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ABSTRACT In the last decades, various events have shown that electromechanical oscillations are a major
concern for large interconnected Alternative Current (AC) power systems. DC segmentation - a method that
consists in turning large AC grids into a set of asynchronous AC clusters linked by Direct Current (DC) links
- is a promising solution to mitigate this and other issues. However, no systematic segmentation procedure
for a given AC power system exists so far. This paper aims at filling this gap and proposes an algorithm for
DC segmentation for a given AC power system to mitigate electromechanical oscillations. In this proposal,
DC segmentation is implemented with High Voltage Direct Current links based on Voltage Source Converters
(VSC-HVDC). The algorithm uses small-signal stability techniques and the concept of dominant inter-area
oscillation paths to eliminate the main inter-area mode of the power system. The algorithm will be explained
using a six-generator test system and will then be used on the Nordic 44 test system. The proposed algorithm
for DC segmentation has been validated by means of non-linear time-domain simulation and small-signal
stability analysis (SSSA).

INDEX TERMS HVAC/HVDC, voltage source converter, VSC-HVDC, power system stability, inter-area
oscillations, electromechanical oscillation damping, DC segmentation, dominant path.

I. INTRODUCTION

Alternating Current (AC) technology is currently the dom-
inant technology for the transmission and distribution of
electricity. However, the transmission capability with High
Voltage Alternating Current (HVAC) is limited by some
technical aspects that can be overcome by the High Voltage
Direct Current (HVDC) transmission technology that has
been developed in the last decades [1]. Thus, many point-to-
point HVDC links are already in operation around the world,
and even more are planned or under construction [2], [3]. This
means that the electrical grids are evolving toward a hybrid
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HVAC/HVDC power system with a growing share of HVDC
transmission. One example of this evolution is the Italian
Hypergrid project to create ‘““five new electricity backbones”
using HVDC technology in order ‘““‘to double the exchange
capacity between market zones”’ of Italy [4].

In parallel with the development of HVDC links, power
systems have also been more and more interconnected cre-
ating large AC synchronous electrical grids. This action
sums the interconnected systems’ inertia values, improves
frequency stability and increases the reliability of the result-
ing power systems. However, with the introduction of new
economical objectives, power systems are operated closer
to their stability limits and the risk of severe disruptions is
increasing rapidly. For example, in the last decade, various

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 64651


https://orcid.org/0009-0003-3224-3883
https://orcid.org/0000-0002-1740-8729
https://orcid.org/0000-0001-7634-9717
https://orcid.org/0000-0003-1950-2927
https://orcid.org/0000-0001-5828-1587
https://orcid.org/0000-0002-1044-9210
https://orcid.org/0000-0003-0947-3616

IEEE Access

M. Robin et al.: Algorithm for DC Segmentation of AC Power Systems

events have shown that electromechanical oscillations are
now a bigger threat than ever [5]. Electromechanical oscil-
lations are a rotor angle stability phenomenon under small
disturbances in a frequency range between 0.1 and 2Hz (low-
frequency oscillations) [6].

In situations where electromechanical oscillations become
a threat to the stability of the system, corrective measures
may need to be taken. For example, intentional islanding
will disconnect selected lines to split a grid into a set of
stable areas — called islands — that are reconnected once the
fault and its propagation have been properly addressed. The
key issue of this technique is the selection of the islands in
order to actually stop the propagation of the fault and to limit
the time needed for the reconnection. Various approaches
have been proposed [7] including graph partitioning-based
method [8] slow coherency-based method [9] and ordered
binary decision diagram (OBDD)-based approach [10].

However, intentional islanding is only an operational
action. Some planning actions can also be taken to limit
the risk of stability issues, for example the construction of
embedded HVDC links which, thanks to their high controlla-
bility, can contribute to stabilise a power system. In particular,
many papers propose various control strategies of embedded
VSC-HVDC to damp electromechanical oscillations (power
oscillation damping (POD) controllers) [11], [12], [13], [14],
[15], [16], [17], [18] or to improve transient stability [19].

Yet, HVDC links are not always embedded, indeed, one of
the main applications of HVDC technology is the connection
of asynchronous grids using either Back-to-Back or Point-
to-Point configurations. Hence, many HVDC systems link
asynchronous areas (for example the connections between
Great Britain and Continental Europe [2]) and even more
of these links are planned such as the Viking Link between
United Kingdom and Denmark [20] or the Celtic link between
Ireland and France [21]. While the main goal of these links is
to enable and increase power exchange capacity between the
grids, they can also be used to share frequency reserves [22],
[23]. Connecting several asynchronous grids with an increas-
ing number of DC systems creates what could be called a grid
of AC and DC sub-grids. In [24], the authors propose some
principles to operate such complex systems.

