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Abstract: A controlled islanding strategy should be carefully designed to prevent power systems
from overall collapse caused by extremely serious faults, which is of high computational complexity
for large-scale AC/DC power systems. An efficient controlled islanding strategy for large-scale
AC/DC power systems is proposed in this paper. The original power system is first reduced
to decrease the computational complexity. The reduced power system is then partitioned into a
number of dispatch areas by using the breadth-first search algorithm. Next, the reduced power
system is recovered to obtain the detailed information of the dispatch areas. The spectral clustering
algorithm is used to cluster the large number of dispatch areas into a small number of islanding areas.
Finally, the controlled islanding strategy is verified by assessing the steady and dynamic performance
of the power system. The feasibility, efficacy, and adaptability of the controlled islanding strategy are
demonstrated by the case study of a large-scale multi-infeed AC/DC power system in China.

Keywords: controlled islanding; large-scale AC/DC power system; dispatch area; islanding area;
spectral clustering; multi-infeed effective short circuit ratio (MESCR)

1. Introduction

Structural integrity is the fundamental requirement for the secure operations of power systems.
However, controlled islanding (or controlled splitting) should be implemented to prevent power
systems from overall collapse when extremely serious faults occur and propagate with the structural
integrity jeopardized. Modern power systems are evolving into large-scale interconnected networks
with a highly complicated structure, multiple voltage levels, and a large number of elements [1].
Complex interactions between AC and DC systems will be witnessed since more high voltage direct
current (HVDC) transmission lines are being put into operation. With serious faults occurring,
e.g., short circuits on the backbone network, the voltage drop of AC buses can cause commutation
failures and even blocking of DC transmission lines [2]. Frequency collapse and/or power angle
instability will be triggered by the enormous power loss along with the blocking of DC lines [3].
The controlled islanding strategy should be appropriately designed, which constitutes the defense
scheme for large-scale AC/DC power systems [4].

The computational complexity of a power system increases exponentially with the system
scale [5]. Additionally, characteristics of the AC/DC hybrid power system are even more complicated
with an increasing number of HVDC links [6]. System reduction is necessarily required to reduce
the computational complexity for the success of a controlled islanding strategy. In [7], a segment
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substitution approach for distribution system model simplification is introduced. A novel methodology
is proposed in [8] to identify the π-equivalent model of the external part of the distribution network,
which does not require system linearization or priori information about the system under study.
The methodology can be auto-adaptive to any changes in the system operating conditions. A network
reduction method is proposed in [9] to level down the system structure to an acceptable scale,
which comprehensively accounts for the topological characteristics of the original power system,
electrical distances between buses, and loading conditions of transmission lines. A network partitioning
algorithm based on the electrical distances between pairs of buses is proposed in [10]; however, this
is only applicable to small and medium-scale power systems. Few existing works on power system
reduction involve multi-infeed HVDC links.

Various methods are proposed to work out the controlled islanding scheme. In [4], a slow-
coherency-based approach for adaptive controlled islanding is presented, which aims to design a
controlled islanding scheme applicable to AC/DC power systems. The ordered binary decision diagram
(OBDD)-based method is used to search for the controlled splitting points in [11–13]. The methodologies
proposed in [14,15] aim to split the system into two islands by using real-time measurements from phasor
measurement units (PMUs). An ant search algorithm is applied to intentional islanding in [16]. The taboo
search algorithm for controlled islanding is proposed in [17]. A decision-tree-based approach is used
to localize islanding points in [18]. A branch potential energy-based islanding method is proposed
in [19]. A controlled islanding strategy based on slow coherency and the k-way partitioning method
is proposed in [20]. Controlled islanding strategies for large-scale interconnected power systems are
proposed in [21–23]. Nevertheless, these mentioned methods are not necessarily of a sufficient efficacy
and adaptability to cope with extremely serious faults of large-scale AC/DC power systems.

The feasibility, efficacy, and adaptability of a controlled islanding strategy should be verified
by assessing the steady-state and dynamic characteristics of the power system to be islanded.
Several criteria are introduced in [4] to assess the feasibility of the controlled islanding strategy
for the AC/DC power system, which include conditions of multiple time scales, topologic significance,
and pattern significance. In [24–26], the multi-infeed short circuit ratio (MSCR) is used to weigh the
structural strength of a power system with multi-infeed HVDC links. Time-domain simulations are
conducted to evaluate the efficacy of the controlled islanding scheme in [23].

