and the frequency measured at the connection
point of each VSC station. The frequency set point was calculated as the av-
erage of the frequencies of the converter stations of the VSC-MTDC system
(Weighted Average Frequency, WAF). P and Q injections were modulated
using this error input signal to improve transient stability (in [77] and [78],
respectively). The work in [79] proposed a Q-based control strategy similar
to the one in [78], but using local measurements, only. The work in [80] pro-
posed P-based supplementary controllers in VSC-MTDC systems to improve
transient stability also using global measurements of the converter stations of
the VSC-MTDC system. In this case, the input signals of the P controllers
is calculated from the angles and frequencies measured at the connection
points of the VSCs. Reference [81] proposed WAMS-based P/Q supplemen-
tary controllers in VSC-MTDC systems containing offshore wind farms and
connected to different points of the AC system to improve transient stability.
Reference [82] also explored the improvement of angle stability under large
and small disturbances by means of set-point adjustments in the converter
stations of a VSC-MTDC system embedded in an HVAC system.
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2.3.3 Frequency controllers

Frequency Controllers (FC) can be implemented in VSC-HVDC systems in-
terconnecting asynchronous AC grids, to provide frequency support among
them. FCs in VSC-HVDC are linked to active-power control of the VSC
stations.

The work in [83,84] analysed frequency and inertial support provided with
offshore wind farms connected to the AC systems through VSC-MTDC sys-
tems. References [85-87] addressed the problem of frequency support among
asynchronous AC grids connected through VSC-HVDC systems using local
FCs. The work in [88] proposed FCs based on cooperative control, in which
every VSC station used information of some other VSCs to calculate the
active-power set point value of its own FC control law. Ref. [88] proposed
a FC for VSC-MTDC systems interconnecting asynchronous AC grids, in
which the frequency set point for all VSCs was calculated as the average
frequency of the VSC-MTDC stations, and the strategy was useful to reduce
DC-voltage fluctuations. The work in [16] addressed the problem of frequency
support of a large and high-inertia AC grid to a low-inertia AC grid though
a VSC-HVDC link, in which the converter station connected to the latter is
controlled with grid forming control. The work in [89] analysed the impact of
frequency controllers in VSC-HVDC on electromechanical-oscillation damp-
ing, concluding that certain values of the FC controller gain could reduce the
damping ratio of some electromechanical oscillations in the power system.

2.4 Identification of research gaps

DC segmentation is a promising solution, in particular for the improvement
of the angle stability and prevent disturbance from propagating in bulk power
systems. However, it is still a recent subject and many gaps for research exist.
Based on the review of previous work presented in this chapter, scientific gaps
have been identified and are described in the next subsections.

2.4.1 TImpact of DC segmentation on power system stability

As illustrated in [41], DC segmentation of power systems can improve angle
stability under small disturbances (electromechanical oscillations). Although
the analysis of [41] presents some time-domain simulation results, it does not
provide a detailed analysis. Furthermore, the DC segmentation of [41] was
realised with LCC-HVDC systems, and not with VSC-HVDC technology,
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which presents higher control flexibility. One could also conclude indirectly
that DC segmentation may improve angle stability under large disturbances
(transient stability), by suppressing the synchronism constraint between the
different areas of an AC power system. However, this has not been anal-
ysed explicitly in previous work. Besides, since DC segmentation divides the
system into asynchronous AC areas (coupled by HVDC links), each of them
will have a lower amount of inertia and frequency support capability (fre-
quency controllers and reserves). Hence, one could also conclude that DC
segmentation may jeopardise frequency stability of the overall power system.
However, this aspect has not been analysed in detail in previous work, either.

Therefore, a detailed analysis and full understanding of the impact of DC
segmentation of power systems via VSC-HVDC links on electromechanical
oscillations, transient stability and frequency stability has been identified as
an open research gap. Chapter 4 addresses this research gap.

2.4.2 Where and how to segment a power system with DC?

Subsection 2.2.2 discussed previous work on determining architectures for
DC segmentation of a power system for different applications. However, the
problem of where to DC-segment an AC power system for the specific ap-
plication of the mitigation of electromechanical oscillations in an AC system
has not been addressed in previous work and it is a complex problem. This
was, an open research gap and it is addressed in Chapter 6.

2.4.3 How to control the VSC-HVDC links of a DC-segmented
system?

Subsection 2.2.3 discussed previous publications dealing with the control ap-
proaches in hybrid AC/DC systems involving asynchronous AC grids con-
nected via HVDC systems. Furthermore, Subsection 2.3 presented a compre-
hensive review of previous work on supplementary controllers in VSC-HVDC
systems to improve power system stability. Assuming that a large AC power
system has been segmented with VSC-HVDC links to mitigate inter-area
oscillations and to improve transient stability, one may conclude that some
stability issues may still be present in the resulting DC-segmented system,
for example, (a) intra-area electromechanical oscillations in the asynchronous
AC grids and (b) frequency stability issues (due to the reduction of inertia
and frequency support capability of each asynchronous AC grid). Intra-area
oscillations may be damped with POD-Q controllers in the VSC-HVDC sys-
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tems (with controllers similar to the ones described in Subsection 2.3.1),
while frequency stability of the overall system may be improved by means of
P-based frequency controllers in the VSC-HVDC systems (with controllers
similar the ones described in Subsection 2.3.3). The use of POD-Q con-
trollers to damp intra-area oscillations in a DC-segmented system may be
more practical than the use of POD-P controllers since they may partici-
pate in the propagation of perturbations among the asynchronous AC areas.
Although POD and frequency controllers in VSC-HVDC systems are a well
studied subject (see Subsection 2.3), their use for this particular application
of DC segmentation has not received attention in previous work.

Therefore, determining suitable supplementary controllers in DC-segmented
systems via VSC-HVDC links to damp intra-area oscillations and to improve
frequency stability of the overall system has been identified as an open re-
search gap and is addressed in Chapter 7.

2.4.4 Electromechanical oscillation paths

In order to determine the most appropriate placement for DC segmentation of
a given power system to mitigate electromechanical oscillations (research gap
identified in Subsection 2.2.2), it is essential to characterise the propagation
path of the target electromechanical oscillation through the power system,
which may be a complex problem in meshed AC systems. As discussed in
Subsection 2.2.2, the work in [43]| proposed a method for the identification
of dominant inter-area oscillation paths. Although the proposed method
provided a very useful insight into the propagation of electromechanical os-
cillations through the different paths of a meshed power system, the method
cannot be implemented in a fully-automatic way, and it requires further anal-
ysis by a user. The automatic application of this procedure is, definitely, a
very desirable feature which has not been addressed in previous work.

Therefore, identifying the dominant electromechanical-oscillation paths
in a certain meshed AC power system in an automatic way has been identified
as an open research gap and is addressed in Chapter 5.
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2.5 Summary of scientific gaps addressed in this
work

Along the lines described in previous sections, the scientific gaps addressed
in this PhD thesis can be summarised as follows:

e Analysis and full understanding of the impact of DC segmentation of
power systems via VSC-HVDC links on electromechanical oscillations,
transient stability and frequency stability.

e A methodology to automatically determine the most appropriate place-
ment for DC segmentation in power systems via VSC-HVDC links to
mitigate electromechanical oscillations. This achievement relies on the
automatic identification of the dominant electromechanical-oscillation
paths in a given meshed AC power system, which was addressed in the
first place.

e Proposals for suitable supplementary controllers in DC-segmented sys-
tems via VSC-HVDC links to damp intra-area oscillations and to im-
prove frequency stability of the overall system.
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Chapter 3

Modelling and control of
VSC-HVDC systems

3.1 Introduction

This chapter presents the modelling of hybrid HVAC/HVDC power systems
with VSC-HVDC links as studied in this PhD thesis. Indeed, a number
of simulations have been carried out in this PhD thesis and they require
adapted models for the various components of hybrid HVAC/HVDC power
systems for both time domain simulations and small-signal stability analysis.
While the models of AC components are well known, the models for VSC-
HVDC links are more diverse in the literature and thus the modelling method
selected here requires an explanation.

This chapter is organised has follows. Section 3.2 presents the Root-
Mean-Square (RMS) type models used in this PhD thesis for the elements
of hybrid HVAC/HVDC systems. Section 3.3 presents the dynamic model of
VSC-HVDC systems used in this PhD thesis. Section 3.4 presents the im-
plementations of these models under the simulations tools selected, namely,
Dymola and SSST. Finally, Section 3.5 concludes the chapter.

3.2 Power system modelling and simulation

Dynamic simulation of power systems can be categorised into two types [90]:

e Electromechanical simulation (also known as Root-Mean-Square (RMS)),
that overlooks some fast dynamics and thus is appropriate for large
power systems using standard levels of computer resources.
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e Electromagnetic transient (EMT) simulation, that uses more detailed
models to study fast transients and test control systems of devices.
The application of this type of simulation in large power system would
require often-unavailable computer resources.

Since this work focuses on slow electromechanical dynamics in power sys-
tems (angle and frequency stability), the following types of dynamic models
will be used:

e RMS-type linearised models for small-signal stability analysis.

e RMS-type non-linear models for time-domain simulation.

Dynamic RMS models of hybrid HVAC/HVDC systems, as the ones stud-
ied in this PhD thesis, will consist of:

e HVAC system

Synchronous generators, turbine + speed regulators (governors),
excitation systems + automatic voltage regulators (AVR) and
power system stabilisers (PSS).

Non-synchronous generators, induction machines and FACTS.
Network components (lines, transformers and shunt elements).

Loads: Quasi-static models (constant impedance, constant cur-
rent, constant power or combination of them).

e VSC-HVDC systems

VSC stations and their controllers.
HVDC grid.

In RMS simulation, time constants of interest range from 0.01 s to 10 s.
In these models, AC branches are assumed to be quasi static while the slow
dynamics of synchronous machines, their controllers and other devices, are
taken into account. RMS models of HVAC systems are well known [24]. In
particular, the ones used in this PhD thesis are the usual RMS models as such
as the ones implemented in the OpenIPSL library! [91,92] that is used in this
work. Note that the dynamic models used in this work have already been
validated in previous work: [2,93,94]| for the VSC-HVDC models and [91,92]
for the HVAC models. Key aspects of RMS models of VSC-HVDC systems
will be described in the next sections.

LOpenIPSL is a library of power system component models written in the Modelica
language that can be used for power system dynamic analysis.
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3.3 VSC-HVDC system modelling

The modelling approach used for VSC-HVDC systems under phasor approx-
imations (for RMS simulation) follows the guidelines and practices described
in [2,95-100]. This section presents the dynamic model of a VSC-HVDC sys-
tem, divided into two main components: the VSC-station model and HVDC
line model.

3.3.1 VSC-station model
The physical layer

The adopted model of the VSC station is the type-6 model defined in [101],
which is suitable for large AC/DC grids simulations. It has been implemented
in the phasor domain following the guidelines in [95-97].

The physical layer of the VSC station following this approach is depicted
in Fig. 3.1.
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Figure 3.1: RMS model of a VSC-HVDC station in the common reference
frame.

On the AC side, the converter is represented by a controllable voltage
source, with voltage E,,, = E,,Z0,, (the angle is expressed with respect to a
common reference frame of the phasor-time domain simulation), connected to
the grid via the station’s equivalent inductance L¢g and resistance R¢g. The
AC grid voltage is named Vg, = V,.Z£04.. Conversely, on the DC side, the
converter is represented as a controllable current source, injecting a current
I4.. This current source is connected to the DC grid via the equivalent
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capacitor ng which represents the total equivalent capacitance of the DC-
bus of the VSC. C;lg includes both the equivalent capacitance of the VSC
(C’X]SC) and the contributions of the capacitance of the DC lines connected
to the DC side (C in Fig. 3.4). The AC voltage source and the DC current
source are coupled by the principle of power conservation: the sum of the
power flowing to the DC grid Py, the power flowing to the AC grid P,
and the equivalent converter losses Pj,ss must equal zero. In the simulations
conducted in this work, the equivalent converter losses P55 were neglected.

It is important to note that the main converter technology for HVDC
applications is the Modular Multilevel Converter (MMC). The modelling
of MMCs is significantly more complex than that of the 2-level VSC due
to their intricate structure. Previous work has shown that the analysis of
some interactions need the use of detailed EMT models of MMCs [102,103].
However, [104] shows that if an MMC is controlled following a non-energy-
based strategy (where the internal energy stored in the sub-module capacitors
is not explicitly controlled), the RMS models of the MMC and the 2-level
VSC can be considered equivalent. This equivalence simplifies the analysis
and simulation of MMCs in large-system studies. Therefore, in this work,
the presented model of the 2-level VSC will be used.

The control system

The overall structure of the implemented control system is depicted in Fig.
3.2.
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Figure 3.2: Outer and inner control loops implemented in the VSC.

The adopted control strategy follows a classical grid-following approach,
implemented through cascaded control loops (outer and inner control loops)
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in a dq reference frame. The dq frame chosen is a reference frame in which the
d-axis is aligned with the grid voltage. To achieve this alignment, a Phase-
Locked Loop (PLL) is used to track the grid voltage angle 6,. at the point
of connection. In RMS simulation, since the AC quantities are expressed in
the phasor domain, the angle 6,. can also be directly obtained without the
need of a PLL. In the models implemented in this work, a PLL using a PI
controller (with a closed-loop time response of 5ms), as shown in [105], has
been employed.

Since the d-axis of the dq frame in which the control is applied is aligned
with the grid voltage V., the grid voltage projected onto the g-axis is zero.
Therefore, the expressions of active (current injections in phase with the grid
voltage, thus in the d-axis) and reactive power(current injections with a 90-
degree phase shift relative to the voltage, thus aligned with the g-axis) can
be expressed as:

Py = VacIac,d
Qac = _VacIac,q
It is evident that active and reactive power can be controlled, by defining

the injected currents in the d-axis and the g-axis. This is achieved via the
inner current loop control depicted in Fig 3.3.
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Figure 3.3: Inner current control loop implemented in VSCs.

The Current control loop consists of two PI controllers with a decoupling
action, for the independent control of currents /4.4 and I4. 4, and thus the
independent control of active and reactive power. The current control calcu-
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lates the voltage to be applied by the converter in the local dq frame (E,, 4
and E,,,), which is then transformed into the common reference frame of
the time domain simulation. For the simulations to be described later on,
the PI controllers were designed so that the closed-loop time response of the
inner current loop was between 1-10 ms. Controlling the currents has the
advantage that the converter can naturally limit the injected current (to a
value I7%%) which is especially useful in case of faults on the AC grid. Note
that for RMS studies, a common practice is also to approximate the closed-
loop inner control loop by current injections in the d-q frame with a desired
time constant as described in [99,100].

The outer loops include the active and reactive power control. These
blocks provide the current references Ij., and I;., based on the desired
active and reactive power set points (P* and Q* respectively). From (3.1),
the necessary current set points to obtain the desired active and reactive
power values are derived as follows:

I =PV,

ac,d
I:zkc,q = _Q*/VULC

Moreover, it is often beneficial to use PI controllers to control active and
reactive power in order to avoid zero steady-state errors and to avoid dividing
by the measured grid voltage module which can go to zero when there is a
fault on the AC grid. For simplicity in our implementation, the open-loop
control strategy in Eq. 3.2 is adopted.

Finally, the v4. control block is a PI controller that allows the DC voltage
Vie to track the set point V. As shown in Fig. 3.2, the converter control can
be set to track either the active power set point (referred to as p mode) or
the DC voltage set point (referred to as V. mode). Indeed, when operating a
VSC-HVDC link, one converter is in V. mode while the other converter is in
p mode. To protect the HVDC link from DC over-voltages in the event of an
AC fault, which can lead to low AC voltage levels and hinder the converter
in Vz. mode from injecting or absorbing power into/from the AC grid, the
converter in p mode is switched to V. mode when the DC voltage exceed
the required limits.

(3.2)

3.3.2 Initialisation of the model

Normally, the initial steady-state operating point of the dynamic model of
the power system is obtained through a power-flow algorithm. During the
past years, power-flow calculations in hybrid HVAC/HVDC has been studied
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3.3 VSC-HVDC system modelling

extensively. Mainly, there are two extended approaches: (a) unified methods
and (b) sequential methods. In the unified methods [106-109], power-flow
equations of the HVAC and and HVDC systems are solved together. On the
contrary, in the sequential methods [110-112], power-flow calculation of the
HVAC and HVDC parts are solved sequentially within an iterative algorithm.
Furthermore, linear approximations for AC/DC power flows have also been
proposed in previous work [113].

In this work, a simple approach for the initialisation of the hybrid HVAC/
HVDC system is used. The initial operating point of the HVAC system is
obtained with a conventional AC power flow, where the converter stations of
the VSC-HVDC systems have been modelled as AC loads. The initial values
of the VSC-HVDC systems are calculated separately. Then, the HVAC and
HVDC systems are put together. Notice that this approach is an approxima-
tion and it could lead to some inaccuracies in comparison with more complete
methods as the ones described above, but the accuracy obtained was enough
for the scope of this work, which is related to power system stability.

3.3.3 HVDC line model

Following the modelling approach of [95], in this work, DC conductors will
be represented by m-sections as shown in Fig. 3.4.

Iecik Racik  Lacik

cT T 1 cT T 1
X 1~vsc_1L | Ccc,ik ! 1becik | | ysc |
lac,i Vac,i :Ceq,i T T2 ' — T T Ceqk | Ve lack
1 1
| dc 1 S I A
Ceq,i Ceq,k
= =

Figure 3.4: RL model of the HVDC line connected to two VSCs.

In Fig. 3.4, subscripts ¢ and k correspond to buses ¢ and k to which the
line’s terminals are connected. Vj.; and Vj. are the voltages at DC buses
¢ and k, respectively, while I, is the current flow through the series part
of the DC branch. Parameters Ry ;1 and Lg. i are the series resistance and
series inductance, respectively. C¢. i is the shunt capacitance of the DC
line. Note that the shunt capacitance of the line is included in the equivalent
capacitance of the VSC, therefore the equivalent capacitance at DC bus 14
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3 Modelling and control of VSC-HVDC systems

reads: o
de _ ~VSC cct
Ceq,i - Ceq,i + 9

(3.3)

Current injections Ig.; and I represent the VSC stations seen from the

DC side.