This paper analyses another promising application of VSC-
HVDC to tackle severe instability problems when a system
upgrading is inevitable: DC segmentation. This concept was
first proposed in [25] 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 and intentional
islanding have some similarities; indeed, they both consist
in splitting a big electrical grid into a set of smaller asyn-
chronous clusters. Yet, they are clearly different: intentional
islanding is a corrective measure used as a last resort to stop
the propagation of a fault and lasts only a limited period
of time. While DC-segmentation is a planning action that
creates permanent clusters to improve the stability of the
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overall system. Additionally, in the case of DC-segmentation,
clusters are linked together by DC links while it is usually not
the case between the clusters created by intentional islanding.

DC-segmentation has the capacity to limit the propagation
of perturbations [26], [27], [28]. Thus, it could limit the
risk of cascading failures and blackouts [25]. This effect
has been confirmed in [29] with DC links controlled with
frequency support and in [30] with DC links modelled as
AC lines with controllable impedance. Both papers show that
DC-segmentation significantly reduces the risk of large scale
blackouts.

The work in [31] presents a comprehensive analysis
of the impact of DC segmentation on transient stability,
electromechanical-oscillation damping and frequency stabil-
ity in power systems. It showed that DC segmentation could
improve transient stability and the damping of electrome-
chanical oscillations (the DC segment acts as a firewall),
while frequency stability is deteriorated (because each of
the resulting asynchronous AC clusters has less inertia and
frequency control deteriorates).

Finally, DC segmentation can also improve the inter area
exchange capacity since no line capacity need to be held in
reserve for uncontrolled power flows that can result from
disturbances [25] and because converting an AC link to DC
can greatly increase its net transfer capacity [32], [33].

ENTSO-E has also identified DC-segmentation as a poten-
tial solution to improve power system stability [34] (so called,
“Intentional continuous AC grid demeshing”). A first DC
segmentation project was carried out in China in 2016 [35]
to prevent potential overloading of the inter-area AC lines in
case of contingency.

Since the advantages of DC segmentation have been
assessed, the problem of how to select the DC segmentation
scheme for a given power system rises. To the best of the
authors’ knowledge, the only previous work in this matter is
the patent in [36] that proposes to follow the market bound-
aries without consideration of power system stability and [37]
that compares different segmentation schemes to limit the
commutation failure of the infeed line commutated converter
(LCC-HVDC) of the system but without 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.

Therefore, the aim of this paper is to fill this gap and it pro-
poses an algorithm that, for a given AC power system, gives a
DC-segmentation architecture to improve electromechanical-
oscillation 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, which was proposed in [38]. The
algorithm selects the AC lines to be replaced by VSC-HVDC
links, leading to a DC-segmented system with asynchronous
AC clusters.
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As previously written, previous work has proposed POD
controllers in HVDC systems. However, this paper proposes
a different approach: DC segmentation to mitigate electrome-
chanical oscillations. The proposed solution is compatible
and complementary with POD controllers.

In the methodology presented in [38], the main character-
istics of the inter-area oscillation paths were identified, and a
process to find this path has been defined. However, the pro-
cess is not fully automatised and requires human interaction.
In this paper, and as part of the proposed algorithm for DC-
segmentation, a method to identify the inter-area oscillation
path has been developed, by adding some specific features to
the guidelines presented in [38], in order to fully determine
the path without human intervention. Hence, the method of
obtaining the inter-area oscillation path is also a contribution
of this paper and could be used, not only for DC segmentation,
but also for other applications.

The rest of the paper is organised as follows. Section II
describes the concept of inter-area oscillation paths and
introduces its application to DC segmentation. It provides
the theoretical bases for the proposed algorithm. Section III
introduces the proposed algorithm for DC segmentation.
Section IV presents the results when the proposed algorithm
is applied to the Nordic 44 test system. Section V presents
the conclusions obtained in this work. Section VI presents a
list of potential future work. Finally, data of the tests systems
and VSC-HVDC systems used in this paper are presented in
Appendix.

Il. DOMINANT INTER-AREA OSCILLATION PATHS AND
DC SEGMENTATION

This section presents the fundamentals of inter-area oscilla-
tion paths in power systems, based on the work of [38], and
it illustrates heuristically the impact of DC segmentation on
inter-area oscillation damping.

A. THEORETICAL BACKGROUND

It is well known that the electromechanical behaviour
of power system can be analysed by a set of non-
linear algebraic-differential equations (also known as
electromechanical-type or Root-Mean-Square (RMS)-type
models) [39]. The dynamic 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 [39]. For example, the free response of the
system can be written as:

Ax = AAx, Ax =[AS, Aw, Az]" (D)
Ay = CAx 2)

where Ax € R™*! is the state vector (increments with
respect to the operating point), Ay is the output vector and
A e 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 state variables (Az), in order
to analyse electromechanical oscillations [38].
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In addition, if A; is an eigenvalue of matrix A and vy is
its associated righ eigenvector (i.e. Axvg = Avg), [39] shows
that:

nx
Ax = (nz(0)e™) 3)
k=1
where each z;(0) is a linear combination of the initial condi-
tions of the state variables.