An efficient controlled islanding strategy for large-scale AC/DC power systems is proposed in
this paper. First, the structure of the power system is reduced to decrease the computational complexity.
Second, the breadth-first search (BFS) algorithm is used to partition the reduced power system into
a quantity of dispatch areas. Third, the reduced power system is recovered to obtain the detailed
information of the dispatch areas with the BFS algorithm. Fourth, the spectral clustering algorithm is
used to cluster the large number of dispatch areas into a relatively small number of controlled islanding
areas. Finally, certain indices describing steady-state characteristics of the system are computed while
a series of time-domain simulations are conducted to assess the dynamic performance of the system
after controlled islanding.

The remainder of this paper is organized as follows. Section 2 proposes a three-stage method
to obtain dispatch areas, which includes the reduction, partition, and recovery of large-scale
AC/DC power systems. Section 3 employs the spectral clustering algorithm to cluster the dispatch
areas into controlled islanding areas. The controlled islanding strategy is then verified by computing
the index to reflect the steady-state characteristics and conducting time-domain simulations to assess
the dynamic performance of the power systems. Section 4 presents the case study results of a large-scale
AC/DC power system in China. Conclusions are drawn in Section 5.

2. Reduction, Partition and Recovery of Power System

Large-scale AC/DC power systems are usually composed of an extremely large number of
generation and transmission elements. To address the issue of the curse of dimensionality, a three-stage
method is proposed to reduce the search space of the controlled islanding strategy.
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2.1. Reduction of Large-Scale Power System

The search of the controlled islanding boundary in a power system can be transformed into
the search of cut-set in the topological structure. The topological structure of the power system
can be described as an undirected weight graph G (V0, E0) with a vertex set V0 and an edge set E0,
which represent the buses and transmission lines of the power system, respectively [11–13]. Since the
number of vertexes or edges is usually very large, the structure of the power system should be reduced
to facilitate the analysis.

The reduction of the structure is centered on generator buses and backbone transmission lines since
they are the key elements in shaping the dynamic characteristics of the power system. Only generator
buses, DC transmission lines, ultra high voltage (UHV) and extra high voltage (EHV), AC transmission
lines, and the main high voltage (HV) AC transmission lines which link generator buses with
the backbone network are retained in the process of reduction. The remaining electric elements,
which have no significant impacts on the dynamic characteristics of the power system, such as buses
and transmission lines of 220 kV, 110 kV, and lower voltage levels, are all replaced by an equivalent
aggregated load. The equivalent aggregated load is calculated as (1) and (2):

Pel,m =
n

∑
i=1

Pm,i (1)

Qel,m =
n

∑
i=1

Qm,i (2)

where Pel,m and Qel,m are the active and reactive power of the equivalent load of the reserved bus m,
respectively; and Pm,i and Qm,i are the active and reactive power injected into the bus m from the ith
transmission line to be reduced, respectively.

The reduction process of the large-scale power system can be illustrated by Figure 1. As shown
in Figure 1, the generator buses, extra-high voltage and ultra-high voltage buses, and transmission
lines are retained as G3, Bus 1, and the transmission line between G3 and Bus 1. Besides, most of the
low-voltage-level electric elements are omitted. The structure of the power system is dramatically
reduced so that the computational burden decreases significantly.

Figure 1. Reduction of power system. (a) Original power system; (b) Reduced power system.
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2.2. Partition of Reduced Power System

An approach is proposed to partition the reduced power system into multiple dispatch areas.
The structural complexity is further reduced for each dispatch area.

The BFS algorithm is used to partition the reduced power system and obtain the dispatch areas.
The breadth-first search algorithm traverses all nodes of the tree along the breadth of the tree from
the root [27]. The descendants of a current node are added in a random order to the array composed
of nodes which have been searched. Newly added nodes of the array are assigned randomly as the
current nodes for the following search step. The search will be stopped until the target node is found.
As shown in Figure 2, the second-layer nodes will be searched until the search for the first-layer nodes
has been completed. The advantage of the BFS algorithm is that the target node will always be found
with the shortest path if it exists.

All of the power source buses, including generator buses and buses connecting AC or
DC transmission lines from external networks, are treated as the root buses of their respective dispatch
areas in the reduced power system. Starting from the root buses, the search for the outer buses will
be extended layer by layer along with the corresponding transmission lines, as shown in Figure 2.
The dispatch areas enlarge with the layer extension. The search on a path should be stopped if
the dispatch area where the path is located has a boundary in common with another dispatch area.
Buses on the boundaries among various dispatch areas are the target nodes, which should be assigned
to the area providing the largest value of active power. By using the BFS algorithm, the reduced power
system is partitioned into many dispatch areas.