3.4 Simulation tools

In this PhD thesis, two modelling and simulations tools have been used:
Dymola and SSST. Dymola has been used for all the non-linear simulations
and most of the linear analysis. SSST has been used solely for the detailed
linear analysis necessary for the algorithms of Chapters 5 and 6. Both tools
will be presented in the following Subsections.

3.4.1 Implementation in Dymola

The models used in this PhD thesis were simulated using Dymola [114], a
modelling and simulation environment based on the open Modelica modelling
language. Modelica is an object-oriented, equation-based language suitable
for modelling complex multiphysical systems using (hybrid) differential &
algebraic equations (DAEs) [115]. This language is particularly effective
for modelling large AC/DC power systems, especially when using phasor
approximations. Dymola offers the capability of numerically linearising the
models implemented. Consequently, Dymola was employed not only for all
time-domain non-linear simulations but also for conducting some of the small-
signal stability analysis presented in this work. Fig. 3.5 illustrates the Dymola
software interface with the Nordic 44 (N44) test system used in this work
and developed in [91,92].

Regarding the modelling of the different grid components, the AC com-
ponents used are those included in the Open IPSL library [91,92|, while the
VSC-HVDC system models used are part of an internal library at SuperGrid
Institute. This internal library was developed to be compatible with the
IPSL library, with the purpose of simulating AC/DC transmission systems
including multi-terminal HVDC (MTDC) systems. This library includes the
VSC models presented in Section 3.3 and used in this thesis, models of MMCs
(following the modelling approach of [93]) with grid-forming control (as re-
ported in [94]), as well as examples of AC/DC systems with MTDC grids (as
in [116,117]).
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Figure 3.5: The Nordic 44 (N44) test system in Dymola.
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3 Modelling and control of VSC-HVDC systems

3.4.2 Implementation in SSST

Small-signal stability analysis is a crucial step for the contributions of this
PhD thesis. SSST is a commercial MATLAB-based tool designed for the
small-signal stability analysis of large power systems [118|. It is based on
SMAS3, a FORTRAN-based tool developed for the same purpose [119]. Both
tools have been developed by the IIT of Comillas Pontifical University.

In SSST, the linearized equations of all grid components are directly
written in the code. This increases calculation speed and accuracy of results
compared to tools that rely on numerical linearization. Additionally, SSST
implements many routines for calculating important indicators in small-
signal analysis, such as mode shapes, bus frequency observability factors, and
branch current observability factors. These indicators cannot be directly ob-
tained from the numerical linear analysis in Dymola. As explained in Chap-
ter 5 and 6, the proposed algorithms for identifying electromechanical paths
and deciding the cutting edges of these paths to achieve DC-segmentation
rely on these indicators. Therefore, SSST was considered the most suitable
tool for the small-signal analysis necessary for the proposed algorithms.

To illustrate its use, Figure 3.6 shows some results from the eigenvalue
analysis of the N44 test system obtained with SSST software.

Recently, the work in [120] upgraded SSST by including models of VSC-
HVDC systems, allowing for the linear analysis of AC/DC systems. However,
in this work, only the AC-version of SSST was used.

3.5 Summary and Conclusion

This chapter can be summarised as follow:

e Key aspects of modelling of VSC-HVDC systems have been discussed,
including relevant references on the topic.

e The models used for the modelling of hybrid HVAC-HVDC systems
have been presented: AC components, VSC-HVDC systems (VSC sta-
tions and DC lines).

e The two software environments used for simulation and analysis, namely,
Dymola and SSST, have been presented.
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system in SSST.

37



3 Modelling and control of VSC-HVDC systems

38



Chapter 4

Analysis of the potential of DC
segmentation to improve angle
stability

4.1 Introduction

This chapter investigates the effects of DC segmentation (with VSC-HVDC
links) on power system stability. More precisely, the chapter analyses:

e Angle stability under small disturbances (electromechanical oscilla-
tions).

e Angle stability under large disturbances (transient stability).
e Frequency stability.

In order to segregate the effects of DC segmentation from the ones of the
control of the VSC-HVDC links (DC segments), this chapter will consider
VSC-HVDC links controlled with fixed power set points, only. In this chapter
small signal analysis and dynamic simulations are applied to a simple two-
area test system before and after DC segmentation.

As described in Chapter 2, DC segmentation has been used to improve
different aspects of power system stability and operation [30,32,37,41, 42|.
However, a comprehensive analysis of the impact of DC segmentation on an-
gle stability (under small and large disturbances) and on frequency stability
has not been carried out before. This analysis is very relevant to fully under-
stand the advantages and disadvantages of DC segmentation regarding such

39



4 Analysis of the potential of DC segmentation to improve angle stability

important aspects of complex power systems. This chapter and the following
ones of this thesis aim at occupying this existing niche.

This chapter is organised as follows. Section 4.2 presents the two-area test
system used in this chapter. A small-signal stability analysis of the system is
carried out in Section 4.3, while Section 4.4 presents the dynamic simulations
applied to this system. Finally, Section 4.5 concludes the chapter.

4.2 Description of the case study

The system studied in this chapter is a simple four generator two-area system
as presented in [24]. Two variations of the test system are compared:

e The AC base case: A two-area system with an AC interconnection as
seen in Fig. 4.1.

e The DC-segmented case: A two-area system with a VSC-HVDC inter-
connection as seen in Fig. 4.2.

T

Figure 4.1: AC base case: Two-area system with an AC interconnection.

(OH@

Thus, the DC-segmented case corresponds to the AC case where the two
parallel lines between buses 7 and 9 have been substituted by an VSC-HVDC
link. For simplicity, the left-hand side of the system (generators 1 and 2) will
be referred to as region 1 and the right-hand side (generators 3 and 4) will
be referred to as region 2.
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hore

Figure 4.2: DC-segmented case: Two-area system with a VSC-HVDC inter-
connection.

In the DC-segmented case, VSC of bus 7 was set in p-control mode while
VSC of bus 9 was set in Vg.-control mode. The active power and reactive
injections of the VSC of bus 7 and 9 was respectively: -418 MW /100 MVAr
and 400 MW /-100 MVAr.

The effects of the DC-segmentation proposed were investigated using Dy-
mola [114]. VSC-HVDC links were modelled as proposed in Section 3.3 and
models were implemented in Modelica language to be tested in combination
with the OpenIPSL library [92]|. Details of the two case systems can be found
in Section A.1 and A.2 of the Appendix.

4.3 Small-signal stability analysis

Fig. 4.3 and Table 4.1 show the electromechanical modes of the system ob-
tained for the AC-base case and for the DC-segmented case. Notice that
the power system stabilisers (PSSs) of the generators have been removed
for this case to have a case with poorly damped electromechanical oscilla-
tions. Regions of the electromechanical modes can be identified by means of
participation-factor analysis [121,122].

Results show an inter-area mode in the AC base case (mode 1 of Ta-
ble 4.1, with damping of -0.38% and frequency of 0.57 Hz). This mode
has been suppressed by the DC segmentation. Meanwhile, the frequency
and damping ratios of the two other (local) electromechanical modes do not
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4 Analysis of the potential of DC segmentation to improve angle stability

present significant differences between the two cases.

8 T T

+  AC base case
6 O DC segmented case | |

Imaginary part of eigenvalues
o
T
Il

-8 1 1 1 1 1 1
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0 0.1

Real part of eigenvalues

Figure 4.3: Weakly damped electromechanical modes of the two-area system
with AC or DC interconnection.

Table 4.1: Weakly damped electromechanical modes of the two-area system
with AC or DC interconnection

AC base case DC-segmented case Region of

NO. | ¢ (%) Freq (Hz) | ¢ (%) Freq (Hz) | the mode
1 -0.38 0.57 - - inter-area
2 7.43 1.05 7.50 1.06 region 2
3 8.70 1.01 8.65 1.01 region 1

4.4 Non-linear time-domain simulation

4.4.1 Electromechanical oscillations

In order to evaluate the effect of DC segmentation on the electromechanical
oscillations of the two-area test system, a three-phase-to-ground short circuit
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4.4 Non-linear time-domain simulation

was applied at bus 6, with a clearing time of 100ms. This event triggers the
electromechanical oscillations of interest. As mentioned before, the power
system stabilisers (PSSs) of the generators have been removed for this case
to emphasise poorly damped electromechanical oscillations.

Fig. 4.4 shows the frequency of the generators. In the all-AC case (Fig. 4.4a),
all generators are affected by the fault. Additionally, an inter-area mode
with negative damping ratio is present (mode 1 of Table 4.1). However, in
the DC-segmented case (Fig. 4.4b), generators of the non-faulty region (i.e.,
generators 3 and 4) are hardly affected by the fault. The DC link strongly
mitigated the propagation of the fault. But more importantly, the inter-
area oscillation is fully suppressed in the DC-segmented case as shown in
Section 4.3.

N
Z
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a
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e — — — - Generator 2
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49.8 |- |— — — - Generator 4 g
0 2 4 6 8 10

Time (s)
(a) AC base case

Generator 1 | -
— — — - Generator 2
Generator 3| |
— — — - Generator 4

Frequency (Hz)
ot
o

Time (s)

(b) DC-segmented case

Figure 4.4: Frequency of the generators after a 100ms short circuit at bus 6.
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Fig. 4.5 shows the angle difference of the generators of each sector. The
intra-area oscillations (local modes of each area) observed in the DC-segmented
case present a reasonable damping ratio. In the AC-interconnected case,
intra-area oscillations cannot be observed clearly because of the effect of the
undamped inter-area mode.

Angle difference gl-g2
6 Angle difference g3-g4 | 7

0 2 4 6 8 10
Time (s)

(a) AC base case

121 Angle difference gl-g2| |
Angle difference g3-g4

mw
S L 4

Time (s)

Angles (deg)

(b) DC-segmented case

Figure 4.5: Intra-area angle differences after a 100ms short circuit at bus 6.

These results confirm the ones of Section 4.3: DC segmentation with
constant power reference improves the small-signal angle stability of the AC-
interconnected system by removing the inter-area oscillations, while it does
not affect the damping of the local modes.
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4.4 Non-linear time-domain simulation

4.4.2 Transient stability

In order to evaluate the impact of DC segmentation on the transient stability
of our two-area test system, a three-phase-to-ground short circuit was applied
to bus 6, with a clearing time of 500ms.

Fig. 4.6 shows the inter-area angle difference (more precisely the angle
difference between generator 1 and 3), Fig. 4.7 the active power exchange
between the two regions of the system (more precisely the AC active power
injected at bus 9 by the two parallel lines 8-9 in the AC base case (Fig. 4.7a)
or the DC link in the DC-segmented case (Fig. 4.7b)). The improvement
in the latter case is noticeable. Finally, Fig. 4.8 shows the intra-area angle
difference (i.e., the difference of angle between the generators of the same
region). For the sake of clarity, the same scales are used for the AC base case
and the DC-segmented case.

In the AC base case, the event caused the angle of the two sectors to
diverge (Fig. 4.6a): the generators 1 and 3 have lost their synchronism.
Since they are in the same AC system, this means the system has lost its
stability. This is confirmed by the fact that the active power exchanged
between the two regions is non consistent anymore (Fig. 4.7a) and that the
angle difference between the generators of the same region are not stable
(Fig. 4.8a).

On the other hand, the divergence in angle between the generator 1 and
3 in the DC-segmented case (Fig. 4.6b) does not represent a loss of syn-
chronism, indeed thanks to the DC segmentation of the system, these two
generators do not have to be synchronous since they are located in two AC
asynchronous areas. Additionally, the power exchanged between the regions
is stable (Fig. 4.7b) and the generators of one given region stay in synchro-
nism with one another (Fig. 4.8b), thus the DC-segmented case stayed stable.

Additional simulations have been carried out to evaluate the critical clear-
ing time (CCT) of the fault for both cases. The CCT is the maximum du-
ration that a fault can last before being removed without producing loss of
synchronism. It is an indicator of the transient-stability margin. Table 4.2
shows the CCTs for a three-phase-to-ground short circuit at bus 6 obtained
in the AC base case and the DC-segmented case. For the calculation of the
CCT, a precision of 10 ms and a maximum value of 2 s were used. Results
show that the AC base case has a CCT of 420 ms and the DC segmented case
a CCT of more than 2 s. Therefore, DC segmentation significantly increased
the fault critical clearing time.

These results show that DC segmentation with constant power reference
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Figure 4.6: Inter-area angle difference after a 500ms short circuit at bus 6.

Table 4.2: CCTs of the two-area system with AC or DC interconnection for
a fault at bus 6.

‘ AC base case ‘ DC-segmented case

CCT ‘ 420 ms ‘ above 2 s

improves transient stability of the overall system by suppressing the inter-
area synchronism constraint.
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Figure 4.7: Active power exchange from region 1 to region 2 after a 500ms
short circuit at bus 6.
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Figure 4.8: Intra-area angle difference after a 500ms short circuit at bus 6.
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4.4.3 Frequency stability

In order to evaluate the effect of DC segmentation on the frequency stability
of our two-area test system, the connection of a 200MW load at bus 2 at 1s
was simulated. Fig. 4.9 shows the frequency variation of the generators and
Fig. 4.10 the active power exchange between the two regions of the system.
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Figure 4.9: Generators frequency after the connection of a load at bus 2.

In the AC-interconnected system, all generators see a similar frequency
drop of around 0.15Hz before stabilising at around -0.1Hz (Fig. 4.9a). How-
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Figure 4.10: Active power exchange from region 1 to region 2 after the con-
nection of a load at bus 2.

ever, in the DC-segmented system, generators of region 1 (i.e., generators 1
and 2) initially see a frequency drop of 0.32Hz before stabilising at -0.2Hz
(Fig. 4.9b), while generators of region 2 (i.e., generators 3 and 4) do not have
any frequency variation. The frequency deviation of generators 1 and 2 in
the DC-segmented case is twice as big as in the other case. This happens
because the generators of region 2 did not contribute to the frequency sup-
port (with their primary frequency controller and their inertia constants).
Clearly, with a constant-power set point in the VSC-HVDC link, the power
exchange between the areas could not change during the event (Fig. 4.10b).

This result illustrates the fact that DC segmentation with constant-power
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set point jeopardises the frequency stability of the overall system.

4.5 Summary and Conclusion

This chapter analysed the impact of the DC segmentation of power systems
on electromechanical oscillations, transient stability and frequency stability.
Small-signal analysis and time-domain dynamic simulations have been car-
ried out to show the effect of DC segmentation with fix power control on
the stability of a simple test system. The response of a single interconnected
AC system has been compared with the response of a DC segmented system
composed of two AC areas linked by a VSC-HVDC link.

The following conclusions have been obtained from the results presented
in this chapter:

e DC segmentation improves small-signal angle stability of the system
(electromechanical oscillations) by removing the inter-area oscillations
without affecting the damping of the local modes.

e DC segmentation also improves angle stability under large disturbances
(transient stability) of the overall system by removing the inter-area
synchronism constrain by decoupling the two areas.

e However, it jeopardises the frequency stability of the overall system.
This problem should be mitigated by implementing suitable control
strategies for primary frequency support through the VSC-HVDC sys-
tem (i.e., through the DC links see Chapter 7).
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Chapter 5

Dominant
electromechanical-oscillation
paths

5.1 Introduction

The literature survey reported in Chapter 2 has not found any proposal for
the selection of DC-segmentation boundaries for a given AC system. Chap-
ter 6 will tackle this gap. More precisely, it proposes an algorithm for the
DC segmentation of power system with the purpose of mitigating electrome-
chanical oscillations. This algorithm relies on the study and identification of
inter-area oscillation paths. Thus, the present chapter presents a study of
those paths and an algorithm for their automatic identification.

The definition of dominant inter-area oscillation paths was proposed in
[43] alongside with an algorithm to identify them. However, the work pre-
sented in this chapter goes further by discussing the use of various observ-
ability factors to be used for the definition and identification of these paths
and by proposing a fully automated algorithm for the determination of these
paths. This algorithm constitutes the first step towards the DC segmenta-
tion of a power system and must be followed by the procedure detailed in
Chapter 6.

This chapter is organised as follows. Section 5.2 presents some necessary
theoretical background. The concept of dominant inter-area oscillation path
is presented in Section 5.3. Section 5.4 discussed the use of different observ-
ability factors for the identification of the path. The algorithm proposed to
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determine the path is detailed in Section 5.5, and is applied on the Nordic
44 test system in Section 5.6. Results are validated in Section 5.7. Finally,
Section 5.8 concludes the chapter.

5.2 Theoretical background

The electromechanical behaviour of a power system can be described by a set
of non-linear algebraic-differential equations (also known as electromechanical-
type or Root-Mean-Square (RMS)-type model) [24]. In addition, the dy-
namic behaviour of a power system when subject to small disturbances can
be analysed using a linearised model of the system around the steady-state
operating points [24]. For example, the free response of the system can be
written as:

Ai = AAz, Az =[Ad, Aw, Az (5.1)
Ay = CAx

where Az € R™*! is the state vector (increments with respect to the oper-
ating point), Ay is the output vector and A € R"**"= ig the state matrix of
the system. The state vector contains, explicitly, the rotor angles (Ad) and
speeds of the generators (Aw), and the rest of the state variables (Az), to
analyse electromechanical oscillations [43].

In addition, if Ay is an eigenvalue of matrix A and vy is its associated
right eigenvector (i.e., \yvg = Awvyg), [24] shows that:

Ny

Az = Z ('vkzk(O)e)‘kt> (5.3)

k=1

where each z;(0) is a linear combination of the initial conditions of the state
variables.

Therefore, right eigenvector vy “shapes” how a system mode (eigenvalue)
affects the time response of each of the state variables. For example, if the
elements of vector v are complex numbers, the phases of those numbers
affect the relative phases of the oscillatory response of the state variables
due to Mg and its complex conjugate. This is why right eigenvectors are
also known as “mode shapes”. If two elements of mode shape vy (e.g., vg(i)
and vk (7)) have similar phases, these two variables are said to be oscillating
together while if their phases differ in almost 180°, they are said to oscillate
against each other. Using this property, mode shapes of the modes associated
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5.3 Dominant inter-area oscillation path

to generator speeds have been remarkably useful to analyse generator speed
oscillations in power systems [24,48,123]. Modes related to generator speeds
can be identified looking at participation factors [121,122,124].