Therefore, right eigenvector v ““shapes” the way in which
a system mode (eigenvalue) affects the time response of each
of the state variables. Specifically, if the elements of vector
vy are complex numbers, the phases of those numbers affect
the relative phases of the oscillatory response of the state
variables due to A and its complex conjugate. This is why
right eigenvalues are also known as “mode shapes™. If two
elements of mode shape vy (e.g. vi(i) and v (j)) 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 to generator speeds have been
remarkably useful to analyse generator speed oscillations in
power systems [39], [40], [41]. Modes related to generator
speeds can be identified looking at participation factors [42],
[43], [44].

Matrix C in (1) can be further detailed to highlight the way
in which state variables affect the time response of the output
variables. For example, if bus voltages, bus frequencies and
brunch current flows are selected as outputs, one can write:

AV Cy AS
Af |=CAx=|C || Aw 4)

where

Cy = [CVS Cyo CVz]
Cr=[Cs Cro Crl
le = [le8 lew lez] S

and Cy, Cy, le are defined in [45] 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 Ar are defined as the product of the
output-variables network sensitivity matrix by the right
eigenvector associated to Ax [38], [45]. For example, given
the output partition in (4), the corresponding observability
factors would be:

dvi=Cvvi, &k =Cpve, b =Crve (6

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

The work in [45] uses the term network mode shape to refer
to vectors in (6), although the more popular term observabil-
ity factor will be used in this work, as in [39].
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FIGURE 1. Test system 1: Conceptual 6-generator system.
TABLE 1. Test system 1: Electromechanical modes.
Mode Real Imag Damp. (%) Freq.(Hz) Oscillation

1 029 523 5.5 0.83 G1,G2,G3//G4,G5,G6

2 -1.17  6.35 18.1 1.03 G4,G3//G6,G1

3 -122 648 18.5 1.05 G3,G6//G1,G4,G5

4 -125 660 18.6 1.07 G2//G1

5 -127  6.51 19.2 1.06 G5//G4,G6

Mode shape
1 T
0.81
06
0.4t
G3
0.2
a6 &2

G5 G1

-1 -0.5 0 0.5 1
Real

FIGURE 2. Test system 1: Graphical representation of the mode shape of
inter-area mode 1.

B. DOMINANT INTER-AREA OSCILLATION PATH

The work in [38] proposed the concept of dominant inter-area
oscillation path which can be illustrated using the two-area 6-
generator system shown in Figure 1 (test system 1) with the
data reported in Section of -C the Appendix.

The small-signal analysis of the system in Fig. 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 1). The generator-speed mode shapes of this
mode have been drawn in Fig. 2 which shows that generators
G1, G2 and G3 oscillate against generators G4, G5 and G6.
Fig. 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 are the dominant path of the inter-area
mode 1.

Figs. 3, 4 and 5 show the bus-frequency, bus-voltage
and branch-current observability factors along the dominant
inter-area oscillation path, respectively. The main character-
istics of the dominant path are as follows [38]:

« The bus with lowest value of |¢y;| (Fig. 3a) determines
the centre of the path, and it is called the inter-area pivot
(or pivot bus, for short) [38] (bus 35, in this example).
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FIGURE 3. Test system 1: Bus-frequency observability factors along the
dominant path of inter-area mode 1: (a) magnitudes, (b) phases.
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FIGURE 4. Test system 1: Bus-voltage observability factors along the
dominant path of inter-area mode 1: (a) magnitudes, (b) phases.
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FIGURE 5. Test system 1: Branch current observability factors along the
dominant path of the inter-area mode 1: (a) magnitudes, (b) phases.

o The pivot bus divides the path into two groups with
opposite phases of ¢y (Fig. 3b).
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FIGURE 6. Test system 2: Graphical representation of the mode shape of
inter-area mode 1.

o The edges of the path have the highest value of |¢y|
(Figure 3a), this confirm that the oscillations are stronger
in 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. 2.)

o In test system 1, the highest values of the magnitude of
the bus-voltage observability factors, |¢y,|, correspond
to buses close to the centre of the path, while the edges of
the path have lower values, as shown in [38]. 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 observation will deserve further discussion
in the next Section.

o Branches with higher value of |¢>1,.j| (Fig. 5a) represent
those that propagate more the oscillation through the
system, and they are often close to the pivot bus.

o In test system 1, there is no clear pattern in the phases of
#1,; (Fig. 5b). They were not analysed in [38], probably
because these indicators were not useful to characterise
inter-area oscillation paths.

C. BUS-FREQUENCY VS. BUS-VOLTAGE OBSERVABILITY
FACTORS TO CHARACTERISE DOMINANT INTER-AREA
OSCILLATION PATHS

Let us consider the system in Fig. 1 again but with a load
in bus 35 that consumes the power supplied by the gener-
ators (test system 2). The data of this new situation are in
Section -D of the Appendix.

The small-signal analysis of test system 2 shows that this
additional load does not strongly impact the main electrome-
chanical characteristics 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 II-B), the largest oscillations
are seen in the edges of the two areas (Gl 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. 6.
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FIGURE 7. Test system 2: Bus-frequency observability factors along the
dominant path of inter-area mode 1: (a) magnitudes, (b) phases.
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FIGURE 8. Test system 2: Bus-voltage observability factors along the
dominant path of inter-area mode 1: (a) magnitudes, (b) phases.