Note that since the BFS algorithm is originally designed for trees, it should be modified to cope
with multiple paths or loops. The shortest path principle is used to manage those complex situations.
For multiple paths developed from various root buses, the traversed buses should be assigned to the
dispatch area that is stemmed from the root bus forming the shortest path. As shown in Figure 2,
two paths are developed respectively from Root 4 and Root 5 to Bus 1. Since Path 1 from Root 4 is the
shortest path, Bus 1 should be assigned to Area 3 stemmed from Root 4. Similarly, the buses on a loop
are assigned according to the shortest path principle. There exists the situation that all the buses are
assigned to the same dispatch area, which can be illustrated by Loop 1 in Figure 2. For the situation
where the buses are assigned to different dispatch areas, the loop is opened on the transmission lines
where no shortest path passes through. As shown in Figure 2, Loop 2 is opened on Transmission Line
1 and Transmission Line 2.

Figure 2. Schematic diagram of the breadth-first search (BFS) algorithm.

The HV AC transmission lines linking generator buses with the backbone network are retained in
the reduction stage as described in Section 2.1. Even though there may be more than one line section,
they should be treated as only one line section when implementing the BFS algorithm. As shown
in Figure 3, there are two line sections between G1 and Bus 1, i.e., the line section between G1 and
Bus 01 and section between Bus 01 and Bus 1. The two line sections should be treated as just one section
between G1 and Bus 1, while Bus 1 is the first-layer bus of the root bus G1. Since Bus 1 is the first-layer
bus that G1, G2 and G3 have in common, these buses should be assigned to the same dispatch area.
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As shown in Figure 3, the two paths are developed respectively from two root buses of G3 and G12 to
Bus 3. Since the path of G3-Bus 3 is the shortest path, Bus 3 is assigned to the dispatch area stemmed
from G3. There are two loops in Figure 3, which are the loops of [G3, Bus 1, Bus 3, G3] and [G3, Bus 3,
Bus 5, Bus 4, Bus 2, G3]. Buses on the former loop are assigned to one dispatch area, while buses on
the latter loop are assigned to two dispatch areas. The converter station buses of DC transmission
lines from other networks are defined as Set A, while the buses connecting AC transmission lines from
external networks with a large amount of power transferred are defined as Set B. Any two elements of
A and B should not be assigned to the same dispatch area to avoid losing too much power when the
power system is under controlled islanding after extremely serious faults.

Figure 3. Dispatch areas of the partial power system.

2.3. Recovery of Reduced Power System

There is the risk of information loss after the power system is reduced. Although a trade-off is
made between the reduction of computational complexity and the information loss, efforts should be
devoted to limiting the negative effects of the system reduction. A recovery step is applied to recover
certain detailed information in the dispatch areas.

The BFS algorithm is used to recover the power system. In the reduced power system, all of the
generator buses, the buses connecting AC or DC transmission lines from external networks, and the
buses in the backbone network are treated as the root buses. The 220 kV-voltage-level buses and
transmission lines are the main power system elements which should be recovered. The 110 kV and
lower-voltage-level buses and lines belong to the distribution network, which is mainly of a radial
structure. A distribution network is naturally affiliated in a dispatch area in which its upper 220 kV
bus is recovered. The common kth layer bus extended from different root buses belonging to various
dispatch areas should be assigned to the dispatch area providing the largest value of active power.

In the search process, boundaries among different dispatch areas will be generated, which separate
search paths extended from the root buses of the respective dispatch areas.

The recovery approach to the reduced power system can be illustrated by Figure 4, which shows
the dispatch areas of Figure 3 in detail after recovery. Bus 1 and Bus 2 are the first-layer buses of G1
and G2, respectively, which belong to Area 1. As the common third-layer bus of G2 and G3, Bus 4
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belongs to Area 2, which provides more active power than Area 1. Bus 7 and Bus 10 are two root buses
of Area 1 and Area 2, respectively, from which various search paths form. The line between Bus 8 and
Bus 9 is just on the cut-set along the common boundary of two search paths extended respectively
from Bus 7 and Bus 10. Finally, the boundaries among Area 1–3 are generated.

Figure 4. Detailed dispatch areas of a partial power system.