Matrix C' in (5.1) can be further detailed to highlight the way in which
state variables affect the time response of the output variables. For exam-
ple, if bus-voltages, bus-frequencies and branch-current flows are selected as
outputs, one can write:

AV Cy Ad
Af| =caz=|C;| |Aw (5.4)
AIf CIf Az

where
Cv = [Cys Cv. Cv.] (5.5)
C; = [Css Cpo Cyl
Cr, = [Crs Crw Cryz

and Cy, Cy, Cy, are defined in [125] as Network sensitivity matrices of
bus-voltages, bus-frequencies and branch-current flows, respectively.

Given a set of system outputs, observability factors of a system mode Ag
are defined as the product of the output-variables network sensitivity matrix
by the right eigenvector associated to A [43,125]. For example, given the
output partition in (5.4), the corresponding observability factors would be:

dve = Cvug, ¢pr=Crog, ¢r,1 = Cr,vg (5.6)

Very much like with mode shapes, the phases of two complex elements of
an observability factor will tell which output variables oscillate together and
which ones oscillate against each other when a system mode is excited.

The work in [125] uses the term network mode shape to refer to vectors
in (5.6), although the more popular term observability factor will be used in
this work, as in [24].

5.3 Dominant inter-area oscillation path
The work in [43] proposed the concept of dominant inter-area oscillation
path which can be illustrated using the two-area 6-generator system shown

in Figure 5.1 (test system 1) with the data reported in Appendix B .
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Figure 5.1: Test system 1: Conceptual 6-generator system.

The small-signal analysis of the system in Fig. 5.1 reveals that it has an
inter-area mode with a damping coefficient of 5.5% and a frequency of 0.83 Hz
(all system modes are included in Table 5.1). The generator-speed mode
shapes of this mode have been drawn in Fig. 5.2 which shows that generators
G1, G2 and G3 oscillate against generators G4, G5 and G6. Fig. 5.2 also
shows that the generators further away from the centre of the system (G1
and G6) are subject to the largest oscillations (the moduli of their mode
shapes are the two largest ones) and they are called “edges” of the inter-area
mode. This mode also affects G2, G3, G4 and G5 whose mode shapes are
placed between the two extremes G1 and G6. The buses between 1 and 6
constitute the dominant oscillation path of the inter-area mode 1 since they
form the only possible path between the two "edges" of the path.

Table 5.1: Test system 1: Electromechanical modes.

Mode Real Imag (¢ (%) Freq. (Hz) Oscillation
1 -0.29  5.23 5.5 0.83 G1,G2,G3//G4,G5,G6
2 117 635 181 1.03 G4,G3//G6,G1
3 122 648 185 1.05 G3,G6//G1,G4,G5
4 125 660 186 1.07 G2//G1
5 -1.27  6.51 19.2 1.06 G5//G4,G6

Figs. 5.3, 5.4 and 5.5 show the bus-frequency, bus-voltage and branch-
current observability factors along the dominant inter-area oscillation path,
respectively. The main characteristics of the dominant oscillation path are
as follows [43]:

e The bus with lowest value of |¢y,| (Fig. 5.3a) determines the centre
of the path, and it is called the inter-area pivot (or pivot bus, for
short) [43| (bus 35, in this example).

e The pivot bus divides the path into two groups with opposite phases
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Figure 5.2: Test system 1: Graphical representation of the mode shape of
inter-area mode 1.

of ¢y, (Fig. 5.3b).

e The edges of the path have the highest value of |¢,| (Figure 5.3a), this
confirm that the oscillations are stronger at the edges of the path. In
this example, buses 1 and 6 are confirmed as the edges of the path of
inter-area mode 1 (see also Fig. 5.2.)

e When going from the pivot bus to one of the edges, |¢y,| see a contin-
uous increase and thus form a V-shape (Figure 5.3a).

e In test system 1, buses close to the centre of the path have larger values
of |¢v,| than those of buses at the edges of the path, as shown in [43].
Buses close to the centre of the path of this test system also present
low values of the phase of bus-voltage observability factors. This point
will deserve further discussion in the next Section.

e The higher the value of [¢y,;| (Fig. 5.5a) is in a branch, the more the
oscillation propagates through that branch. Branches with high ¢y, |
are usually those close to the pivot bus.
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Figure 5.3: Test system 1: Bus-frequency observability factors along the
dominant oscillation path of inter-area mode 1: (a) magnitudes, (b) phases.
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Figure 5.4: Test system 1: Bus-voltage observability factors along the domi-
nant oscillation path of inter-area mode 1: (a) magnitudes, (b) phases.
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5.4 Characterising dominant inter-area oscillation paths: bus-frequency vs.
bus-voltage observability factors
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Figure 5.5: Test system 1: Branch-current observability factors along the

dominant oscillation path of the inter-area mode 1: (a) magnitudes, (b)
phases.

e In test system 1, there is no clear pattern in the phases of ¢y,; (Fig. 5.5b).
They were not analysed in [43], probably because they were not very
useful to characterise inter-area oscillation paths.

5.4 Characterising dominant inter-area oscillation
paths: bus-frequency vs. bus-voltage observ-
ability factors

Let us consider the system in Fig. 5.6 (test system 2), it is the same system

as the one of Fig. 5.1 but with a load in bus 35 that consumes the power

supplied by the generators. The data of this new situation are in Section B.2
of the Appendix.
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Figure 5.6: Test system 2: Conceptual 6-generator system with one load.
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The small-signal stability analysis of test system 2 shows that this ad-
ditional load does not strongly impact the main electromechanical charac-
teristics of the system. This system still has a lightly-damped inter-area
electromechanical mode (damping coefficient of 11.8 % and frequency of 0.80
Hz) associated to generators G1, G2 and G3 oscillating against G4, G5 and
G6. As for test system 2 (Section 5.3), the largest oscillations are seen at the
edges of the two areas (G1 and G6) and the oscillation path includes buses
1, 10, 20, 30, 35, 40, 50, 60 and 6. Mode shapes for test system 2 are plotted

in Fig. 5.7.

Table 5.2: Test system 2: Electromechanical modes.

Mode Real Imag (¢ (%) Freq. (Hz) Oscillation
1 -059 498 11.8 0.80 G1,G2,G3//G4,G5,G6
2 125 658 187 1.07 G2//G1,G3
3 2122 643 187 1.04 G3,G6//G1,G2,G4
4 <124 636 19.2 1.03 G4,G3//G1,G2,G6
5 -1.30 6.56 19.5 1.06 G5//G4,G6

Figs. 5.8, 5.9 and 5.10 show the bus-frequency, bus-voltage and branch-
current observability factors along the dominant inter-area oscillation path

in test system 2, respectively.
Results show that:

e The conclusions related to the bus-frequency observability factors, ¢,
are the same as those obtained for test system 1. This confirms that
bus-frequency observability factors are a robust tool to characterise
dominant inter-area oscillation paths and they will be used in this

study.

e The conclusions related to the bus-voltage observability factors, ¢y,
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Figure 5.7: Test system 2: Graphical representation of the mode shape of
inter-area mode 1.

are different from those obtained for test system 1. Results strongly
depend on the topology and power flows of the system as mentioned
without further discussion in [126]. Hence, bus-voltage observability
factors are not considered a robust tool to characterise dominant inter-
area oscillation paths.

e The conclusions related to the magnitude of the branch-current observ-
ability factors, [¢y,, |, are the same as those for test system 1 confirming
that branch-current observability factors are a robust tool to charac-
terise dominant inter-area oscillation paths and they will be used in
this study.

e Finally, the conclusions related to the phase of the branch-current ob-
servability factors, Z¢p,;, are different from the ones obtained for test
system 1: the presence of the load affects the pattern of the phases of
the branch-current observability factors. In fact, they would depend on
the direction of the current flows. Hence, the angles of branch-current
observability factors are not considered a robust tool to characterise
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Figure 5.8: Test system 2: Bus-frequency observability factors along the
dominant oscillation path of inter-area mode 1: (a) magnitudes, (b) phases.
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Figure 5.9: Test system 2: Bus-voltage observability factors along the domi-
nant oscillation path of inter-area mode 1: (a) magnitudes, (b) phases.
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Figure 5.10: Test system 2: Branch-current observability factors along the
dominant oscillation path of the inter-area mode 1: (a) magnitudes, (b)
phases.

dominant inter-area oscillation paths.

5.5 Proposed algorithm for the identification of the
dominant inter-area oscillation path

A meshed AC power system with an inter-area mode of interest (typically a
mode with low damping ratio) will be now considered. The objective of the
proposed algorithm is to systematically find the main inter-area oscillation
path of this mode. Notice that the concept of dominant path can be used to
characterise electromechanical oscillations in general(i.e, in general it will be
called dominant electromechanical-oscillation path), although the inter-area
ones are often the most critical ones in large power systems.
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5 Dominant electromechanical-oscillation paths

A linearised small-signal model of the power system is used to identify
the inter-area mode of interest (Mg,.,). The proposed algorithm for the
identification of the dominant inter-area oscillation path consists of two steps:

e Step 1: Identification of the edges of inter-area oscillation
path.

e Step 2: Identification of the dominant inter-area oscillation
path between the two edges.

The algorithm uses the information provided by the modal analysis of
the linearised model of the power system:

e Mode shapes of the target inter-area mode participating in the speeds
of the generators (v; k,,.,)-

e Frequency observability factors of the target inter-area mode of all
buses (¢fzk ).

e Magnitude (|¢7,, k..., |) of the current observability factors of the target
inter-area mode of all branches (¢y,; k., )-

crit

For the sake of clarity, the subscript of the target inter-area mode will be
removed from the indicators above in the future (i.e., ¢, will be used instead
of gi)fi,kmt). Table 5.3 presents a summary of the notations used in the
algorithm. Figure 5.11 depicts a flowchart of the algorithm.
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5.5 Proposed algorithm for the identification of the dominant inter-area
oscillation path

Table 5.3: Notations used in the algorithm.

Notation Variable

Akorir Inter-area mode of interest
Vi Mode shape associated to the speeds of generator i
o Bus frequency observability factor of bus 4
b1, Branch current observability factor of L;;
En Bus of the n (with n=1 or 2) edge of the path
GEn Synchronous generator connected at bus En
path-ip  Path being identified
bus ¢ Bus i

L;; Branch ij
Bpathip  Set of buses of the system (i) that belong to path-ip
Apathip  Set of branches of the system (L;;) that belong to path-ip
Agpxip  Set of branches of the system (L;;) that are excluded from path-ip
A€ Complement of set A
Ar; Set of branches connected to a certain bus ¢
PB Pivot bus
bus A first bus of the ascending sub-path
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E1is the bus of GE1: the
generator with the biggest mode

Step 1: shape |vgp:| = maz;|vi|
Identification ¢

of the path . )
edges E2 is the bus of GE2: the

generator with the biggest mode

shape from the ones that oscillate

against GE1: [vgg1| = maz;|v;|
|Z’UGE1 — Z’l}z‘ > 90°

Y
First bus of the path is
Step 2: E1
Identification ¢
of a path Identification of the next [€
between the line using |1
two edges

Does the
corresponding bus
fit the path definition

use of [ ¢|)?

Validation of the next bus|

E2
reached?

Figure 5.11: Flowchart of the proposed algorithm for the identification of the
dominant inter-area oscillation path
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oscillation path

5.5.1 Step 1: Identification of the edges of inter-area oscilla-
tion path

The bus of the first edge of the path will be called E1 and it contains a
synchronous generator (GE1). The bus of the other edge will be called E2
and it contains another synchronous generator (GE2). The edges of the path
are obtained as follows:

e The bus with the generator with the largest magnitude of inter-area
mode shape (|vggi| = max; |v;|) will be designated as “the first edge”
(E'1 and GE1).

e The bus with the generator with the largest magnitude of inter-area
mode shape among those oscillating with a phase greater than 90° with
respect to generator GE1, will be designated as “the second edge” (E2
and GE2). In other words, generator GE2 is the one that satisfies
|vgEe| = max; |v;|, among those that satisfy |Zvgp1 — Zv;| > 90°.

e All generators ¢ with |v;| > 0.1 pu and |Zvgp1 — Zv;| < 45° will belong
to the coherent group of generators associated with edge F1.

e All generators ¢ with |v;| > 0.1 pu and |Zvgpa — Zvi| < 45° will belong
to the coherent group of generators associated with edge FE2.

Notice that there could be inter-area modes with more than two coherent
groups of generators. This algorithm will focus only on the first two groups.

5.5.2 Step 2: Identification of the dominant inter-area oscil-
lation path between the two edges

The algorithm presented here revisits the idea presented in [43] but includes
some additions needed to fully automate the process. The main additions
are highlighted in Section 5.5.4.

The target inter-area oscillation path will go from E1 to E2. To tackle
meshed systems, where more than one propagation path is possible for the
target inter-area mode, let us add the following definitions:

o Apuihip is the set of branches of the system (L;;) that belong to path-ip.
® Bpuih,ip is the set of buses of the system (i) that belong to path-ip.

e Apx.ip is the set of branches of the system (L;;) that are excluded from
path-ip at each iteration.
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e Ap ; is the set of branches connected to a certain bus i.

Sets Apath,ips Bpath,ip and Agx i, are empty at the beginning of Step 2. Notice
that all inter-area oscillation paths will start at edge E'1 and will end at edge
E2.

Recalling the definition of “pivot bus” (PB) in Section 5.3 (PB is the bus
of the path with the minimum value of the magnitude of the bus-frequency
observability factor: [¢s,,| = minep,,, ;, [#5]), the dominant inter-area
oscillation path-ip can be split into two parts:

e Descending sub-path: From E1 to PB.

e Ascending sub-path: From PB to E2.

The descending sub-path will move along the branches with the highest
current observability factor linking buses with a decreasing frequency observ-
ability factor. The ascending sub-path will move along the branches with the
highest current observability factor linking buses with increasing frequency
observability factor. The end of the descending sub-path will be established
by detecting the PB which splits the path into two parts with opposite phases
in the frequency observability factors (Section 5.3).

When moving along the descending sub-path, if the magnitude of bus
frequency observability factor increases, it means that:

e cither that the ascent has started,i.e., the first bus of the ascent (A, for
short) has been reached;

e or the line selected is going "backwards" i.e., in the direction of E1. In
this case, this line must be suppressed from the sub-path.

If the ascent has been reached, the pivot bus has been passed. Thus, bus
A is the first bus of the path that satisfies:

|[£opps — LD | > 90° (5.7)

Although bus A is part of the ascending sub-path, it will actually be
identified during the descending sub-path.

Figure 5.12 depicts a simplified flowchart of step 2 of the algorithm. Only
the most important steps are included (steps b of both sub-paths are nor
represented).
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Figure 5.12: Flowchart of step 2: identification of the dominant inter-area
oscillation path between the two edges

Descending sub-path

The descending sub-path is determined as follows:

Step a: It starts at the first edge of the inter-area oscillation path (bus
i=FE1).
Step b: Feasibility check: Consider all branches L;; connected to bus i:
L;j € Ar;. Check if those branches have not been excluded to be selected
as the next line of the path (L;; € Apx,ip)-
if there are no feasible candidates (A ; N A x.ip =), then
Exclude the last branch of the path, go back to the previous bus of
the path (i.e., include L;_;; in set Agxp and put ¢ =i — 1) and
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repeat Step b
else
Continue
end if
The feasibility check has two purposes: excluding branches that are already
part of the path, and excluding branches that belong to a radial part of
the system that has already been broken by a previous DC segment.
Step c: Consider all the feasible branches L;; connected to bus i: L;; €
Ar ﬂAg x,ip and choose the one with the largest magnitude of the branch-
current observability factor |¢z,.|. The next bus selected will be called jp
and thus the selected line will be called Lj; j,.
if in L; j, the bus-frequency observability factor decreases (i.e., ¢y, | <
67,]), then
we are still on the descent, branch L; j, and bus jp can be added to
the path and Lj; j, is included into Apup i, and bus jp is included
into Bpath,ip- At this point, branch L;j, is part of path-ip and
cannot be selected any more. Hence, it is included into the set of
excluded lines Agx ;p. Finally, put ¢ = jp and return to Step b.
else
Go to Step d
end if
Step d: Check if bus jp is part of the ascending sub-path.
if If [£opy, — Loy, | > 90° then
bus jp is the first one of the ascent: A = jp. Branch L;j, and
bus jp can be added to the path. The descending sub-path can be
exited and the ascending sub-path started.
else
Bus jp correspond to a dead end, exclude branch Lj; j, of the path,
go back to the previous bus of the path, and repeat Step b.
end if

Ascending sub-path

The ascending sub-path is determined as follows:
Step a: It starts at the bus A identified during the descending sub-path.
Step b: Feasibility check:
if there are feasible branches L;; connected to bus ¢ then
Continue
else
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(ie. AN A%X,ip = (), include branch L;_;; into set Agx ;p, put
i =1 — 1 and repeat Step b.
end if
Step c: Consider all the feasible branches L;; connected to bus i (i.e.,
Lijj € Ap; N A%Xﬂ'p). From those branches, choose the one with largest
magnitude of the branch-current observability factor |¢s,;|. The next bus
selected will be called jp.
if in this branch the magnitude of the bus-frequency observability
factor increases (i.e., |¢yf, | > |¢y,]), then
bus jp will the next bus of the path. Branch L; j, is included into
Apath,ip and Agx p, and jp is included into Bpatn,ip-
else
L; jp correspond to a dead end, exclude it from the path, go back
to the previous bus of the path, and repeat Step b.
end if
Step d: Check if the second edge of the path has been reached
if jp = E2, then
stop.
else
put ¢ = jp and return to Step b.
end if

5.5.3 Illustrative example

The proposed algorithm will now be illustrated in the 6-generator system of
Fig. 5.1 (test system 1). Although it is a simple power system with radial
configuration, it is useful to help to understand the proposed algorithm. The
algorithm has been implemented in Matlab [127] and linked with a tool box
for small-signal stability analysis (SSST) [118,120].