Figs. 7, 8 and 9 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:

« The conclusions related to the bus-frequency observabil-
ity factors, ¢y, are the same as the ones obtained for
test system 1. This confirms that bus-frequency observ-
ability factors are a robust tool to characterise dominant
inter-area oscillation paths and they will be used in this
paper.

« The conclusions related to the bus-voltage observability
factors, ¢y,, are different from those obtained for test
system 1. Results depend strongly on the topology and
power flows of the system as mentioned without fur-
ther discussion in [46]. Hence, bus-voltage observability
factors are not considered a robust tool to characterise
dominant inter-area oscillation paths.

o The conclusions related to the magnitude of the
branch-current observability factors, |¢y,|, are the same
as the ones obtained for test system 1 confirming that
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FIGURE 9. Test system 2: Branch current observability factors along the
dominant path of the inter-area mode 1: (a) magnitudes, (b) phases.
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FIGURE 10. Test system 1-DC 1:6-generator system with DC
segmentation 1.

bus-frequency observability factors are a robust tool to
characterise dominant inter-area oscillation paths and
they will be used in this paper.

o Finally, the conclusions related to the phase of the
branch-current observability factors, qu[l.j, are different
from the ones obtained for test system 1: the presence
of the load affects the pattern of the phases. 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 dominant
inter-area oscillation paths.

D. DC-SEGMENTATION OF THE 6-GENERATOR SYSTEM
Once the dominant inter-area oscillation path has been deter-
mined, the place where to break it with a DC segment (with
VSC-HVDC technology), in order to suppress the critical
inter-area mode will be investigated. Test system 1 of Fig. 1
will be considered and two DC segmentation alternatives will
be compared:

o DC-segmentation 1: Line 35-40 is replaced by a
VSC-HVDC link (Fig. 10) with parameters as in
Section -E of the Appendix.

o DC-segmentation 2: Line 40-50 is replaced by a
VSC-HVDC link (Fig. 11) with parameters as in
Section -E of the Appendix.

A small-signal analysis of the system of Fig. 10 gives the
electromechanical modes in Table 2(a). Results show that
the critical inter-area mode has disappeared (compare with
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FIGURE 11. Test system 1-DC 2: 6-generator system with DC
segmentation 2.

TABLE 2. Electromechanical modes of the 6-generator system with DC
segmentation.

(a) DC segmentation 1: DC-segmented at line 35-40

Mode Real Imag Damp (%) Freq (Hz) Oscillation
1 -1.17  6.32 18.3 1.02 G4//G6
2 -121 643 18.5 1.04 G3//G1
3 -1.25  6.60 18.6 1.07 G2//G1,G3
4 -1.27  6.51 19.2 1.06 G5//G4,G6

(b) DC segmentation 2: DC-segmented at line 40-50

Mode Real Imag Damp (%) Freq (Hz) Oscillation
1 -046  6.02 7.7 0.96 G4//G1,G2,G3
2 -1.20  6.47 18.3 1.05 G3//G1,G4
3 -1.24  6.58 18.5 1.07 G1//G2
4 -1.25  6.56 18.7 1.06 G5//G6

Table 1) while the remaining four electromechanical modes
have similar damping ratios and frequencies to the AC case
(Table 1). Hence, DC segmentation case 1 improves inter-area
oscillation damping significantly.

Table 2(b) shows the electromechanical modes of the
system of Fig. 11. This time, a lightly-damped inter-area
mode 1 (G1, G2 and G3 oscillating against G4) is present and,
although its damping has improved with respect to the most
problematic one of the AC case (Table 1), it is still worrying.
The remaining three local modes have similar damping ratios
and frequencies to those in the AC case (Table 1). This time
the improvement with DC segmentation is not as noticeable
due to the fact that the DC link has been moved away from
the pivot bus of the dominant inter-area oscillation path.

lIl. PROPOSED ALGORITHM FOR DC SEGMENTATION

A meshed AC power system with at least one 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 (Ag,;) (i.e. the
critical inter-area mode, with lowest damping ratio). The
proposed algorithm for DC segmentation consists of four
steps:

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

o Step 2: Identification of the dominant
inter-area oscillation path between the two
edges.
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o Step 3: DC segmentation: Selection the of AC
branch where the inter-area oscillation path
will be broken.

o Step 4: Check if the present configuration
separates the two path edges into two asyn-
chronous AC areas.

(*) If this occurs, the algorithm stops. Other-
wise, return to step 2.

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

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 and
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:

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

« Frequency observability factors of the target inter-area
mode of all buses (¢, keri ).

« Magnitude (|¢y; k., |) of the current observability factors

crit |

of the target inter-area mode of all branches (¢y;; 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., ¢p; will be used instead of ¢fi-kcrit ).