3. Controlled Islanding Strategy

3.1. Controlled Islanding Using Spectral Clustering Algorithm

Dispatch areas obtained in Section 2 are candidates of controlled islanding areas. Nevertheless,
the number of dispatch areas is too large, which will pose a great monitoring and control burden for
the system operator. Besides, the coverage of each islanding area should be appropriately set to limit
the impact of extremely serious faults. Therefore, the total number of islanding areas cannot be too
small. The appropriate number of controlled islanding areas should be determined in accordance with
the structural scale of the actual system.

Spectral clustering is a widely used clustering algorithm which is more adaptive to the distribution
of data than the traditional K-means algorithm [28]. Spectral clustering is used to partition volt/VAR
control areas in bulk power systems in [29]. The power system is partitioned to solve distributed
optimal power flow by employing the spectral clustering algorithm in [30]. The spectral clustering
algorithm has been applied to the out-of-step islanding in [31–34]. In this paper, controlled islanding
areas are obtained through clustering dispatch areas by using the spectral clustering algorithm.

The dispatch areas are treated as vertexes while the transmission lines between any two dispatch
areas are treated as undirected edges. Thus, the power system is expressed with an undirected
weight graph G (V0, E0) with vertex set V0 and edge set E0. The search of islanding areas can be
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transformed into the search of the appropriate cut-sets of the undirected weight graph. The elements
in the neighboring weights matrix W of G (V0, E0) are:

Wij =

{
wij, (i, j) ∈ E0

0, (i, j) /∈ E0
(3)

where wij is the weight of the edge (i, j); the larger wij is, the higher the similarity between i and j,
and the closer the connection between these two vertexes.

The weight of wij is determined by the number of and active power transferred on the transmission
lines of the boundary between dispatch areas i and j as:

wij =

{
0, i = j

lij−lmin
lmax−lmin

+
Pij−Pmin

Pmax−Pmin
, i 6= j

(4)

where lij is the number of transmission lines between dispatch area i and j, lmax is the biggest number of
transmission lines of the boundary between any two dispatch areas, Pij is the active power transferred
on transmission lines between dispatch area i and j, and Pmax is the largest active power on transmission
lines of the boundary between any two dispatch areas. Note that any two dispatch areas which contain
the buses from sets A and B (as mentioned in Section 2.2) should not be clustered into the same
islanding area. Hence, the weight of wij should be set to 0 for the corresponding dispatch areas i and j.

As shown in (5), the degree matrix D is generated based on W. The Laplacian matrix is calculated
based on D and W, as in (6). The standardized Laplacian matrix is expressed as in (7).

dij =


0, i 6= j

n
∑

j=1
wij, i = j (5)

L = D−W (6)

L′ = D−
1
2 LD−

1
2 (7)

The eigenvectors corresponding to the smallest K eigenvalues of L′ are used to compose the matrix
V as:

V = [v1, v2, . . . . . . , vK] (8)

where K is the number of clusters. Each row of V is treated as a sample for clustering.
K samples are chosen as the original cluster centers. In each iteration, the Euclidean distances

between the cluster centers and the other samples are calculated. Each sample is assigned to the
cluster that is of the shortest distance between its center and the sample compared with other clusters.
Each cluster center is updated by averaging samples of the cluster. The iteration process will repeat
until it converges or reaches the preset maximum number.

By using the spectral clustering algorithm, the controlled islanding areas are obtained through
clustering the dispatch areas. The dispatch areas connecting closely with each other are gathered into
an islanding area. Transmission lines intersecting the islanding boundaries, i.e., the cut-sets among
islanding areas, should be equipped with devices for controlled islanding.

Once the integrity of the power system cannot be maintained with extremely serious faults
occurring and propagating, cut-sets between the emergent areas that are most greatly impacted by
the faults and the other areas will be tripped to isolate the emergent areas. Supplementary measures
should be implemented to complement the controlled islanding, which include generator tripping,
under frequency load shedding (UFLS), under voltage load shedding (UVLS), etc. The controlled
islanding is usually followed by the restoration procedure.

Note that the controlled islanding strategy proposed is implemented in a centralized way, which is
compatible with the operating practices of a synchronous power system. The AC/DC power systems
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are operated synchronously with the structural integrity maintained in normal conditions. Whenever
the controlled islanding strategy is actuated, the islanding areas are to be centrally monitored and
controlled by the system operator. The islanding areas will be re-synchronized when the synchronism
conditions can be met.