The results of the algorithm when applied to test system 1 (Fig. 5.1) can
be summarised as follows:

1. Step 1: (see Fig. 5.2) The first edge of the inter-area oscillation path
is bus 1 (F1 = 1). The coherent generators of this group are generators
G1, G2 and G3. The second edge of the inter-area oscillation path is
bus 6 (E2 = 6). The coherent generators of this group are generators

G4, G5 and G6.
2. Step 2: (see Fig. 5.3)
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e The descending sub-path is 1-10-20-30-35.
Bus 40 has been identified as the first bus of the ascending sub-
path (A = 40).
Bus 35 has been identified as the pivot bus of the path (PB = 35).

e The ascending sub-path is 40-50-60-6.

Hence, the propagation path is 1-10-20-30-35-40-50-60-6.

5.5.4 Beyond the state-of-the-art contributions of the algo-
rithm for the identification of the inter-area oscillation
path

The main characteristics of the algorithm to identify the inter-area oscillation
path proposed in [43] can be summarised as follows:

e [t uses small-signal stability analysis and bus-angle, bus-voltage and
branch-current observability factors.

e Branches with high values of the current observability factors |¢y,,| are
included in the inter-area oscillation path.

e Eventually, the user analyses the single-line-diagram of the system, the
branches initially included in the path and the information provided
by the observability factors, and makes a decision on the inter-area
oscillation path.

The proposed algorithm to identify the inter-area oscillation path (Step
2 of the main algorithm, see Section 6.3.2), can be summarised as follows:

e [t uses small-signal stability analysis, generator-speed mode shapes,
bus-frequency and branch-current observability factors.

e The algorithm proposed in this work is incremental: starting from the
first edge of the path (E1), it gradually finds all the branches and
buses of the path, one by one, until the second edge of the path (E2)
is reached.

e The path is found using not only branch-current observability factors,
but also bus-frequency observability factors.

e The inter-area oscillation path is fully determined by the algorithm,
without additional analysis.

72



5.6 Application of the path identification algorithm to the Nordic 44 test
system

e Since the determination of the path is fully automatised by the algo-
rithm, it can be applied to systems of any size and arbitrary topology
(and, thus, level of complexity).

5.6 Application of the path identification algorithm
to the Nordic 44 test system

The proposed algorithm has been applied to the Nordic 44 test system
(Fig. 5.13) which is a representation of the interconnected grids of Norway,
Sweden and Finland. The information about the model and the scenario
considered is provided in Section C.1 of the Appendix.

The result of the algorithm applied to the Nordic 44 system is depicted
in Fig. 5.14. All generators, buses and lines of interest for the discussion that
follows are highlighted in colours (namely pink and yellow).

Table 5.4 shows the poorly damped electromechanical modes of Nordic
44 test system, (damping ration under 20%). They have been obtained with
OpenIPSL. Mode 1 (damping of 1.85% and frequency of 0.39 Hz) is selected
as the target inter-area mode for the DC-segmentation algorithm because it
has the lowest damping ratio. Regarding inter-area mode 1, generators of the
South of Norway (named group 1 in Fig. 5.14) are oscillating against most
of the remaining generators of the system.

Table 5.4: Electromechanical modes of Nordic 44 system with low damping
ratio.

AC base case

NO. ¢ (%) Freq. (Hz)
1 1.85 0.39
2 5.45 0.83
3 1222 0.54
4 12.11 0.75
) 11.68 0.88
[§} 13.12 0.98
7 12.12 1.07
8 13.57 1.23
9 15.69 1.10
10 1517 1.88
11 16.69 1.77

The proposed algorithm is implemented in Matlab+SSST. This tool is
used, because the information needed for the implementation of the algorithm
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Figure 5.13: Nordic 44 test system under Dymola.
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5.6 Application of the path identification algorithm to the Nordic 44 test
system

Identified path

GSOOPB

o 2
~ XXX XX
© \Edge X Pivot Bus of the path

Figure 5.14: Nordic 44 test system under Dymola with the identified inter-
area electromechanical oscillation path.
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5 Dominant electromechanical-oscillation paths

(e.g., mode shapes and observability factors) is not provided by the linearised
model of OpenlIPSL.

Since the toolbox SSST does not accept more than one generator con-
nected to a bus, generators on the same bus in the original system have been
aggregated into a single unit. Likewise, if a pair of buses were connected by
more than one circuit (e.g. buses 7100 and 7000 of Fig. 5.13), this circuits
were aggregated into a single line, before running the algorithm.

Step 1: Identification of the path edges

Fig. 5.15 shows the generator mode shapes of the system.

The first edge of the inter-area-oscillation path is bus 6100 (E1=6100).
The coherent generators of this group are 6100, 5300, 5600, 6000, 5400, 5500
and 5100. The second edge of the inter-area-oscillation path is bus 7000
(E2=7000). The coherent generators of this group are 7000, 7100, 3249,
3115, 6700, 3000, 3245 and 3300.

Note that generators 6500, 8500 and 3359 have not been identified as
being in one of the two groups.

In Fig. 5.14, generators 3359 and 7000 (the path edges) are coloured in
pink, the groups of generators are encircled in green.
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Figure 5.15: Mode shape of the Nordic 44 test system in mode 1.
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5.6 Application of the path identification algorithm to the Nordic 44 test
system

Step 2: Identification of the dominant inter-area oscillation path
between the two edges

The identified path (coloured in orange in Fig. 5.14) consists of buses 6100
(E1), 6000, 6001, 5402, 5400, 5500, 5100, 6500, 6700, 6701, 3115, 7100, 7000
(E2).

Bus 6500 was identified as the pivot bus of the oscillation path (PB =
35) and bus 6700 was identified as the first bus of the ascending sub-path
(A = 40).

Fig. 5.16 and Table 5.5 show the bus-frequency observability factors along
this oscillation path and confirms the observations made in the Section 5.3.
Fig. 5.17 and Table 5.6 shows the branch-current observability factors along
this path.
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Figure 5.16: Bus-frequency observability factor along the dominant oscilla-
tion path in the Nordic 44 test system: (a) magnitude and (b) phase.
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5 Dominant electromechanical-oscillation paths

Table 5.5: Bus-frequency observability factor along the dominant oscillation
path in the Nordic 44 test system.

Bus No. |¢g|(pu.) Zoyri(deg)

6100 1.00 0.0
6000 0.77 -0.6
6001 0.75 -0.8
5402 0.75 -0.9
5400 0.74 -1.0
5500 0.64 -2.1
5100 0.47 -5.2
6500 0.14 -132.8
6700 0.33 -161.7
6701 0.33 -161.9
3115 0.33 -165.2
7100 0.45 -172.8
7000 0.52 -176.3
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Figure 5.17: Magnitude of branch-current observability factor along the dom-
inant oscillation path in the Nordic 44 test system.
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5.6 Application of the path identification algorithm to the Nordic 44 test
system

Table 5.6: Branch-current observability factor along the dominant oscillation
path in the Nordic 44 test system.

From Bus To Bus |¢ri;|(pu.) Zbsij(deg)

6000 6100 0.16 -33.5
6000 6001 0.28 -27.6
5402 6001 0.20 -29.1
5400 5402 0.20 -29.1
5400 5500 0.30 -29.6
5100 5500 0.21 -29.6
5100 6500 0.19 -29.8
6500 6700 0.08 144.6
6700 6701 0.01 60.4
3115 6701 0.01 60.6
3115 7100 0.30 132.3
7000 7100 0.52 124.8
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5 Dominant electromechanical-oscillation paths

5.7 Validation of the algorithm

The path given by the algorithm fully corresponds to the definition of Sec-
tion 5.3. However, it cannot be said that this path is “the main path” of
the oscillation. In fact, the definition does not provide any metric to say
whether a given dominant oscillation path is better than any other domi-
nant oscillation path. Thus, we propose to validate it by dynamic simulation
(Section 5.7.1) and by showing that the path identified by the algorithm is
a better choice than an oscillation path selected arbitrarily (Section 5.7.2).

5.7.1 Dynamic simulation

In order to validate the inter-area oscillation path identified by the algorithm,
we simulated the loss of line 3249-7100. The fault occurs at t = 1 s.

Fig. 5.18 shows the frequency of representative generators along the path
(the generators edges, the pivot bus and two generators in between) after the
fault.
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Figure 5.18: Frequency of representative generators along the identified path
after the loss of line 3249-7100.
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5.7 Validation of the algorithm

As the information on the magnitude of bus-frequency observability factor
suggested (Fig. 5.16a), the generators with the largest oscillations are those at
the edges of the path (generators 6100 and 7000) while the pivot bus barely
oscillates (generator 6500) and the other generators have an intermediate
oscillation.

Additionally, as the information on the phase of bus-frequency observ-
ability factor suggested (Fig. 5.16b), the generators at the two sides of the
pivot bus oscillate against each others (generators 6100 and 5500 against
generators 3115 and 7000).

5.7.2 Arbitrary path

We propose to compare the path given by the algorithm to a path chosen
arbitrarily. To be a dominant path of the oscillation it must naturally link
the two edges: buses 6100 and 7000. The selected arbitrary path consist
of buses: 6100, 5300, 5301, 5304, 5103, 5102, 6001, 6000, 5600, 5603, 5500,
5100, 6500, 3244, 3245, 3000, 3300, 3200, 3359, 3100, 3115, 7100, 7000 (E2).
This path has been highlighted in green in Fig. 5.19.

Fig. 5.20 and Table 5.7 show the bus-frequency observability factors along
this path. The information present in the figure and the table can be sum-
marised as follows:

e Bus 3359 is the one with the bus-frequency observability factor |¢,| of
the smallest magnitude (Fig. 5.20a), and thus is the pivot bus of the
path.

e However, it does not divide the path into two groups with opposite
phases in the bus-frequency observability factors ¢y, (Fig. 5.20b).

e Additionally, [¢y,| does not show a constant increase between bus 3359
and bus 6100 (E1).

Thus it can be said that this path is not a dominant oscillation path as
it does not fit to the definition of Section 5.3.

Fig. 5.21 and Table 5.8 show the branch-current observability factors
along this path. The average of the magnitude of the branch-current ob-
servability factor |¢y,;| for the arbitrarily selected case (0.19 pu) is smaller
than for the path found by the algorithm (0.21 pu). This shows that the
algorithm proposed makes a better choice and, overall, maximises the value
of |¢z,;| across the path selected.
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Figure 5.19: Nordic 44 test system under Dymola with the selected arbitrary
inter-area electromechanical oscillation path.
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5.7 Validation of the algorithm
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Figure 5.20: Bus-frequency observability factor along an arbitrary path in

the Nordic 44 test system: (a) magnitude and (b) phase.
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Figure 5.21: Magnitude of branch-current observability factor along an arbi-

trary path in the Nordic 44 test system.
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5 Dominant electromechanical-oscillation paths

Table 5.7: Bus-frequency observability factor along an arbitrary path in the
Nordic 44 test system.

Bus No. |¢s|(p-u.) Zoyi(deg)

6100 1.00 0.0
5300 0.92 -0.3
5301 0.82 -0.7
5304 0.69 -1.7
5103 0.58 -3.1
5102 0.57 -3.2
6001 0.75 -0.8
6000 0.77 -0.6
5600 0.80 -0.4
5603 0.75 -0.9
5500 0.64 -2.1
5100 0.47 -5.2
6500 0.14 -132.8
3244 0.18 -143.4
3245 0.18 -144.4
3000 0.18 -142.2
3300 0.16 -137.1
3200 0.12 -128.6
3359 0.12 -46.8
3100 0.16 -146.8
3115 0.33 -165.2
7100 0.45 -172.8
7000 0.52 -176.3
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5.7 Validation of the algorithm

Table 5.8: Branch-current observability factor along an arbitrary path in
the Nordic 44 test system.

From Bus To Bus |¢r;|(p.u.) Zbsij(deg)

5300 6100 0.10 -31.2
5300 5301 0.51 -32.0
5301 5304 0.17 -30.9
5103 5304 0.29 -30.2
5102 5103 0.04 -31.5
5102 6001 0.13 -30.1
6000 6001 0.28 -27.6
5600 6000 0.06 150.0
5600 5603 0.09 151.3
5500 5603 0.05 -30.2
5100 5500 0.21 -29.6
5100 6500 0.19 -29.8
3244 6500 0.07 146.1
3244 3245 0.07 146.1
3000 3245 0.04 -51.3
3000 3300 0.17 -36.1
3200 3300 0.03 164.8
3200 3359 0.16 149.1
3100 3359 0.42 145.0
3100 3115 0.30 143.2
3115 7100 0.30 132.3
7000 7100 0.52 124.8
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5 Dominant electromechanical-oscillation paths

5.8 Summary and conclusions

In this chapter, the concept of dominant inter-area oscillation path in an AC
power system has been defined and explained using a simple 6-generator test
system. Furthermore, an algorithm for the identification of the dominant
inter-area oscillation path has been proposed in this chapter.

The following conclusions have been obtained from the results presented
in this chapter:

e The use of different observability factor (bus-frequency, bus-voltage
and branch-current) has been discussed. Bus-frequency and branch-
current observability factors proved to be useful to characterise the
dominant inter-area oscillation path. However, the use of bus-voltage
observability factor has been discarded since the information it contains
is not consistent in relation to the dominant inter-area oscillation path.

e An algorithm for the detection of the dominant inter-area oscillation
path has been proposed and explained in detail. Noticeably, the algo-
rithm is fully automated and obtains the desired path systematically.

e The algorithm has been tested on the Nordic 44 test system. The
resulting path does fit nicely the definition of the dominant oscillation
path.

e The resulting path has been shown to be better than an arbitrary path
between the two same edges since this arbitrary path does not fit the
definition of the dominant inter-area oscillation path.

e The proposed algorithm for the identification of the dominant inter-
area oscillation path will be used for DC segmentation (Chapter 6).
Nevertheless, it should be highlighted that the algorithm proposed in
this chapter could be used for other applications.
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Chapter 6

Proposed algorithm for DC
segmentation to mitigate
electromechanical oscillations

6.1 Introduction

As discussed in Chapter 2, no work proposes a method to select adapted DC
segmentation boundaries for a given system. This chapter aims at filling this
void by proposing a systematic algorithm for DC segmentation of power sys-
tems to improve small-signal angle stability (electromechanical oscillations).
Indeed, Chapter 4 has shown that DC segmentation structurally stops the
electromechanical oscillations between different AC clusters of the system,
thus a well selected DC segmentation could stop a targeted inter-area mode.
More precisely, this chapter proposes an algorithm that, for a given AC power
system, gives a DC-segmentation solution to improve electromechanical oscil-
lation damping. The algorithm relies on separating the groups of generators
oscillating against each other using the mode shapes of the system. The exact
boundaries of the clusters are then identified using the concept of dominant
inter-area oscillation path, presented in Chapter 5. Finally, the algorithm
selects the AC lines to be replaced by VSC-HVDC links, leading to a DC-
segmented system with asynchronous AC clusters. Notice that the necessary
previous steps, i.e., the identification of the oscillating generators and of the
dominant inter-area oscillation path were already discussed in Chapter 5.
This chapter is organised as follows. Section 6.2 studies different place-
ments of DC segmentation on a simple 6-generator test system along its
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6 Proposed algorithm for DC segmentation to mitigate electromechanical
oscillations

dominant inter-area oscillation path. The algorithm for DC segmentation of
power system is explained in Section 6.3. It is then applied to the Nordic
44 test system in Section 6.4 and the results are described in Section 6.5.
Finally, Section 6.6 concludes the chapter.

6.2 DC-segmentation of the 6-generator system

Once the dominant inter-area oscillation path has been determined (see
Chapter 5), the place where to break it with a DC segment (with VSC-
HVDC technology), in order to suppress the critical inter-area mode needs
to be investigated.

Let’s consider again the two-area 6-generator system shown in Fig. 6.1
(test system 1). The study carried out in Chapter 5 has shown that:

e It has an inter-area mode with a damping coefficient of 5.5% and a
frequency of 0.83 Hz (all system modes are included in Table 6.1).

e The first edge of the inter-area oscillation path is bus 1 (E1=1). The
coherent generators of this group are generators G1, G2 and G3.

e The second edge of the inter-area oscillation path is bus 6 (E2=6). The
coherent generators of this group are generators G4, G5 and G6.

e The propagation path is 1-10-20-30-35-40-50-60-6.

e Bus 35 is the pivot bus of the path (PB = 35).

© 6o © e G
T

Figure 6.1: Test system 1: Conceptual 6-generator system.

Let us consider two DC segmentation alternatives of our system:

e DC-segmentation 1: Line 35-40 is replaced by a VSC-HVDC link (Fig. 6.2)
with parameters as in Section B.3 of the Appendix.
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6.2 DC-segmentation of the 6-generator system

Table 6.1: Test system 1: Electromechanical modes.

Mode Real Imag ¢ (%) Freq. (Hz) Oscillation
1 -029 523 55 0.83 G1,G2,G3//G4,G5,G6
2 -1.17 635 181 1.03 G4,G3//G6,G1
3 122 648 185 1.05 G3,G6//G1,G4,G5
4 -1.25  6.60 18.6 1.07 G2//G1
5 <127 651 192 1.06 G5//G4,G6

e O
s

Figure 6.2: Test system 1-DC 1:6-generator system with DC segmentation

Figure 6.3: Test system 1-DC 2: 6-generator system with DC segmentation
2.

e DC-segmentation 2: Line 40-50 is replaced by a VSC-HVDC link (Fig. 6.3)
with the same parameters as in the previous case.

Details of the models can be found in Appendix B of the Appendix.

A small-signal analysis of the system of Fig. 6.2 gives the electromechani-
cal modes in Table 6.2(a). Results show that the critical inter-area mode has
disappeared (compare with Table 5.1) while the remaining four electrome-
chanical modes have similar damping ratios and frequencies to those of the
AC case (Table 5.1). Hence, DC segmentation case 1 improves inter-area
oscillation damping, significantly.