A. STEP 1: IDENTIFICATION OF THE EDGES OF
INTER-AREA OSCILLATION PATH

The bus of the first edge of the path will be called E1 and it
contains a synchronous generator (GE 1). The bus of the other
edge will be called E2 and it contains another synchronous
generator (GE?2). The edges of the path are obtained as fol-
lows:

o The first edge of the inter-area oscillation path (bus E1)
will be determined by the generator GE 1 with the largest
magnitude of the inter-area mode shape: |vggi| =
max; |vjl.

o The second edge of the inter-area oscillation path (bus
E2) will be determined by the generator GE2 with
the largest magnitude of the inter-area mode shape
among the generators which are oscillating with a
phase greater than 90° with respect to generator GE1.
In other words, generator GE2 is the one that sat-
isfies |vge2| = max;|v;|, among those that satisfy
|ZVGE1 — Zvi| > 90°.

o All generators i with |v;| > 0.1 puand |Zvgg; — Lvi| <
45° will belong to the coherent group of generators
associated with edge E'1.

o All generators i with |v;| > 0.1 puand |Zvggs — Zvi| <
45° will belong to the coherent group of generators
associated with edge E2.

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.
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B. STEP 2: IDENTIFICATION OF THE DOMINANT
INTER-AREA OSCILLATION PATH BETWEEN THE TWO
EDGES

The algorithm presented here revisits the idea presented
in [38] but includes some additions needed to make the
process completely automatic. The main additions are high-
lighted in Section -G of the Appendix.

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

e Apam,ip s the set of branches of the system (L;;) that
belong to path-ip.

o Aparh,bus,ip 18 the set of buses of the system (i) that belong
to path-ip.

o Agx,ip is the set of branches of the system (L;;) that are
excluded to be selected as part of path-ip during the
process. These branches could be branches that already
belong to the path, or branches that belong to an unfeasi-
ble radial path that has already been broken to a previous
DC segment, as will be explained later.

o Apr ;is the set of branches that are connected to a certain
bus i.

e Apc,segs s the set of branches of the system (L;;) that
have been selected for DC segmentation during the exe-
cution of the algorithm.

Sets Apath,ip» Apath, bus,ip and Agx jp are empty at the beginning
of Step 2. Set Apc,segs 1 empty when the algorithm starts.
Notice that all inter-area oscillation paths will start in edge
E1 and will end in edge E2.

Recalling the definition of “pivot bus’ (PB) in Section II-
B (PB is the bus of the path with the minimum value of the
magnitude of the bus-frequency observability factor: |¢p,, | =
MiNieA 0, s jp 195 1), the dominant inter-area oscillation path-
ip can be split in two parts:

o Descending sub-path: From E1 to PB.
o Ascending sub-path: From PB to E2.

The descending sub-path will tear along the branches with
the highest current observability factor linking buses with
a decreasing frequency observability factor. The ascending
sub-path will tear 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 in
two parts with opposite phase in the frequency observability
factors (Section II-B).

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

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

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

|Z¢,I‘A — Z(bel| > 90° 7)

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

Before starting the process, include the AC branches that
have been selected to be replaced by DC segments (L;; €
ApC,segs) nto the set of the excluded branches of path-ip
(AEX.ip)-

1) 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 (busi = E1).
Step b: Feasibility check: Consider all branches L;; con-
nected to bus i: L € Ar ;. Check if those branches have
not been excluded to be selected as the next line of the path
(Lij € Agx.ip)-
if there are no feasible candidates (Ay, ; ﬁAgX’ip =),
then
Exclude the last branch of the path, go back to the
previous bus of the path (i.e., include L;_; ; in set
Agx,ip and put i =i — 1) and 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
busi:Lj € A ; ﬂAgX’ip and choose the one with the largest
magnitude of the branch-current observability factor |¢y,|.
The next bus selected will be called jp and thus the selected
line will be called L; j,.
if in L;;, the bus-frequency observability factor
decreases (i.e., |¢ﬁp| < |¢z1), then
we are still on the descent, branch L; jp and bus
Jp can be added to the path and L, j, is included
into Aparn,ip and bus jp is included into Apum, pus, 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 Agy ;. Finally, put
i = jp and return to Step b.
else
Goto Step d
end if
Step d: Check if bus ip is part of the ascending sub-path.
it If | Lo, — Ly, | > 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 exit and the ascending
sub-path started.
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else
Bus jp correspond to a dead end, exclude branch
L; j, of the path, go back to the previous bus of the
path, and repeat Step b.

end if

2) ASCENDING SUB-PATH
The ascending sub-path is determined as follows:

Step a: It starts at the bus A identified during the descend-
ing sub-path.
Step b: Feasibility check:
if there are feasible branches L;; connected to bus i
then
Continue
else
(ie. ArL; N AgX,ip = {J), include branch L; 1 ; into
set Agx jp, put i = i — 1 and repeat Step b.
end if
Step c: Consider all the feasible branches L;; connected to
busi(ie., Lj € AL, ,ﬂAgX’ i»)- From those branches, choose
the one with largest magnitude of the branch-current
observability factor |¢y;|. The next bus selected will be
called jp.
if if the magnitude of the bus-frequency observability
factor along this branch increases (i.e., |¢f, | > |¢5), then
bus jp will the next bus of the path. Branch L; j, is
included into Apan,ip and Agx jp, and jp is included
into Apath,bus,ip-
else
L; j, 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 i = jp and return to Step b.
end if

C. STEP 3: SELECTION OF THE AC BRANCH WHERE THE
INTER-AREA OSCILLATION PATH WILL BE BROKEN

Once the inter-area oscillation path has been identified, the
next step is to select the AC line which will be replaced by a
VSC-HVDC link at the end of the algorithm. As discussed in
Section II-D, DC segmentation is more effective when placed
close to the centre of the inter-area oscillation path. Therefore,
the two lines of the path connected to the PB will be potential
candidates for segmentation. From this two lines, the one
with the highest value of the magnitude of the branch-current
observability factor is selected, because this line will be the
one with the most intense inter-area oscillation. The selected
AC line, is then included into set Apc segs-
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D. 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 guar-
antee 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 any 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 segmentation (Ljj € Apc segs) is replaced with a
VSC-HVDC link with the same nominal apparent power.

E. ILLUSTRATIVE EXAMPLE
The proposed algorithm is now illustrated in the 6-generator
system of Fig. 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 and linked with a tool box for
small-sinal stability analysis (SSST) [47], [48].

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

1) Step 1: 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. 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:

o 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).
o The ascending sub-path is 40-50-60-6.
Hence, 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 asyn-
chronous areas and stops. 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. 10 which succeeded in suppressing the critical inter-
area mode, as shown in Section II-D.

IV. CASE STUDY AND RESULTS

The proposed algorithm has also been applied to the Nordic
44 test system (Fig. 12) which is a representation of the
interconnected grids of Norway, Sweden and Finland. It is
based on previous models developed at The Norwegian Uni-
versity of Science and Technology (NTNU) [49]. It has been
initially implemented within iTesla project as an application
example of the OpenIPSL library, implemented in the Mod-
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TABLE 3. Electromechanical modes of Nordic 44 system with low
damping ratio.

AC base case

NO. Damp (%) Freq (Hz)
1 1.85 0.39
2 545 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

elica language [50], [51]. The version used in this paper is
the one updated by the ALSETIlab team. In this paper, the
simulations of the Nordi 44 system are carried out using the
Dymola environment. OpenIPSL can be used for non-linear
electromechanical-type simulation, but also for small-signal
stability analysis, by using a numerical linearisation of the
system. The information about the scenario considered is
provided in Section -F1 of the Appendix.

A. APPLICATION OF THE PROPOSED ALGORITHM

The result of the algorithm applied to the Nordic 44 system
is depicted in Fig. 13. All buses and lines of interest for the
discussion that follows are presented in colours.

Table 3 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. In inter-area mode 1, generators
of the South of Norway (named region 1 in Fig.13) are
oscillating against most of the remaining generators of the
system.

The proposed algorithm is implemented in Matlab4-SSST.
This tool is 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 connected 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. 12), this
circuits were aggregated into a single line, before running the
algorithm.

1) STEP 1: IDENTIFICATION OF THE PATH EDGES
Fig.14 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
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FIGURE 13. DC-segmented N44 test system under Dymola.

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.13, generators 6100 and 7000 (the path edges) are
coloured in pink, group 1 corresponds to the generators of
region 1 while group 2 corresponds to the generators of
region 2 (with the exception of generators 6500, 8500 and
3359 that are not in those groups).
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2) STEP 2, 3 AND 4 FIRST ITERATION: IDENTIFICATION AND
BREAKING OF THE FIRST DOMINANT INTER-AREA PATH
Step 2: The identified path (coloured in orange in Fig. 13)
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 = 35) and bus 6700 was identified as the first bus of
the ascending sub-path (A = 40).
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FIGURE 17. Bus frequency observability factor along the second dominant
path (path 2) in the Nordic 44 test system: (a) magnitude and (b) phase.
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FIGURE 15. Bus frequency observability factor along the first dominant
path (path 1) in the Nordic 44 test system: (a) magnitude and (b) phase.
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FIGURE 16. Magnitude of branch current observability factor along the
first dominant path (path 1) in the Nordic 44 test system.

Fig. 15 shows the bus frequency observability factors
along this path and confirms the observations made in the
Section II-B. Fig. 16 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.

3) STEP 2, 3 AND 4 SECOND ITERATION: IDENTIFICATION
AND BREAKING OF THE SECOND DOMINANT INTER-AREA
PATH

Step 2: The identified path comprises buses 6000 (E1), 6001,
5402, 5400, 5500, 5100, 5101, 3359, 3100, 3249, 7100 (E1).
Several buses are also in the previous path. In Fig. 13, the part
of path 2 that differs from path 1 is coloured in green.
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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. 17 shows the bus frequency observability factors
along this path and confirms the observations made in the
Section II-B. Fig. 18 shows the branch current observability
factors along this path.