Table 6.2(b) shows the electromechanical modes DC segmentation case
2. This time, a lightly-damped inter-area mode 1 (G1, G2 and G3 oscillating
against G4) is still present and, although its damping has improved with
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oscillations

respect to the most problematic one in Table 5.1, it is still worrying. The
remaining three local modes have similar damping ratios and frequencies
to those in the AC case (Table 5.1). This time the improvement with DC
segmentation is not as noticeable as before due to the fact that the DC
link has been moved away from the pivot bus of the dominant inter-area
oscillation path.

Thus, a DC-segmentation closer to the pivot bus of the path will be more
efficient to stop the targeted inter-area electromechanical oscillation.

Table 6.2: Electromechanical modes of the 6-generator system with DC
segmentation

(a) DC-segmented at line 35-40
Mode Real Imag (¢ (%) Freq. (Hz) Oscillation

1 -117 632 183 1.02 G4//G6
2 -121 643 185 1.04 G3//G1
3 -125 6.60 186 1.07 G2//G1,G3
4 2127 651  19.2 1.06 G5//G4,G6

(b) DC-segmented at line 40-50
Mode Real Imag ¢ (%) Freq. (Hz) Oscillation

1 -046 6.02 7.7 0.96 G4//G1,G2,G3
2 -1.20 647 183 1.05 G3//G1,G4
3 -1.24 658 185 1.07 G1//G2

4 -125 656 187 1.06 G5//G6

6.3 Proposed algorithm for DC segmentation

The philosophy of the proposed algorithm is illustrated first with a very sim-
ple power system. Fig. 6.4-a shows a schematic diagram of an AC power
system and Fig. 6.4-b shows the power system after DC segmentation, where
the AC interconnection line has been replaced by a VSC-HVDC link, de-
coupling the two remaining AC systems. It is assumed that the original AC
power system has a critical inter-area oscillation, involving AC areas 1 and 2.
The objective is to segment the system with VSC-HVDC links and eliminate
the critical inter-area oscillation, as was discussed in the previous section.
However, in meshed AC power systems, the choices for DC segmentation for
this purpose are not as simple as in the example of Fig. 6.4. Therefore, an
algorithm for DC segmentation is needed, and is presented below.
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6.3 Proposed algorithm for DC segmentation

(a) AC power system

ACarea 1 HVAC line AC area 2
i J

(b) DC-segmented power system

VSC-HVDC link
ACareal AC area 2
i Z= Z~ j

Figure 6.4: (a) AC power system and (b) DC-segmented power system.

A meshed AC power system with a critical inter-area mode (with low
damping ratio) is considered. The objective of the proposed algorithm is to
systematically find a DC segmentation configuration in order to suppress a
critical inter-area mode.

A linearised small-signal model of the power system is used to identify
the target inter-area mode (\g,,,,) (i.e. the critical inter-area mode, with
the lowest damping ratio). The proposed algorithm for DC segmentation
consists of four steps:

e Step 1: Identification of the edges of the inter-area oscilla-
tion path.

e Step 2: Identification of the dominant inter-area oscillation
path between the two edges.

e Step 3: Selection of the AC line to be converted into DC.

e Step 4: Check if the present configuration divides the orig-
inal AC system into two asynchronous AC areas (one for
each of the edges).

(*) If this occurs, the algorithm stops. Otherwise, return to
step 2.

Once the algorithm stops, each AC line selected for DC seg-
mentation will be replaced by a VSC-HVDC link.

Fig. 6.5 depicts a flowchart of the algorithm. Steps 1 and 2 constitute the
algorithm for the identification of the inter-area oscillation path presented in
Chapter 5.
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Step1: Identification of
the path edges

v

Step 2: Identification of
the dominant path <
between the edges

v

Step 3: Selection of the
AC line to be converted
into DC

Step 4:
Is the system
DC-segmented

Figure 6.5: Flowchart of the algorithm for the DC segmentation of power
systems.

The algorithm will use the information provided by the modal analysis of
the linearised model of the power system which has to be executed only once
at the beginning (it is not repeated at every iteration of the loop). Hence,
the computational burden of the algorithm is low. The algorithm uses the
following information:

e Mode shapes of the target inter-area mode participating in the speeds

of the generators (v; k., )-

e Frequency observability factors of the target inter-area mode of all
buses (¢fi,k ).

crit
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6.3 Proposed algorithm for DC segmentation

e Magnitude (|¢y,. k..., |) of the current observability factors of the target

5

inter-area mode of all branches (¢r,; k..., )-
For the sake of clarity, the sub-index of the target inter-area mode will be
removed from the indicators above in the future (i.e., ¢4, will be used instead

Of ¢fi!kcrit).
6.3.1 Step 1: Identification of the edges of inter-area oscilla-
tion path

This step has been described in the previous chapter in Section 5.5.1. It
consists in finding the two edge buses of the path (i.e., E1 and E2).

6.3.2 Step 2: Identification of the dominant inter-area oscil-
lation path between the two edges

This step has been described in the previous chapter in Section 5.5.2. It
consists in finding the buses that form the oscillation path and thus link the
two edges E'1 and E2.

In order to take into account the lines selected for DC segmentation in a
potential previous iteration of step 3, a new set must be defined:

® ApC,segs is the set of branches of the system (L;;) that have been
selected for DC segmentation during the execution of the algorithm.
This set is empty when the algorithm starts.

Before starting step 2 as defined in Section 5.5.2, the AC branches that
have been selected to be replaced by DC segments (L;j € Apc segs) must be
included into the set of the branches excluded from path-ip (Agx,ip)-

6.3.3 Step 3: Selection of the AC line to be converted into
DC.

Once the dominant inter-area oscillation path has been identified, the next
step is to select the AC line that will be replaced by a VSC-HVDC link,
eventually. As discussed in Section 6.2, DC segmentation is more effective
when placed close to the centre of the dominant inter-area oscillation path.
Therefore, the two lines of the path connected to the PB would be the ideal
candidates for segmentation. Of this two lines, the one with the highest value
of the magnitude of the branch-current observability factor is selected, since
it is the one with the most intense inter-area oscillation. The selected AC
line, is then included into set Apc segs-
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6.3.4 Step 4: Is the system DC-segmented?

Each iteration of the algorithm (Steps 2 and 3) determines a path of the target
inter-area oscillation (path ip) and the AC branch to be replaced by a DC
segment. This does not guarantee dividing the system into two asynchronous
areas, as the DC segments could contain parallel AC paths. Step 4 scans the
grid looking for a continuous connection between E1 and E2 through an AC
path. If an AC connection is found, the algorithm goes back to Step 2 and
repeats the process until no such connection is found and the algorithm can
be terminated.

Once the algorithm has stopped, each AC line selected for DC segmen-
tation (L;; € Apc,segs) is replaced with a VSC-HVDC link with the same
nominal apparent power.

6.3.5 Illustrative example

The proposed algorithm is now illustrated in the 6-generator system of Fig. 6.1
(test system 1). Although it is a simple power system with radial configu-
ration, it will help to understand the proposed algorithm. The algorithm
has been implemented in Matlab and linked with a tool box for small-signal
stability analysis (SSST) [118].

The results of the algorithm when applied to test system 1 (Fig. 6.1) can
be summarised as follows:

1. Step 1: As stated in Section 5.5.3, the edges of the path are bus 1
(E1=1) and bus 6 (E2=6).

2. Step 2: As stated in Section 5.5.3, the propagation path is 1-10-20-
30-35-40-50-60-6.

3. Step 3: AC line 35-40 is selected for DC segmentation.

4. Step 4: The system has been divided into two asynchronous areas
and the segmentation algorithm stops.Finally, line 35-40 is replaced by
a VSC-HVDC link with the same nominal apparent power as the AC
line replaced.

Notice that the DC-segmentation obtained here is the one of Fig. 6.2
which succeeded in suppressing the critical inter-area mode, as shown in
Section 6.2.

94



6.4 Application of DC-segmentation algorithm to the Nordic 44 test system

6.4 Application of DC-segmentation algorithm to
the Nordic 44 test system

The proposed algorithm has also been applied to the Nordic 44 test system
(Fig. 6.6) which is a representation of the interconnected grids of Norway,
Sweden and Finland. The information about the model and the scenario
considered is provided in Section C.1 of the Appendix.

The result of the algorithm applied to the Nordic 44 system is depicted
in Fig. 6.7 (see Section C.1 of the Appendix). All generators, buses and lines
of interest for the discussion that follows are presented in colours (namely
pink, yellow and green).

Table 6.3 shows the poorly damped electromechanical modes of Nordic
44 test system, (damping ratio under 20%). They have been obtained with
OpenIPSL. Mode 1 (damping of 1.85% and frequency of 0.39 Hz) is selected
as the target inter-area mode for the DC-segmentation algorithm because it
has the lowest damping ratio. Regarding inter-area mode 1, generators of the
South of Norway (named region 1 in Fig. 6.7) are oscillating against most of
the remaining generators of the system.

Table 6.3: Electromechanical modes of Nordic 44 system with low damping
ratio.

AC base case

NO. ¢ (%) Freq. (Hz)
1 1.85 0.39
2 5.45 0.83
3 12.22 0.54
4 12.11 0.75
5 11.68 0.88
6 13.12 0.98
7 12.12 1.07
8 13.57 1.23
9 15.69 1.10
10 15.17 1.88
11 16.69 1.77

The proposed algorithm was implemented in Matlab+SSST. This tool
was used, because the information needed for the implementation of the
algorithm (e.g., mode shapes and observability factors) is not provided by
the linearised model of OpenlIPSL.

Since the toolbox SSST does not accept more than one generator con-
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Figure 6.6: Nordic 44 test system under Dymola.
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X
e Pivot Bus of path X
‘Fdﬁr Path 1 {Z—7 Line changed to DC

I

Figure 6.7: DC-segmented Nordic 44 test system under Dymola with identi-
fied path.
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nected to a bus, generators on the same bus in the original system have been
aggregated into a single unit. Likewise, if a pair of buses were connected by
more than one circuit (e.g. buses 7100 and 7000 of Fig. 6.6), this circuits
were aggregated into a single line, before running the algorithm.

Step 1: Identification of the path edges
As stated in Section 5.6:

e The first edge of the inter-area oscillation path is bus 6100 (E1=6100).
The coherent generators of this group are 6100, 5300, 5600, 6000, 5400,
5500 and 5100.

e The second edge of the inter-area oscillation path is bus 7000 (E2=7000).
The coherent generators of this group are 7000, 7100, 3249, 3115, 6700,
3000, 3245 and 3300.

In Fig. 6.7, generators 6100 and 7000 (the path edges) are coloured in
pink, group 1 corresponds to the generators of region 1 while group 2 corre-
sponds to the generators of region 2 (with the exception of generators 6500,
8500 and 3359 that are not in any of those groups).

Step 2, 3 and 4 first iteration: identification and breaking of the
first dominant inter-area path

Step 2: As stated in Section 5.6, the identified path (coloured in orange
in Fig. 6.7) consists of buses 6100 (E1), 6000, 6001, 5402, 5400, 5500, 5100,
6500, 6700, 6701, 3115, 7100, 7000 (E2).

Bus 6500 was identified as the pivot bus of the path (PB = 6500) and
bus 6700 was identified as the first bus of the ascending sub-path (A = 6700).

Fig. 6.8 shows the bus frequency observability factors along this path.
Fig. 6.9 shows the branch current observability factors along this path.

Step 3: Line 5100-6500 is selected for DC segmentation.

Step 4: With the first DC segment, the system is not divided into two
asynchronous AC systems. Thus, the algorithm goes back to step 2.

Step 2, 3 and 4 second iteration: identification and breaking of the
second dominant inter-area path

Step 2: The identified path comprises buses 6100 (E1), 6000, 6001, 5402,
5400, 5500, 5100, 5101, 3359, 3100, 3249, 7100, 7000 (E1). Several buses are
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Figure 6.8: Bus frequency observability factor along the first dominant path
(path 2) in the Nordic 44 test system: (a) magnitude and (b) phase.
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dominant path (path 1) in the Nordic 44 test system.

also in the previous path. In Fig. 6.7, the part of path 2 that differs from
path 1 is coloured in green.
Bus 3359 was identified as the pivot bus of the path (PB = 35), and bus
3100 was identified as the first bus of the ascending sub-path (A = 40).
Fig. 6.10 shows the bus frequency observability factors along this path
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and confirms the observations made in the Section 5.3. Fig. 6.11 shows the
branch current observability factors along this path.
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Step 3: Line 3359-5101 is selected for DC segmentation.
Step 4: The system has now been split into two AC areas.

Algorithm termination

Lines 5100-6500 and 3359-5101 were replaced by VSC-HVDCs links of the
same capacity: 800 MVA (path 1) and 3500 MVA (path 2), to complete
DC-segmentation.

The original AC system was split in two AC clusters, one with all the
generators of group 1 and another one with all the generators of group 2
(regions 1 and 2, respectively, in Fig. 6.7).

6.5 Validation of the algorithm

The effects of the DC-segmentation proposed were investigated using Dy-
mola [114]. VSC-HVDC links were modelled as proposed in Section 3.3 and
models were implemented in Modelica language to be tested in combination
with the OpenIPSL library [92]. Two cases were compared:

e AC-base case: The initial Nordic 44 system in Fig. 6.6.

e DC-segmented case: The DC-segmented system in Fig. 6.7 obtained
with the proposed algorithm, where AC lines 5100-6500 and 3359-5101
were replaced by VSC-HVDC links.

Details of the two cases can be found in Section C.1 and C.2 of Ap-
pendix C.

For the DC-segmented case, the operating point considered of the VSC-
HVDC links is when they transmit the same active-power as the AC lines in
the AC-base case, while reactive power injections equal zero at both converter
stations on both links:

e VSC-HVDC link A (VSC A1 at bus 5101, VSC A2 at bus 3359): Active
power of 1548 MW from VSC A1l to VSC A2.

e VSC-HVDC link B (VSC B1 at bus 5100, VSC B2 at bus 6500): Active
power of 447 MW from VSC B1 to VSC B2.

The two scenarios have been compared by means of:
e Small-signal stability analysis
e Non-linear time-domain simulation
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Small-signal analysis

Fig. 6.12 and Table 6.4 show the electromechanical modes of the system with
damping ratio under 20% obtained for the AC-base case and for the DC-
segmented case. Results confirms that the critical inter-area mode (mode
1 of Table 6.4, with damping of 1.85% and frequency of 0.39 Hz) has been
suppressed by the DC segmentation. Meanwhile, the damping ratios of the
rest of the electromechanical modes do not present significant differences
between the two cases.
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Figure 6.12: Weakly damped electromechanical modes of the two scenarios
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Table 6.4: Weakly damped electromechanical modes of the two scenarios

AC base case DC-segmented case
NO. | ¢ (%) Freq. (Hz) | ¢ (%) Freq. (Hz)
1 1.85 0.39 - -
2 5.45 0.83 5.70 0.80
3 12.22 0.54 12.38 0.50
4 12.11 0.75 11.73 0.72
5 11.68 0.88 11.92 0.87
6 13.12 0.98 13.12 0.95
7 12.12 1.07 12.14 1.07
12 - - 12.06 1.12
8 13.57 1.23 14.81 1.12
9 15.69 1.10 17.37 1.27
10 | 15.17 1.88 15.15 1.88
11 | 16.69 1.77 16.66 1.77

Non-linear time-domain simulation

Two faults were simulated, one in each region of the Nordic 44 system
(Fig. 6.6 and 6.7):

e Fault 1 (in region 1): Three-phase-to-ground short circuit at line 6001-
5402 (close to bus 6001), cleared 200 ms later by disconnecting the line.
The fault occurs at t =1 s.

e Fault 2 (in region 2): Three-phase-to-ground short circuit at line 7000-
7100 (close to bus 7000), cleared 200 ms later by disconnecting the
three circuits of the line. The fault occurs at ¢t =1 s.

Fig. 6.13 shows the speed deviations of some generators of the system
when Fault 1 occurs, for the AC-base case and for the DC-segmented case.
The generators have been selected to be representative of the system: three
generators are in region 1 (generators 5600, 5100 and 6100 represented in
blue) and the other three are in region 2 (generators 7000, 8500 and 6500
represented in red).

In the AC base case (Fig. 6.13a), all the generators are affected by the
fault and there is a poorly damped inter-area oscillation between the genera-
tors of the two regions corresponding to the targeted critical inter-area mode
(mode 1 of Table 6.4).

In the DC-segmented case (Fig. 6.13b), generators 7000, 8500, 6500 are
not affected by the fault because the VSC-HVDC links act as a firewall
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between regions 1 and 2. Additionally, the critical inter-area oscillation is
not present. Notice that some oscillations are still present due to the rest of
electromechanical modes but they are not critical.

Fig. 6.14 shows the results of Fault 2. The speed deviations of the same
generators as before are showed. Again, in the AC base case (Fig. 6.14a), the
fault excites the speed of all generators and the critical inter-area oscillation
is poorly damped. On the contrary, in the DC-segmented case (Fig. 6.14b),
the fault does not propagate from region 2 to region 1 due to the VSC-HVDC
segments, and the critical inter-area oscillation is not present.

104



6.5 Validation of the algorithm

27000
———— g8500
oo g6500| 1

25600
- ———g5100] |
e g6100

©w <t (o] o (o] = o]

(md) s1oye1eued a1 Jo TORRIALD paadg

10 12 14 16 18 20
Time (s)

8

T T T 3 T T T
cocoococo {
SS S S SS m
(SR =R \
L|E= o6 & an i e . i
©0 B0 S0 S0 80 G0 N
[ (I m
[ [ .
vl o
B [ [ ﬂ\ T
<
>
L Nv i
5 =
2 T <l 1
S
]
193]
X L
e}
=
—
<
~—
”<_u
o
—
* 1 1 1 1 1 i
© © <t o~ o o~ < ©

('mrd) s109eIamLE ot Jo ToTjRTASD paadg

20

18

16

14

12

Time (s)

(b) DC-segmented case

Figure 6.13: Fault 1. Speed deviations of generators.
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106



6.6 Summary and conclusions

6.6 Summary and conclusions

This chapter proposed an algorithm for DC segmentation of AC power sys-
tems to mitigate electromechanical oscillations, using VSC-HVDC links. The
objective of the proposed algorithm is to suppress the most critical inter-area
oscillation of the initial AC power system. The proposed algorithm uses in-
formation of the small-signal stability analysis of the system and the concept
of dominant inter-area oscillation paths. The proposed algorithm for the DC
segmentation of power system uses the algorithm to identify electromechani-
cal oscillation path proposed in Chapter 5 (as a part of the main algorithm).
Small signal stability analysis and time domain simulation have been used to
validate the effect of the DC segmentation proposed by the algorithm. The
proposed algorithm has been illustrated on a basic 6-generator test system
and then applied to the Nordic 44 test system.

The following conclusions have been obtained from the results presented
in this chapter:

e The proposed algorithm obtains systematically a DC-segmentation scheme

of the initial AC power system.

e In the resulting DC-segmented scheme, the critical inter-area oscillation
of the initial AC power system is suppressed, without jeopardising the
damping ratio of the intra-area modes.

e The concept of inter-area oscillation path is remarkably useful to deter-
mine where to segment the system with DC technology, at least when
tackling electromechanical oscillations.
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Chapter 7

DC segmentation and
supplementary controllers to
improve power system stability

7.1 Introduction

As discussed in Chapter 2, a good number of supplementary controllers
for VSC-HVDC systems have been proposed in previous work. However,
the application of supplementary controllers in VSC-HVDC systems in DC-
segmented power systems is scarce in previous work. As shown in Chapter 4,
DC segmentation with fixed power references improved the angle stability
of power system (against small and large disturbances) while jeopardising
its frequency stability. The present chapter investigates supplementary con-
trollers adapted to a DC segmented power system: it will aim at obtaining
further improvements in angle stability, while improving frequency stability
in comparison with the initial AC power system.

More precisely a frequency control (FC) on the active power injections of
the converter stations of the VSC-HVDC systems has been investigated to
improve the frequency stability of DC-segmented power systems. Since the
algorithm for DC segmentation proposed in Chapter 6 suppresses the inter-
area oscillation mode without impacting the intra-area modes of the AC
clusters, reactive power oscillation damping (POD-Q) controllers targeting
the intra-area modes in the DC-segmented system have been implemented
and analysed. Two variation of POD-Q controllers using either local or global
measurements are proposed and compared.The local POD-Q controller is
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based on previous proposals [50,126], while the global POD-Q controller has
been proposed in this work, for the first time.

All the controllers are tested on the DC segmented Nordic 44 test system
of Chapter 6.

This chapter is organised as follows. Section 7.2 presents the FC (Sec-
tion 7.2.1) and POD-Q control (Section 7.2.2) used in this chapter. In Sec-
tion 7.3 the Nordic 44 test system is used to implement the supplementary
controllers and study their effects. Finally, Section 7.4 concludes the chapter.

7.2 Supplementary controllers

Fig. 7.1-a depicts a schematic diagram of an AC power system and Fig. 7.1-b
shows the power system after DC segmentation, where the AC intercon-
nection line has been replaced by a VSC-HVDC link, decoupling the two
remaining AC systems.

The following supplementary controllers in VSC-HVDC links of the DC-
segmented case will be considered:

e Frequency Control (FC): The objective is to provide frequency support
between the asynchronous AC areas through the VSC-HVDC links.

e Power Oscillation Damping (POD) controllers for the Q injections
(POD-Q): The objective is to contribute to damp intra-area oscilla-
tions in the asynchronous AC areas by means of Q-modulation in the
VSC stations of the DC segments.

(a) AC power system

ACarea l HVAC line AC area 2
i J

(b) DC-segmented power system

VSC-HVDC link
ACareal AC area 2
i Z= Z" j

Figure 7.1: (a) AC power system and (b) DC-segmented power system.
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7.2.1 Frequency Controllers (FC)

In FC, the P set point of the VSC station (P,.;) that controls the active

power through each DC segment (VSC-i) is given by:
+ APTEC (7.1)

ac,t

=pY

ac,t

P*

ac,t

PreﬁFC’

o is the supplemen-

where ch’i is a constant P set-point value, and A
tary P set-point value provided by the FC.

Fig. 7.2 shows the block diagram of the FC, based on strategy FC-WAF
proposed in [128] for multi-terminal VSC-HVDC systems (VSC-MTDC),
which uses the average frequency of the VSC-MTDC as set point (w* = )
for the frequency controller. The FC uses a proportional controller with gain
Krc,i, a low-pass filter with time constant Trc;, to filter out noise in the
frequency difference, and a saturation parameter :I:AP;Z:}“: . The frequency
set point for the FC is given by:

*

_ wi + wj
w =W = —————

5 (7.2)

where w; and w; are the frequency measured at the two AC terminals of the

VSC-HVDC link (in pu).

A max

o ~ Krc,i /_a ARl
A 1458Tpe; |
it o
wi

Figure 7.2: Frequency Controller (FC) using FC-WAF.

Notice that in point-to-point VSC-HVDC links, strategy FC-WAF' [128] is
equivalent to a FC controller proportional to the frequency difference between
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the frequencies of each terminal of the link as long as K }Cﬂ- = Kpc,i/2:

Kroyi
APIEIFC = 2 (5 7.3
ac,t 1 + STFCJ ((.U (UZ) ( )
_ Krcy [wi+wj )
1+ STFC,i 2 !
Krc,i/2 Ko,
1+ STFC,i (w] w,) 1+ STFCJ (w] wl)'

With the FC of Fig. 7.2, frequency support among the asynchronous
AC areas through the VSC-HVDC links is achieved, independently of the
location of the disturbance, since the FC uses frequency measurements at

both ends of the VSC-HVDC links.

7.2.2 POD-Q controllers

Two POD controllers for the reactive-power injections of the VSC stations
(POD-Q) will be analysed and compared in this work:

e POD-Q-LF: It modulates Q injections of each VSC using local mea-
surement of the frequency at the AC connection point.

e POD-Q-FCOI: It modulates Q injection of the VSC using global mea-
surements of the frequency of the Centre Of Inertia (COI) of the AC
area at which the VSC is connected to.

The Q set point of each VSC-i is given by (Q%..):

ac,t

Qe = Q0i + AQUETOP (7.4)

ac,i

where Q0. is a constant QQ set-point value, and AQZ?;’POD
mentary Q set-point value provided by the POD-Q controller.

The two POD-Q controllers above can be described as in Fig. 7.3. The
input signal of the controller is the frequency error (in pu) between the fre-
quency set point (w)) and the frequency measured at the AC connection
point of the VSC station (w;). The POD-Q controller has a low-pass filter
(with time constant T, usually between 0 and 1.2s) to filter out noise in
the frequency difference, a wash-out filter (with time constant T ; usually
between 1 and 20s), to prevent the controller from acting in steady state av-
erage, a lead/lag filter (with time constants Tg1;, T2 = aQ,iTQ1 ., filtering

is the supple-
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ratio ag; and Ngg; lead/lag networks), that produce the necessary phase
shift needed for the control action, a controller gain Kq; and a saturation

max
parameter £AQ".

. AQLEY AQTEIFOP
i _r N sTow,i 1+ 5Tg1, Nost / ac,i
h L45Tori [ ] 14 sTow,| |\T+sagiTers LN
—0Qaci
Wi
Figure 7.3: POD-Q controller.
POD-Q-LF

In POD-Q-LF controller, the frequency set point of Fig. 7.3 is the nominal
frequency in pu: w; = wp = 1 pu. Hence, it uses local measurements.
This scheme of POD-Q controller is based on previous schemes proposed in
[50,126].

POD-Q-FCOI

In POD-Q-FCOI controller, proposed in this work, the frequency set point
of Fig. 7.3 is calculated as the frequency of the COI (in pu) of the AC area
which station VSC-i is connected:

w; =wcor,; = Z ﬂwk, Hr = Z H;. (7.5)

With Hj, the inertia constant of generator k and A; the set of generators
of the AC area which station VSC-i is connected.

This strategy was motivated by POD-Q-WAF controller proposed in [66]
for VSC-MTDC systems embedded in an AC system, which used as frequency
set point the weighted-average frequency of the VSC-MTDC system. How-
ever, the application and the controller proposed here are different, since the
VSC-HVDC are now interconnecting asynchronous AC areas, and the fre-
quency of the COI of each AC area is used as the frequency set point for the
POD-Q controller placed in that area. In POD-Q-FCOI controller, each VSC
compares the frequency set point with w; = wcor,; with its own frequency
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(w;). Notice that the usefulness of the speed of the COI for power-system-
stability-tailored controllers was illustrated in [129].

7.2.3 Design of POD-Q controllers

The method of design of POD-Q controllers is based on the work in [25],
which uses the concept of eigenvalue sensitivities [122]. The work in [66]
used this approach for the design of POD controllers in VSC-HVDC sys-
tems. In this work, the concept of numerical eigenvalue sensitivity has been
used (instead of the theoretical eigenvalue sensitivity), as it can facilitate
the design of POD controllers in cases with limited information of the state
matrices of the linearised system.

It is assumed that a linearised model of the power system is available. A
POD-Q controller in VSC-j will be used to damp a target electromechanical
mode i:

2 =0 £ ju? (7.6)

i —
with a damping ratio CZQ . If the required damping ratio is C{i, the estimated
target electromechanical mode can be approximated as:

A = —(fw £ jo? (7.7)

The sensitivity of electromechanical mode ¢ to changes in the gain of POD-Q
controller j, Kq j, is defined as [122]:

O\
0Kq,j

Sij = (7.8)

Similarly, the (non-compensated) sensitivity of mode i to changes in the
gain of the non-compensated POD-Q controller j (Sg ) is defined as:

O\

SN¢ = S(Tg; =0) =
Y N ’ aKQv] TQLJ':O

(7.9)
NC| s ,NC
= ’Sij | Pij

Therefore, the sensitivity of the non-compensated eigenvalue can be ap-
proximated, numerically, by:

Sye =" "0 (7.10)



7.2 Supplementary controllers

where /\fy ¢ is the non-compensated eigenvalue, i.e., the new eigenvalue with
the POD-Q implemented without its lead/lag filter (71 =0) and with a
small gain AKg ;. Naturally, Sgc ~ Sgc.

Fig. 7.4 shows the geometric interpretation of eigenvalue sensitivities [25,
66]. An effective POD-Q will move the target electromechanical mode to the
left-hand side of the complex plane, as illustrated in Fig. 7.4. The lead/lag
filter is used to ensure that the eigenvalue sensitivity has a phase as close to
180° as possible, while gain K¢ ; (see Fig. 7.3) is used to move the eigenvalues
further to the left-hand side of the complex plane and to achieve the required
damping ratio.

d
Re “&oi

Figure 7.4: Geometric interpretation of eigenvalue sensitivities.

The design of the POD-Q controller of each VSC-j consists of two steps:

1. Design of the lead/lag filter: Its objective is to obtain a phase of the
eigenvalue sensitivity (S;;) as close to 180° as possible [25]:

phase lead (cﬁf}fc >0):

. ANC
1 —sin d)ij T = Py
= — <1, ¢pj; = ————. 7.11
aqQ,j 1+ sin ¢z’j = 4 ¢z] NQS,j ( )
phase lag (@gc < 0):
. ~NC
1 + sin ¢;; T+ ©i;
= —>1, ¢ = ———— 7.12
aQ,j 1 — sin (z)lj ’ ¢l] NQS,j ( )

115



7 DC segmentation and supplementary controllers to improve power system
stability

with N¢ = Z(55¢).
Finally, the time constants of the lead/lag filter (T ; and Tgo ;) are
selected to achieve maximum lead/lag phase compensation at the fre-

quency of the target electromechanical mode [130]:

1
Torj = 53— and Tqo; = aq,;Tqu,- (7.13)
wi\aQ

The resulting numerical eigenvalue sensitivity can be then calculated

as:
4 A 1+ sTg1; 1Nesi N
Sy = YO B | Y — 814 7.14
*J " 1+ SCLQJ’TQLJ' s:)\? ‘ Z]| i ( )

2. Calculation of the controller gain: Gain Kg ; is calculated to obtain
the required damping ratio of the target electromechanical mode:

/\? ~ )\? + KQJ'SZ']'. (7.15)
A )0
Kq; = Vj*' ] (7.16)
|54
with K¢ ; € [-Kg49", K{3'5"] and v; = 1 if a positive gain is required
and 7; = —1 if a negative gain is required.

7.3 Case study and results

The Nordic 44 test system [131] (already used in Chapter 6) was used to
analyse DC segmentation and the supplementary controllers described in
Section 7.2.

The starting point for the work of this chapter is the DC-segmented
system proposed in Chapter 6, as shown in Fig. 7.5. VSC-HVDC link A has
a rating of 3500 MVA, while VSC-HVDC link B has a rating of 800 MVA.
Supplementary controllers for frequency support among the two AC areas
(FC) and power-oscillation damping for the intra-area modes by means of Q-
modulation at the VSC stations (POD-Q controllers) will now be analysed
(see Section 7.2).

Four cases will be analysed and compared:

e AC base case: The initial Nordic 44 test system. It corresponds to
the case of Fig. 7.5 with AC lines instead of the DC links.

116



7.3 Case study and results

009¢

00!

oot

0€<

a0ve

10€¢

~ 009
//
N
//
N 00L 10L9 0004
_ 00g¢ N -~ 1
: TH OSA N (9743
oots N AT_ —n_iv
q :E/Nm OSA =
= = \
AN 672,
\ 001/}
\ [
00ve ( \
\ Q m. =
— \
- ! : i
| : [AESE
= 08 i GV OSA = 5
IV OSA i GV oS o
' T
T01¢ / v qury I._ =
1
/ =
001¢ _PI®
/ it
Tuordoy / guotdey ..
\\ = =
/ 00¢]

’
/7

s

06!

0¢8]

Figure 7.5: DC-segmented N44 test system under Dymola.
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e DCs constant PQ: The DC-segmented case without supplementary
controllers.

e DCs f-support, POD-Q-LF: The DC-segmented case with frequency
support (FC) and POD-Q using local frequency (POD-Q-LF).

e DCs f-support, POD-Q-FCOI: The DC-segmented case with fre-
quency support (FC) and POD-Q using the frequency of the centre of
inertia of each AC area (POD-Q-FCOI).

Details of the four cases can be found in Appendix C. For the DC-
segmented cases, the operating point considered for the VSC-HVDC links
was when they transmit the same active-power as the AC lines in the AC-
base case, while reactive power injections were equal zero at both converter
stations on both links:

e VSC-HVDC link A (VSC A1 at bus 5101, VSC A2 at bus 3359): Active
power of 1548 MW from VSC Al to VSC A2.

e VSC-HVDC link B (VSC B1 at bus 5100, VSC B2 at bus 6500): Active
power of 447 MW from VSC B1 to VSC B2.

The parameters of Frequency Controller (FC) (Fig. 7.2) are Kp¢c,; = 100 pu,
Trc; = 0.1 s and :I:APJ’CI,‘Z“ = =£1 pu.

The effects of the DC segmentation and supplementary controllers pro-
posed were investigated using Dymola [114]. VSC-HVDC links were modelled
as proposed in Section 3.3 and models were implemented in Modelica lan-
guage to be tested in combination with the OpenIPSL library [92]. The four
cases have been compared by means of small-signal stability analysis (see

Section 7.3.2) and non-linear time-domain simulations (see Section 7.3.3).

7.3.1 Design of POD-Q controllers

Table 7.1 presents the main modes of the Nordic 44 test system in the AC
case and in the DC-segmented case without supplementary controllers. All
the electromechanical modes with a damping lower than 20% in at least one
of the cases have been included. The table also indicates the location of
each mode. Results show that the critical inter-area mode (mode 1), which
has a low damping ratio, has been mitigated with the DC segmentation
obtained following the algorithm proposed in [132]. Nevertheless, there are
still intra-area modes in each asynchronous AC area. POD-Q controllers
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(POD-Q-LF and POD-Q-FCOI described in Section 7.2.2) have been used
in every VSC station to increase the damping ratio of some intra-area modes.
POD-Q controllers will be designed following the methodology presented in
Section 7.2.3.

Table 7.1: Poorly-damped electromechanical modes of the two initial cases.

AC base case DCs constant PQ  Region of

NO. | ¢ (%) Freq (Hz) ‘ ¢ (%) Freq (Hz) ‘ the mode

1 1.85 0.39 - - Inter-area
2 5.45 0.83 5.70 0.80 R1
3 | 11.68 0.88 11.92 0.87 R2
4 | 1211 0.75 11.73 0.72 R2
5 - - 12.06 1.12 R2
6 12.12 1.07 12.14 1.07 R1
7 12.22 0.54 12.38 0.50 R2
8 | 13.12 0.98 13.12 0.95 R2
9 | 13.57 1.23 17.37 1.27 R1
10 | 15.69 1.10 14.81 1.12 R1

The POD-Q controllers are set to damp the least damped (in the case
with DC segmentation with constant P&Q) local mode of the region they are
connected to. Thus, VSCs of region 1 (i.e. VSC-A1 or 5101 and VSC-B1 or
5100) will target mode 2 (with a damping ratio of ( = 5.7 % and a frequency
of 0.80 Hz) while the VSCs of region 2 (i.e. VSC-A2 or 3359 and VSC-
B2 or 6500) will target mode 4 (with a damping ratio of ( = 11.92 % and a
frequency of 0.72 Hz). Each POD-Q controller will be designed independently
to obtain a 15 % damping for the targeted mode. The gain step used for the
calculation of the numerical eigenvalue sensitivity is AKg j = 20 pu (nominal
pu). Pre-defined parameters of the POD-Q controllers are: Tgy¢; = 0.1 s,
Tow, =5s, Ngs,; = 2 and £Qg" = £0.1 pu. Maximum allowed POD-Q
gain is set to K&‘Jm = £400 pu.