Step 3: Line 3359-5101 is selected for DC segmentation.

Step 4: The system has now been split into two AC areas.

4) ALGORITHM TERMINATION

Lines 5100-6500 and 3359-5101 were replaced by
VSC-HVDCs links of 800 MVA (path 1) and 3500 MVA
(path 2), to complete the 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. 13).

B. VALIDATION OF THE ALGORITHM

The effects of the DC segmentation proposed were investi-
gated using Dymola. VSC-HVDC links were modelled as
proposed in [52] and [53] and models were implemented
in Modelica language to be tested in combination with the
OpenIPSL library. Two cases were compared:
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FIGURE 19. Weakly damped electromechanical modes of the two
scenarios.

o AC-base case: The initial Nordic 44 system in Fig.12.

o DC-segmented case: The DC-segmented system in
Fig.13 obtained with the proposed algorithm, where AC
lines 5100-6500 and 3359-5101 were replaced by VSC-
HVDC links. VSC-HVDC link data are in Section -F of
the Appendix.

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

e VSC-HVDC link 1 (VSC-1 at bus 5100, VSC-2 at
bus 6500): Active power of 133 MW from VSC-1 to
VSC-2.

e VSC-HVDC link 2 (VSC-3 at bus 5101, VSC-4 at
bus 3359): Active power of 650 MW from VSC-4 to
VSC-3.

The two scenarios have been compared by means of:

o Small-signal stability analysis

« Non-linear time-domain simulation

1) SMALL-SIGNAL ANALYSIS

Fig. 19 and Table 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 con-
firms that the critical inter-area mode (mode 1 of Table 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.

2) NON-LINEAR TIME-DOMAIN SIMULATION

Two faults were simulated, one in each region of the Nordic
44 system (Fig. 12 and13):

o Fault 1 (in region 1): Three-phase-to-ground short cir-
cuit at line 6001-5402 (close to bus 6001), cleared
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TABLE 4. Weakly damped electromechanical modes of the two scenarios.

AC base case DC-segmented case
NO. | Damp (%) Freq (Hz) ‘ Damp (%) 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

200 ms later by disconnecting the line. The fault occurs
att =1s.

o Fault 2 (in region 2): Three-phase-to-ground short cir-
cuit at line 7000-7001 (close to bus 7000), cleared
200 ms later by disconnecting the three circuits of the
line. The fault occurs att = 1 s.

Fig. 20 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.20a), all the generators are
affected by the fault and there is a poorly damped inter-area
oscillation between the generators of the two regions corre-
sponding to the targeted critical inter-area mode (mode 1 of
Table 4).

In the DC-segmented case (Fig.20b), generators 7000,
8500, 6500 are not affected by the fault because the
VSC-HVDC links act as a firewall between regions 1 and 2.
Additionally, the critical inter-area oscillation is not present.
Notice that some oscillations are still present due to the other
electromechanical modes but they are not critical.

Fig. 21 shows the results of Fault 2. The speed deviations
of the same generators are shown. Again, in the AC base case
(Fig. 21a), 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. 21b), 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.

V. CONCLUSION

This paper proposed an algorithm for DC segmentation of
AC power systems to mitigate electromechanical oscilla-
tions, 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 information of the small-signal stability analysis of the
system and the concept of inter-area oscillation paths.
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FIGURE 20. Fault 1. Speed deviations of generators.

Results show that:

o The proposed algorithm obtains systematically a
DC-segmentation scheme of the initial AC power sys-
tem.

e In the resulting DC-segmented scheme, the critical
inter-area oscillation is suppressed, without jeopardising
the damping ratio of other modes.

o The concept of inter-area oscillation path is a remarkably
useful tool to determine where to segment the system
with DC technology, at least when tackling electrome-
chanical oscillations.

o The algorithm proposed to identify the inter-area oscil-
lation path (Step 2 of the main algorithm) obtains the
path systematically and it could be used for other appli-
cations, different from DC segmentation.

VI. FUTURE WORK

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, a realistic
application of the algorithm for DC segmentation proposed in
this work would be to help the decision making in the plan-
ning and operation of the power system. The work presented
in this paper opens several research lines that are summarised
in this section.
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FIGURE 21. Fault 2. Speed deviations of generators.

A. EXTENSION OF THE PROPOSED ALGORITHM
Further extensions of the algorithm could be investigated:

« Extension of the algorithm to damp several critical elec-
tromechanical modes.

« Extension of the algorithm taking into account multiple
critical scenarios and their selection.

« 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, not only
technical aspects, but also cost-benefit considerations.

« 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.

B. FURTHER APPLICATIONS

The proposed algorithm for DC segmentation (targeted to
damp electromechanical 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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TABLE 5. Initial power flow data of the six-generator system.