Table 7.2 shows the parameters obtained for POD-Q-LF (local) and POD-
Q-FCOI (global) controllers with the design method of Section 7.2.3. Notice
that POD-Q gains reach their maximum allowed value. This is due to the
fact that POD controllers in VSC-HVDC systems can only be very effective if
the VSC stations are well located to damp electromechanical oscillations [66].
However, POD-Q controllers in a DC-segmented system may not be in the
best location to damp electromechanical oscillations. Precisely, the aim of
this work is to analyse the capability of damping intra-area electromechanical
modes in DC-segmented system with a pre-defined scheme. It is also worth
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highlighting that some POD-Q gains have opposite signs, which is related to
the location of the VSC stations in each AC area.

Table 7.2: Parameters of the POD-Q controllers.

Case VSC ‘ Kgj; (pu) Toi; (s) agy
POD-Q-LF Al (5101) -400 0.2847  0.486
B1 (5100) |  -400 0.2847  0.486

A2 (3359) 400 0.2223  0.999

B2 (6500) 400 0.2975 0.558

POD-Q-FCOI Al (5101) -400 0.2750  0.521
B1 (5100) |  -400 02776 0.511

A2 (3359) 400 0.2402 0.856

B2 (6500) 400 0.2889  0.592

7.3.2 Small-signal stability analysis

Table 7.3 shows the main electromechanical modes of the system for the 4
cases.

Table 7.3: Poorly-damped electromechanical modes of the four scenarios.

AC base case DCs constant DCs f-support DCs f-support Region
PQ POD-Q-LF POD-Q-FCOI of the
NO. | ¢ (%) Freq (Hz) ‘ ¢ (%) Freq (Hz) ‘ ¢ (%) Freq (Hz) ‘ ¢ (%) Freq (Hz) ‘ mode
1 1.85 0.39 - - - - - - Inter-area
2 5.45 0.83 5.70 0.80 11.53 0.84 12.40 0.83 R1
3 | 11.68 0.88 11.92 0.87 12.30 0.88 12.33 0.88 R2
4 ] 12.11 0.75 11.73 0.72 15.52 0.74 15.40 0.74 R2
5 - - 12.06 1.12 12.44 1.10 12.16 1.07 R2
6 | 12.12 1.07 12.14 1.07 12.15 1.07 12.48 1.10 R1
7] 12.22 0.54 12.38 0.50 15.02 0.48 16.45 0.47 R2
8 | 13.12 0.98 13.12 0.95 16.05 0.97 15.61 0.97 R2
9 | 13.57 1.23 17.37 1.27 20.68 1.31 20.68 1.31 R1
10 | 15.69 1.10 14.81 1.12 14.30 1.21 14.55 1.20 R1

Results show that:

e The inter-area mode (mode 1 with a damping ratio of 1.85 % and a
frequency of 0.39 Hz) has been suppressed by the DC segmentation.

e The damping of the main intra-area mode of region 1 (mode 2 with a
damping ratio of 5.7 % and a frequency of 0.8 Hz in the DC-segmented
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case without control) was improved by the POD-Q controllers (+5.97 %
with POD-Q-LF and +7.04 % with POD-Q-FCOI).

e The main intra-area mode of region 2 (mode 4 with a damping ratio of
11.73 % and a frequency of 0.72 Hz in the DC-segmented case without
control) is well damped by the POD-Q controllers (15.52 % with POD-
Q-LF and 15.40 % with POD-Q-FCOI).

e Meanwhile, the damping ratios of the rest of the electromechanical
modes do not change significantly.

Notice that in the DC-segmented case, results obtained with POD-Q-
FCOI (global measurements) are slightly better than the ones obtained with
POD-Q-LF (local measurements). For this reason, taking into account that
the implementation of POD-Q using local measurements is much easier, for
this test system the use of POD-Q-LF seems to be a better solution than
POD-Q-FCOL.

7.3.3 Non-linear time-domain simulation
Small perturbation

Two small perturbations were simulated, one at each region of the system,
namely:

e Disconnection of line 6001-5301 (Region 1) at ¢t =1 s.
e Disconnection of line 3249-7100 (Region 2) at t =1 s.

The purpose of these simulations is to analyse electromechanical oscillations.

Fig. 7.6 shows the frequency of two representative generators (5600 in
Region 1 and 7000 in Region 2) and Fig. 7.7 shows the Q injections of the
VSCs of Region 1 after the disconnection of the line in Region 1. A poorly-
damped inter-area oscillation can be clearly observed in AC base case, which
corresponds to mode 1 of Table 7.3 (see Fig. 7.6). Results confirm the sup-
pression of the inter-area mode in the 3 DC-segmented cases and the limita-
tion of the first local mode of Region 1 (mode 2 of the Table 7.3) in the two
DC-segmented cases with both POD-Q-LF and POD-Q-FCOI. Furthermore,
POD-Q-LF and POD-Q-FCOI controllers damped intra-area oscillations suc-
cessfully (see Fig. 7.6) by means of reactive-power modulation (Fig. 7.7).
Notice also that in the DC-segmented case with constant power control, the
perturbation, that occurs at Region 1 is not propagated to Region 2 and,
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therefore, the frequency at buses in Region 2 remain constant to 50 Hz (see
Fig. 7.6b). On the contrary, a small transient on the frequency at Region 2
is observed in the DC-segmented cases with supplementary controllers. This
is due to the effect of the frequency controllers in the VSC-HVDC links.

Fig. 7.8 shows the frequency of the two representative generators above,
and Fig. 7.9 the Q injections at the VSCs of Region 2 after the disconnection
of a line in Region 2. Again, results confirm the suppression of critical inter-
area mode in the 3 DC-segmented cases. However, the improvements on
the damping ratio of the first local mode of Region 2 (mode 4 of Table 7.3)
with the two POD-Q is not clear. This is due to the fact that mode 3 has a
similar damping ratio than mode 4 and it has not been improved by POD-Q
controllers.

Finally, it is worth to highlight that the frequency controller (FC) in
the DC link does not propagate the critical inter-area oscillation which was
present in the AC base case (see Figs. 7.6 and 7.8) because DC segmentation
eliminates the critical inter-area oscillation of the AC base case by removing
the synchronising constraint of the two AC regions. Therefore, although
the FC controller is somehow coupling the two asynchronous AC areas, the
critical inter-area oscillation is no longer present in the system and thus,
it cannot be propagated. Results also show that the FC does not produce
negative effects related to the propagation of other intra-area oscillations.
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Figure 7.6: Frequency of two representative generators after the disconnec-
tion of line 6001-5301 (Region 1).
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Figure 7.7: Reactive power injection at the two VSC of Region 1 after the
disconnection of line 6001-5301 (Region 1).
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Figure 7.8: Frequency of two representative generators after the disconnec-
tion of line 3249-7100 (Region 2).
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Figure 7.9: Reactive power injection at the two VSC of Region 2 after the
disconnection of line 3249-7100 (Region 2).
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Disconnection of generator

The disconnection of a generation in each area has been simulated. The
purpose of these simulations is to analyse frequency stability. The generators
selected for the contingency were those with the largest power injection before
the event:

e Disconnection of a generator at bus 5300 (Region 1) at ¢ = 1 s. This
generator has a nominal power of 1200 MVA and it was injecting 723
MW before the event.

e Disconnection of a generator at bus 3300 (Region 2) at ¢ = 1 s. This
generator has a nominal power of 1100 MVA and it was injecting 757
MW before the event.

Fig. 7.10 shows the frequency of the two representative generators (5600,
7000) used above after the disconnection of the generator in Region 1, while
Fig. 7.11 shows the active power exchange between the two regions (from
Region 1 to Region 2). In the AC base case, the frequency nadir (fnin) and
the final frequency are higher than the ones obtained in Region 1, because
the two areas are connected synchronously through AC branches and the
total frequency-support capability is greater. Naturally, in the AC base case
the frequencies at regions 1 and 2 are in synchronism. In the DC segmented
case with constant power control, the frequency nadir is low. This is because
Region 1 only has frequency support from its synchronous generators and
the VSC-HVDC links do not provide frequency support. Notice also that in
the case of DC segmentation with constant power the frequency at Region 2
remains constant, because it is decoupled from Region 1 by the VSC-HVDC
links. On the contrary, in the DC-segmented cases with supplementary con-
trollers, FC in the VSC-HVDC links produces frequency support among the
two regions. This causes the frequency nadir of region 1 to be higher than
the one obtained in the DC-segmented case with constant power. The ef-
fects of frequency support through the VSC-HVDC links can be observed in
Fig. 7.11, where it reduces the power exchange between Region 1 and 2. As a
consequence, in the DC-segmented cases with supplementary controllers, the
frequency at Region 2 also changes, due to the effect of FC in the VSC-HVDC
links.

Figs. 7.12 and 7.13 shows the results for the case of disconnection of a
generator in Region 2 and analogous behaviour can be observed.

Table 7.4 shows the frequency nadir (fmn,) and final steady-state fre-
quency (frinar) after the disconnection of generator G5300-1 in Region 1.
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Note that the results of the table may not correspond exactly to the ones in
Fig. 7.10 for the final frequency since the steady state has not been reached
in the figure. Results for the disconnection of a generator in Region 2 are
also included in the table (G3300-1), which has a nominal power of 1100
MVA and it was injecting 757 MW before the event. As a conclusion, in the
DC-segmented cases with supplementary controllers, overall frequency sta-
bility is improved, in comparison with the DC-segmented case with constant
power.

Table 7.4: Frequency Nadir and steady state after a disconnection of gener-
ator in Region 1 or 2 in the four cases.

Disconnection Frequency (Hz) | AC case | DCs constant | DCs f-support | DCs f-support
of generator in: PQ POD-Q-LF POD-Q-FCOI
Region 1 fmin,region1 (Hz) 49.85 49.68 49.74 49.75

Smin,region2 (Hz) 49.86 50.00 49.96 49.96
frinatregion1 (Hz) 49.97 49.94 49.94 49.94
ffinal,region2 (Hz) 49.97 50.00 50.00 50.00
Region 2 Fminregion1 (Hz) 49.86 50.00 49.96 49.96
Sminregion2 (Hz) 49.86 49.76 49.79 49.79
frinatregion1 (Hz) 49.97 50.00 50.00 50.00
fFinatregion2 (Hz) 49.97 49.93 49.94 49.94

Additionally, DC segmentation with and without frequency support sig-
nificantly reduces the power-exchange oscillations in the inter-area link (Fig.
7.11 & 7.13). This could avoid unwanted tripping of the line in cases where
the link is close to its maximum capacity, this could be of interest in cases
in where this aspect is critical.
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Figure 7.10: Frequency of two representative generators after the disconnec-
tion of a generator at bus 5300 (Region 1).
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Figure 7.11: Active power exchange from region 1 to region 2 after the dis-
connection of a generator at bus 5300 (Region 1).
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Short circuit

Two short circuits were simulated, one on each region of the system:
e Short circuit of duration 500 ms at bus 5103 (region 1) at t =1 s.
e Short circuit of duration 500 ms at bus 8500 (region 2) at t =1 s.

The purpose of these simulations is to analyse transient stability.

Figs. 7.14-7.16, show the results for the fault at Region 1, while Figs. 7.17-
7.19 show the results for the fault at Region 2. Results show that transient
stability is improved with DC segmentation. This can be clearly observed
looking the angle difference between generators during the transient, where
the angle difference during the first swing is much greater in the AC base
case than in the DC-segmented cases (see Figs. 7.14-7.16 and Figs. 7.17-7.19).
This is mainly due to the fact that DC segmentation decouples the two AC
areas, which have large power flows between one to the other. Although
supplementary controllers (FC and POD-Q) are for other applications, they
contribute slightly to improve transient stability too.
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Figure 7.16: Angle difference between representative generators of the two
regions after a short circuit at bus 5103 (Region 1).
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7.3.4 Impact of communication latency

The implementation of the POD-Q-FCOI requires a communication system
between the generators and the VSCs and its impact on the performance of
the controller is analysed here.

Let us consider the case where the input error signal of POD-Q-FCOI of
Fig. 7.3 with a communication delay reads:

U = 6757((,«}00[71‘ — wi) (7.17)

where 7 is the total communication delay.

The delay of (7.17) has been implemented using a first-order Padé’s ap-
proximation. Realistic values of communication latency delays are analysed
below (7 = 50 ms and 7 = 100 ms).

Table 7.5 shows the main electromechanical modes of the system for DCs
f-support POD-Q-FCOI for different values of communication latency delays.
The modes considered are the ones of Table 7.3. Results show that the
communication delays reduce the damping ratio of the target modes slightly
(from 12.40% to 9.95% for mode 2 and from 15.40% to 14.37% for mode
4 with a delay of 7 = 0.1s) without significant impact on other modes.
Therefore, results prove that POD-Q-FCOI controller is quite robust against
communication latency. Independently of this, as previously discussed, since
POD-Q-LF controller uses local signals and both controllers produce similar
results, POD-Q-LF controller appears to be a better alternative than POD-
Q-FCOI controller, for the test system used in this work.

Table 7.5: Poorly-damped electromechanical modes of the DCs f-support,
POD-Q-FCOI with various communication delays.

No delay 7 = 0.05s 7 =0.1s Region of

NO. | ¢ (%) Freq (Hz) | ¢ (%) Freq (Hz) | ¢ (%) Freq (Hz) | the mode
2 | 1240 0.83 11.14 0.84 9.95 0.84 R1
3 | 12.33 0.88 12.19 0.88 12.04 0.88 R2
4 | 15.40 0.74 14.86 0.74 14.37 0.75 R2
) 12.16 1.07 12.19 1.07 12.22 1.07 R2
6 12.48 1.10 12.65 1.10 12.79 1.10 R1
7 | 16.45 0.47 17.41 0.48 18.28 0.48 R2
8 | 15.61 0.97 15.10 0.98 14.11 0.99 R2
9 | 20.68 1.31 20.68 1.31 20.68 1.31 R1
10 | 14.55 1.20 13.84 1.20 13.18 1.19 R1
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7.4 Summary and conclusions

This chapter has investigated supplementary controllers for DC segmented
power systems in order to improve the effects of DC segmentation. Namely,
a frequency controller (FC) has been used to improve frequency stability
that was initially jeopardised due to the DC segmentation. Furthermore,
two power-oscillation-damping controllers for the reactive power injections
of the converter stations of VSC-HVDC systems (POD-Q controllers) have
been implemented in a DC-segmented system to damp intra-area modes.
One POD-Q controller (POD-Q-LF) is based on local measurements, and
was derived from previous work, while the the other one is based on global
measurements (POD-Q-FCOI), and has been proposed in this work for the
first time. Both controllers were tested and compared on the Nordic 44 test
system.

The following conclusions have been obtained from the results presented
in this chapter:

e DC segmentation can be very effective to suppress critical inter-area
oscillation in stressed AC power systems. However, if VSC-HVDC sys-
tems are controlled with constant power: (a) overall frequency stabil-
ity will be jeopardised, since each asynchronous AC cluster will have a
lower amount of frequency support and inertia and (b) intra-area elec-
tromechanical oscillations in the AC clusters may have similar damping
ratio to those obtained in the AC base case, with room for further im-
provement.

e Frequency controllers (FC) in the VSC-HVDC links of a DC-segmented
system allows frequency support among the different AC clusters, im-
proving overall frequency stability, in comparison with DC segmenta-
tion with constant power control.

e Power oscillation damping controllers for the reactive-power injections
(POD-Q) in the VSC-HVDC links of a DC-segmented system can be
used to damp intra-area oscillations of the asynchronous AC clusters,
in addition to the mitigation of the critical inter-area oscillation due
to DC segmentation. Two effective POD-Q controllers were analysed
and compared: POD-Q-LF (using local measurements), based on pre-
vious proposals and POD-Q-FCOI (using global measurements), newly
proposed in this work.
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7 DC segmentation and supplementary controllers to improve power system
stability

e POD-Q-LF (local) and POD-Q-FCOI (global) controllers produced
comparable results, and the latter proved to be reasonably robust when
subject to communication latencies. Nevertheless, taking into account
that implementation of POD controllers using remote signals is more
complex and expensive than POD controllers using local signals, POD-
Q-LF controller seems to be a more practical solution than POD-Q-
FCOI controller, at least for the test system considered.

e Eigenvalue sensitivities were calculated numerically using finite differ-
ences when designing POD-Q controllers in the DC-segmented power
system. This approach has proved useful when no alternative was in
hand. However, the robustness and numerical conditioning of this pro-
cedure has not been explored in detail.

e The use of DC segmentation, frequency support and POD-Q control
brought an important improvement of the overall stability of the test
system compared to the initial AC case.
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Chapter 8

Conclusions and contributions

This PhD thesis aimed at investigating the effects of DC segmentation on
power system stability and how to improve it. The work focused on (a)
angle stability under small disturbances (electromechanical oscillations), (b)
angle stability under large disturbances (transient stability) and (c) frequency
stability.

Traditionally, AC power systems have been planned to be as large as pos-
sible in order to improve their robustness and resiliency. This PhD has anal-
ysed DC segmentation and its potential to improve power system stability.
It is important to highlight that this does not mean that DC segmentation
would always be a good option, however, we have shown that it may be an
interesting alternative for some cases in the context of stressed large-scale
power systems in which angle stability is a critical phenomenon.

This chapter summarises the conclusions and contributions of the work
and suggests potential directions for future research.

8.1 Conclusions

The main conclusions and findings obtained in this PhD thesis are classified
and summarised below.

8.1.1 Impact of DC segmentation on power system stability

e DC segmentation with constant power set points can improve small-
signal angle stability of the system (electromechanical oscillations) by
removing the inter-area oscillations without affecting the damping of
the local modes.
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e DC segmentation with constant power set points can also improve angle
stability under large disturbances (transient stability) of the overall
system by removing the inter-area synchronism constrain by decoupling
the two areas.

e However, it jeopardises the overall frequency stability of the overall
system.

8.1.2 Dominant electromechanical-oscillation paths

e The proposed algorithm for the detection of the dominant inter-area
oscillation path in an AC power system (Chapter 5) is fully automated
and obtains the desired path systematically.

e The proposed algorithm for the detection of the dominant inter-area-
oscillation path in an AC power system (Chapter 5) showed to be useful
for the DC-segmentation algorithm proposed in this PhD thesis (Chap-
ter 6), but it could also be used for further applications on the analysis
of electromechanical oscillations in power systems.