Pgi MW) Qg Mvar) Vi (pu) 0; (deg)

Gl 112.9 11.6 1 0.0
G2 100 152 1 =22
G3 100 24.7 1 -52
G4 -100 36.7 1 -32.7
G5 -100 30.2 1 -35.8
G6 -100 26.9 1 -37.3

o DC segmentation taking into account frequency sta-
bility. This would mean requiring a minimum amount
of primary frequency support and inertia in each syn-
chronous AC cluster.

« DC segmentation to reduce the risk of black-outs.

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

APPENDIX

C. SIX-GENERATOR TEST SYSTEM 1

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=65s, D=0p.u., R=0.0025p.u.,
T)o=8s, Ty, =0.03s, T(;O = 0.4s, T(;E) = 0.05s,
Xs=18pu., X;=17pu., X, =03p.u.,

X, =055pu., X5 =025pu, X, =02pu

Each generator has an excitation system with parameters:
T, = 0.01s, K, = 200 p.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 10-20, 20-30, 10-50, 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, x; = 0.001p.u./km,
b, = 0.00175 p.u./km
The system is operating with the left area export-

ing 600 MW to the right area and the generating units are
loaded as listed in Table 5.

D. SIX-GENERATOR + ONE-LOAD TEST SYSTEM 2

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 6.
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TABLE 6. Initial power flow data of the six-generator 1 load system.

Pgi MW) Qg Mvar) Vi (pu) 0; (deg)

Gl 112.8 16.7 1 0.0
G2 100 22.0 1 =22
G3 100 354 1 -53
G4 100 34.4 1 -5.7
G5 100 21.1 1 -2.8
G6 100 15.0 1 -1.3

TABLE 7. Data of the HVDC links in the DC-segmented six-generator

system.

Parameters
(p.u’s: converter rating)

Values

Rating VSC, DC voltage
Configuration
Max active (reactive) power

500 MVA, + 320 kV
Symmetrical monopole
+500M W, (£200MV Ar)

Max. current 1 p.u.

Max. DC voltage V4%, V({(’”l" 1.1,0.9 p.u.
Current-controller time constant (7) 2 ms
Connection imp. (R ; + jXs,i) 0.02+j0.2p.u.
Outer control gains

P prop./int.(Kp 41/ K;.a1) 0/0

Ve prop./int.(Kp a2/ K; d2) 10 p.u./20 p.u./s
Q prop./int.(Kp 41/ K; 1) 0/0

VSCs’ loss coefficients a=b=c=0pu.
DC-bus capacitance (Cyc ;) 195 puF°
DC-line series resistance, induc-

tance (Rac,ij; Lae,ij)

- line 35-40 22Q,77.1 mH
- line 40-50 1.1 Q,38.5mH

E. DC-SEGMENTED SIX-GENERATOR TEST SYSTEM
The characteristics of the VSCs and the two DC lines used to
segment the six-generator system are included in Table 7.

F. N44 TEST SYSTEM

1) AC BASE CASE

Dynamic and static data of the Nordic 44 test system can be
found under [54]. The initial power flow condition used in this
paper correspond to the Nord Pool data of Tuesday November
10 at 11:38 available at the same link.

2) DC-SEGMENTED CASE
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 8. VSC 5100, 6500, 5101 and
3359 are renamed VSC 1, 2, 3 and 4 in the table for simplicity.
VSCs 6500 and 3359 were set in Vdc-control mode while
VSCs 5100 and 5101 were set in P-control mode.

G. ALGORITHMS TO IDENTIFY THE DOMINANT
INTER-AREA OSCILLATION PATH

The main characteristics of the algorithm to identify the
inter-area oscillation path proposed in [38] can be sum-
marised as follows:

o Ituses small-signal stability analysis and bus-angle, bus-
voltage and branch-current observability factors.
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TABLE 8. Data of the HVDC links in the DC-segmented Nordic 44 system.

Parameters

(p.u’s: converter rating) Values

Rating VSC (VSC1-2/ VSC3-4) 800/3500 MVA
DC voltage (VSC1-2/ VSC3-4) =+ 320/535 kV
Configuration Symmetrical monopole
Max active power (VSC1-2/ VSC3-4) +800/3500M W
Max reactive power (VSC1-2/ VSC3-4) +320/1400MV Ar
Max. current 1pu

Max. DC voltage V57, Vi 1.1,0.9 p.u.
Current-controller time constant (7) 2 ms

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

P prop./int.(K} a1 /K a41) 0/0

Ve prop./int.(K a2/ Ki a2) 10 p.u./20 p.u./s
Q prop./int.(Kp, 41/ K; q1) 0/0

VSCs’ loss coefficients a=b=c=0p.u.
DC-bus capacitance (Cyc;) (VSC1-2/ 195/305 pF
VSC3-4)

DC-line series resistance, inductance

(Rac,ijs Lae.ij)

- line 5100-6500 72,258 mH

- line 5101-3359 1.6 Q, 67 mH

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

o Then, 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 oscilla-
tion path (Step 2 of the main algorithm, see Section III-B),
can be summarised as follows:

o It uses small-signal stability analysis, generator-speed
mode shapes, bus-frequency and branch-current observ-
ability factors.

o 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.

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

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