8.1.3 Proposed algorithm for DC segmentation to mitigate
electromechanical oscillations

e The proposed algorithm obtains, systematically, a DC-segmentation
scheme of the initial AC power system.

e In the resulting DC-segmented scheme, the critical inter-area oscillation
of the initial AC power system is suppressed, without jeopardising the
damping ratio of the intra-area modes.

e The concept of dominant inter-area oscillation path is a remarkably
useful tool to determine where to segment the system with DC tech-
nology, at least when tackling electromechanical oscillations.

8.1.4 Supplementary controllers in DC-segmented power sys-
tems

e Frequency controllers (FCs) in the VSC-HVDC links of a DC-segmented
system allows frequency support among the different AC clusters, im-
proving overall frequency stability, in comparison with DC segmenta-
tion with constant power control.
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e Power oscillation damping controllers using reactive-power injections
(POD-Q) in the VSC-HVDC links of a DC-segmented system can be
used to damp intra-area oscillations of the asynchronous AC clusters,
in addition to the mitigation of the critical inter-area oscillation due to
DC segmentation.

e POD-Q-LF controller (local), based on previous proposals, and POD-
Q-FCOI controller (global), proposed in this PhD thesis were shown
effective in damping intra-area modes in a DC-segmented power sys-
tem. Both POD-Q controllers produced comparable results, and the
latter proved to be reasonably robust when subject to communication
latencies. Nevertheless, taking into account that implementation of
POD controllers using remote signals is more complex and expensive
than POD controllers using local signals, POD-Q-LF controller seems
to be a more practical solution than POD-Q-FCOI controller, at least
for the test system considered.

e The use of DC segmentation, frequency support and POD-Q control
brought an important improvement of the overall stability of the test
system compared to the initial AC case.

Based on the conclusions presented above, general conclusions can be
illustrated and summarised in Table 8.1, which assumes a stressed large AC
power system vulnerable to angle stability.

Table 8.1: DCs: DC-segmented case. EO: Electromechanical oscillations. X:
poor results, o: intermediate results, v: excellent results.

Phenomenon AC case | DCs constant | DCs f-support | DCs f-support

PQ POD-Q-LF | POD-Q-FCOI
EO - inter-area modes X v v v
EO - intra-area modes 0 0 v v
Transient stability ‘ X ‘ v ‘ v ‘ v
Frequency stability ‘ v ‘ X ‘ o ‘ 0

8.2 Contributions

The main scientific contributions of this PhD thesis are summarised below.
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8.2.1 Impact of DC segmentation on power system stability

e Analysis of the impact of DC segmentation with constant power set
points on electromechanical oscillations.

e Analysis of the impact of DC segmentation with constant power set
points on transient stability.

e Analysis of the impact of DC segmentation with constant power set
points on frequency stability.

8.2.2 Dominant electromechanical-oscillation paths

e Proposal of an algorithm for the detection of the dominant inter-area
oscillation path in an AC power system.

8.2.3 An algorithm for DC segmentation to mitigate elec-
tromechanical oscillations

e Proposal of an algorithm for DC segmentation to mitigate electrome-
chanical oscillations.

e Identification of the key aspects to be considered in DC segmentation
when targeted to mitigate electromechanical oscillations.

8.2.4 Supplementary controllers in DC-segmented power sys-
tems

e Implementation of frequency controllers (FC) in the VSC-HVDC sys-
tems of a DC-segmented system, based on previous work, to improve
frequency stability.

e Implementation of a local POD-Q controller (POD-Q-LF) in the VSC-
HVDC systems of a DC-segmented system, based on previous propos-
als, to damp intra-area oscillations.

e Proposal and implementation of a global POD-Q controller (POD-Q-
FCOI) in the VSC-HVDC systems of a DC-segmented system, to damp
intra-area oscillations.

The supplementary controllers implemented in this PhD thesis are similar
to those presented in previous work for VSC-HVDC systems. They have been
used here to add value to DC segmentation. To the best of our knowledge,
it is the first time that such controllers are implemented in the context of
DC-segmentation with VSC-HVDC systems.
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8.2.5 Modelling and simulation tools

e Modelling of VSC-HVDC systems in Dymola (used for small-signal
analysis and non-linear time-domain simulation).

e Modelling of VSC-HVDC systems in SSST (used for small-signal anal-
ysis and to obtain observability factors).

e Incorporation of supplementary controllers in VSC-HVDC systems in
Dymola.

e Implementation of the algorithms proposed in this PhD thesis in Mat-
lab scripts and linking them with the information provided with the
different simulation tools used.

8.3 Publications

Journal papers

e M. Robin, J. Renedo, J. C. Gonzalez-Torres, A. Garcia-Cerrada, A.
Benchaib, and P. Garcia-Gonzalez, “An algorithm for DC Segmenta-
tion of AC Power Systems to Mitigate Electromechanical Oscillations,”
IEEE Access, vol. 11, pp. 64651-64667, 2023.

e M. Robin, J. Renedo, J. C. Gonzalez-Torres, A. Garcia-Cerrada, L.
Rouco, A. Benchaib, and P. Garcia-Gonzalez, “Addressing intra-area
oscillations and frequency stability after DC segmentation of a large
AC power system,” pre-print, arxiv: arXiv:2406.18514, pp. 1-11, 2024.
[133]!
submitted to Journal of Modern Power Systems and Clean Energy (un-
der review), 2024.

Conference paper

e M. Robin, J. Renedo, J.-C. Gonzalez-Torres, A. Garcia-Cerrada, A.
Benchaib, and P. Garcia-Gonzalez, “DC segmentation: A promising so-
lution to improve angle stability of stressed power systems,” in The 17th
International Conference on AC and DC Power Transmission (ACDC
2021), Online Conference, 2021, pp. 84-90.

"https://arxiv.org/abs/2406.18514
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8.4

Proposals for further research

8.4.1 Extension and further applications of the proposed al-

gorithm for DC segmentation of power systems

In general, the choice of investment on new VSC-HVDC links or converting

AC lines into VSC-HVDC links would depend on a cost/benefit analysis.

In this context, the demonstrated effect of DC segmentation of an existing

power system can be one-among-others argument to be taken into account.
Further extensions of the algorithm could be investigated:

Since the tool presented is based on a linearisation of the system in
one operating point, an obvious extension of the tool would be the
application to different scenarios and their selections. Nevertheless
experience in real systems show that the same critical inter-area modes
may be present in a good number of scenarios.

Extension of the algorithm to tackle electromechanical oscillation tak-
ing into account more than two coherent groups of oscillating genera-
tors.

Extension of the algorithm to damp several critical electromechanical
modes.

Since the proposed algorithm only takes into account technical aspects,
a choice was made when segmenting the AC lines: they were converted
into VSC-HVDC links. However, other options could also be consid-
ered, such as back-back or multi-terminal VSC-HVDC configurations.
Naturally, this would require the consideration of not only technical
aspects, but also a cost-benefit analysis.

DC segmentation taking into account controllers in the VSC-HVDC
links to improve power system stability. Although this aspect would
not impact the choice of the DC segments, the overall stability of the
DC-segmented system could be improved.

The proposed algorithm for DC segmentation (targeted to damp elec-
tromechanical oscillations) could be combined with other applications of DC
segmentation:

DC segmentation to improve transient stability (angle stability under
large disturbances).
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e DC segmentation taking into account frequency stability. This would
mean requiring a minimum amount of primary frequency support and
inertia in each synchronous AC cluster.

e DC segmentation to reduce the risk of black-outs and disturbance prop-
agation.

e The information provided by the algorithm proposed in this work could
be used to determine corrective actions. For example, considering a
power system with embedded VSC-HVDC links presenting problems
related to inter-area oscillations. The information provided by the al-
gorithm could be used to identify disconnection of certain AC lines
(in parallel with certain VSC-HVDC links) to obtain temporary DC-
segmented configurations in emergency situations to damp inter-area
oscillations.

8.4.2 Supplementary controllers

In this PhD thesis, the uses of active power frequency control (FC) and reac-
tive power oscillation damping (POD-Q) targeting intra-area modes has been
tested and gave satisfactory results on the stability of the DC-segmented sys-
tem. However, numerous other supplementary controllers could be studied
for DC segmented systems such as: AC voltage control, emergency power
control, power oscillation damping on active power, synthetic inertia. Fi-
nally, if numerous supplementary controller brings stability benefits then
their coordinated control should also be studied.

8.4.3 Further applications of the algorithm for the identifi-
cation of dominant electromechanical-oscillation paths

In this PhD thesis, the proposed algorithm for the identification of the dom-
inant electromechanical-oscillation path has been used for DC segmentation
(Chapter 6). Nevertheless, it should be highlighted that this algorithm pro-
posed could be used for other applications such as:

e Placement of phasor measurement units (PMUs) along the dominant
electromechanical-oscillation path.

e Placement of different types of power oscillation control devices such as
Power System Stabilizers (PSS) in synchronous machines, controllers in
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renewable power plants, Energy Storage Systems (ESS), Flexible Alter-
nating Current Transmission Systems (FACTS), or embedded HVDC
systems based on Line Commutated Converters (LCC-HVDC) and
VSC-HVDC.
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Appendix A

Two areas test system

A.1 AC base case

Fig. A.1 presents the Two-area system with an AC interconnection studied
in Chapter 4.

T

Figure A.1: AC base case: Two-area system with an AC interconnection.

Data of the HVAC test system can be found on [24] with the only dif-
ference that, here, the nominal voltage of the transmission system and the
nominal frequency have been changed to 220 kV and 50 Hz, respectively.
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A Two areas test system

A.2 DC-segmented case

Fig. A.2 presents the Two-area system with a VSC-HVDC interconnection
studied in Chapter 4.

]
4—‘
(Y@

Figure A.2: DC-segmented case: Two-area system with a VSC-HVDC inter-
connection.

VSC of bus 7 was set in p-control mode while VSC of bus 9 was set

in Vy.-control mode. The characteristics of the VSCs and DC line used to
segment the two-area system are included in Table A.1.
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A.2 DC-segmented case

Table A.1: Data of the HVDC link in the DC-segmented two area test system.

Parameters
(p.u’s: converter rating)

Values

Rating VSC, DC voltage

Configuration

Max active (reactive) power

Max. current

Max. DC voltage V47, Vmin
Current-controller time constant (1)
Voltage- controller time constant (74.)
Voltage- controller damping ration (4)
Outer control gains

P prop. /int. (K, a1/ K q1)

Ve prop./int.(Kp 42/ K a2)

Q prop./int.(Kp q1/Kiq1)

Connection imp. (Rs; + jXs,;)

VSCs’ loss coefficients

DC-bus capacitance (C£°)

DC-line series resistance, inductance (Rff, Lfl;)
Initial operation point

P injection (bus 7/ bus 9)

Q injection (bus 7/ bus 9)
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500 MVA, + 320 kV
Symmetrical monopole

=+ 500 MW, (£ 250 MVAr)
1.1 p.u. (qg-priority)

No limitation

3 ms

40 ms

0.7

0/0

10 p.u./20 p.u./s
0/’0

0.02 +j 0.2 p.u.
a=b=c=0pu
195 puF

2.55 Q, 1.7442 mH

-418/400 MW
100/-100 MVAr



A Two areas test system
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Appendix B

6-generator test system

B.1 Six-generator test system 1

Fig. B.1 presents the 6 generator test system studied in Chapters 5 and 6.

©o o ©© G
AR

Figure B.1: Test system 1: Conceptual 6-generator system.

Each of the six generators radially connected in this system is rated at
200 MVA and 20 kV with a nominal frequency of 50 Hz. The generator
parameters in per unit on the rated MVA and kV base are:

H =6.5s, D=0pu., R=0.0025p.u.,
Thy = 8s, Tl =0.03s, Tl =0.4s, Tl =0.05s,
Xq=18pu., Xq=17pu., X;,=0.3p.u.,
X, =0.55p.u., X =025p.u., Xi=02p.u.

Each generator has an excitation system with parameters: T, = 0.01s, K, =
200p.u. Each step-up transformer has an impedance of 0 + j0,15 p.u. on a
200 MVA and 20/220 kV base and has an off-nominal ratio of 1.0.

The transmission system nominal voltage is 220 kV. The inter-area lines
(lines 30-35 and 35-40) have a length of 50 km while the local lines (lines
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B 6-generator test system

10-20, 20-30, 40-50, and 50-60) have a length of 25 km. The parameters of
the lines in p.u. per km on a 100 MVA, 220 kV base are:

r = 0.0001 p.u./km, xp = 0.001p.u./km,
be = 0.00175 p.u./km

The system is operating with the left area exporting 600 MW to the right
area and the generating units are loaded as listed in Table B.1.

Table B.1: Initial power flow data of the six-generator system.

Pgi (MW) Qg (Mvar) Vi (p.u.) 6; (deg)
G1 112.9 11.6 1 0.0
G2 100 15.2 1 -2.2
G3 100 24.7 1 -5.2
G4 -100 36.7 1 -32.7
G5 -100 30.2 1 -35.8
G6 -100 26.9 1 -37.3

B.2 Six-generator 4 one-load test system 2

Fig. B.2 presents the 6 generator one-load test system studied in Chapter 5.

©o o © 6
Wt Sy

Figure B.2: Test system 2: Conceptual 6-generator system with one load.

This system is like the previous one but with a 600 MW-0 MVAr load
connected at bus 35. The generating units are loaded as listed in table B.2.

B.3 DC-segmented six-generator test system

Fig. B.3 and B.4 presents the two variation of the DC segmented 6 generator
test system studied in Chapter 6.
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B.3 DC-segmented six-generator test system

Table B.2: Initial power flow data of the six-generator 1 load system.

Pgi MW) Qg (Mvar) V; (pu.) 6; (deg)
G1 112.8 16.7 1 0.0
G2 100 22.0 1 -2.2
G3 100 35.4 1 -5.3
G4 100 34.4 1 -5.7
Go 100 21.1 1 -2.8
100 15.0 1 -1.3

9006
G5

1.

Figure B.4: Test system 1-DC 2: 6-generator system with DC segmentation
2.

The characteristics of the VSCs and the two DC lines used to segment
the six-generator system are included in Table B.3.
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B 6-generator test system

Table B.3: Data of the HVDC links in the DC-segmented six-generator sys-
tem.

Parameters
(p.u’s: converter rating)

Values

Rating VSC, DC voltage

Configuration

Max active (reactive) power

Max. current

Max. DC voltage V%%, JZ@"
Current-controller time constant (7)
Connection imp. (Rs; + jXs;)

Outer control gains

P prop. /int.(K}, 41/ K 41)

Ve prop. /int.(Kp a2/ K; g2)

Q pr0p~/int“(Kp,ql/Ki,ql)

VSCs’ loss coeflicients

DC-bus capacitance (C4°)

DC-line series resistance, inductance (R;-lf, Lf;)
- line 35-40 ‘
- line 40-50
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500 MVA, £ 320 kV
Symmetrical monopole
+500M W, (£200MV Ar)
1pu

1.1,09 p.u.

2 ms

0.02 +j 0.2 p.u.

0/0

10 p.u./20 p.u./s
0/0
a=b=c=0pu
195 pF
220,771 mH

1.1 Q, 38.5 mH



Appendix C

Nordic 44 test system

C.1 AC base case

The Nordic 44 test system is presented in Fig. C.1.

The Nordic 44 test system is a representation of the interconnected grids
of Norway, Sweden and Finland. It is based on previous models developed at
The Norwegian University of Science and Technology (NTNU) [131]. It has
been initially implemented within iTesla project as an application example of
the OpenIPSL library, implemented in the Modelica language [91,92]. The
version used in this thesis is the one updated by the ALSETlab team. In this
thesis, the simulations of the Nordic 44 system are carried out using the Dy-
mola environment. OpenIPSL can be used for non-linear electromechanical-
type simulation, but also for small-signal stability analysis, by using a nu-
merical linearisation of the system.

Dynamic and static data of the Nordic 44 test system can be found under
[134]. The initial power flow condition used in this paper correspond to the
Nord Pool data of Tuesday November 10 2015 at 11:38 available at the same
link.

C.2 DC-segmented case

The DC-segmented Nordic 44 test system is presented in Fig. C.2.

The DC-segmented case was obtained from the initial Nordic 44 system
by replacing AC line 5100-6500 and the two parallel lines between buses 3359
and 5101 with VSC-HVDC links. The characteristics of the four VSCs and
the two DC lines are included in Table C.1. VSC 5100, 6500, 5101 and 3359

175



C Nordic 44 test system
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Figure C.1: Nordic 44 test system under Dymola.
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C.2 DC-segmented case
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Figure C.2: DC-segmented Nordic 44 test system under Dymola.
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C Nordic 44 test system

are renamed VSC 1, 2, 3 and 4 in the table for simplicity.

Table C.1: Data of the HVDC links in the DC-segmented Nordic 44 system.

Parameters

(p.u’s: converter rating) Values

Rating VSC (VSCA1-2/ VSCV1-2) 3500/800 MVA
DC voltage (VSCA1-2/ VSCV1-2) + 535/320 kV
Configuration Symmetrical monopole
Max active power (VSCA1-2/ VSCV1-2) +3500/800M W
Max reactive power (VSCA1-2/ VSCV1-2) +1400/320MV Ar
Max. current 1 p.u.

Max. DC voltage V%%, Vd’ﬁ” 1.1, 0.9 p.u.
Current-controller time constant (7) 2 ms

Connection imp. (Rs; + jXs,;) 0.004 +j 0.2 p.u.
Outer control gains

P prop./int.(K}, a1/ K q1) 0/0

Ve prop./int.(Kp a2/ K; 42) 10 p.u./20 p.u./s
Q prop./int.(Kp q1/Kiq1) 0/0

VSCs’ loss coefficients a=b=c=0pu

DC-bus capacitance (Cye;) (VSCA1-2/ VSCV1-2) 305/195 pF
DC-line series resistance, inductance (Ryc,ij; Ldc,ij)

~line A (5101-3359) 1.6 Q, 67 mH
- line B (5100-6500) 7.2 Q, 258 mH

VSCs 6500 and 3359 were set in Vy.-control mode while VSCs 5100 and
5101 were set in P-control mode.
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