3.2. Verification of Controlled Islanding Strategy

Verification of the controlled islanding strategy is required to test its feasibility, efficacy,
and adaptability for the power system on which the islanding strategy is to be implemented.
Certain indices describing steady-state characteristics of the system are computed to verify the
feasibility of the islanding strategy, e.g., whether the structural strength of the system after islanding
is sufficient to tolerate the complicated interactions between AC and DC subsystems. A series
of simulations accounting for various operating conditions are conducted to assess the dynamic
performance of the system, which demonstrate the efficacy and adaptability of the islanding strategy
to prevent the system from further deterioration and stabilize it.

It is of great importance to evaluate the structural strength of the power system since it reflects the
capability of the AC system to support the normal operation of DC lines. Various indices have been
proposed to depict the structural strength of a power system. The multi-infeed short circuit ratio (MSCR)
is usually used to evaluate the strength of a system with multi-infeed DC lines [24–26]. The multi-infeed
effective short circuit ratio (MESCR) is proposed as the modification of the MSCR, which accounts for
the reactive power compensation at converter station buses. The MESCR is defined as:

MESCRi =
Si −Qi

|Pdci|+
n
∑

j=1,j 6=i
MIIFji·

∣∣∣Pdcj

∣∣∣ =
Si −Qi

|Pdci|+
n
∑

j=1,j 6=i

∆Uj
∆Ui ·

∣∣∣Pdcj

∣∣∣ (9)

where Si is the short-circuit capacity at the converter station bus i; |Pdi| and |Pdj| are the rated
power of the ith and jth DC lines, respectively; MIIFji is the multi-infeed interaction factor depicting
the impact of the jth DC line on the ith one; and Qi is the capacity of reactive compensation at bus i.

The larger the value of the MESCR index is, the stronger the structural strength of the power
system is. A commonly used criterion is as follows. For a strong system, MESCR ≥ 2.5; for a weak
system, 1.5 ≤MESCR < 2.5; for an extremely weak system, MESCR < 1.5. According to the criterion,
the MESCR value of each converter station bus should be at least greater than or equal to 1.5 after
controlled islanding. If not, the strength of the system should be enhanced through effective measures
including the implementation of dynamic reactive power compensation such as the synchronous
compensator (SC), static Var compensator (SVC), static synchronous compensator (STATCOM), etc.

The dynamic performance of the power system should be assessed by running time-domain
simulations to verify that the system is capable of surviving the extremely serious faults through
implementing the controlled islanding strategy. Although the original power system is first reduced to
decrease the computational complexity, the time-domain simulations are actually conducted for the
whole detailed system. Dynamics of vital variables are monitored, which depict the evolving states of
the system. Rotor angles of major generators are extracted to reflect the synchronization of the system.
Voltages of end buses on cut-sets of islanding areas are used to assess the voltage stability. The system
frequency is monitored to depict the real-time active power balance between generation and load.
Dynamic variables of DC lines are employed to reflect their operating states.

The fault of DC lines will usually pose great impacts on the hybrid AC/DC system since a large
amount of power is transferred through the DC lines. For the applicability of the controlled islanding
strategy, extra control measures including UFLS and UVLS should be activated to maintain the power
balance. In very rare cases, if the evolvement of extremely serious faults cannot even be halted by the
controlled islanding, other more aggressive measures should be taken.



Energies 2018, 11, 1483 9 of 20

3.3. Overall Process of Controlled Islanding Strategy

The overall process of the controlled islanding strategy can be illustrated by the flowchart in
Figure 5. First, a three-stage method is implemented to reduce the search space of the controlled
islanding strategy, which includes the reduction, partition, and recovery of the power system.
Then, islanding areas of the system are obtained by using the spectral clustering algorithm. Finally,
verification of the controlled islanding strategy is done to test its feasibility, efficacy, and adaptability
for the system. The static structural strength and dynamic performance of the power system after
obtaining the controlled islanding areas should be verified by computing the MESCR index and
running time-domain simulation, respectively.

Figure 5. Flowchart of the controlled islanding strategy.

4. Case Study

A practical power system in China is chosen as the test power system. The network structure of
the system is illustrated by Figure 6. The total load of the system is about 53 GW under the typical
operation condition, while the transmission loss of the system is about 1 GW. Thus, the total generated
and received active power is about 54 GW, including about 28 GW provided by the generators within
the system, 24 GW transmitted through three-infeed HVDC lines in the bipolar operation mode,
and about 2 GW transmitted through ten AC transmission lines from the external network. Two of the
three HVDC lines are in the hierarchical connection mode, i.e., the converter stations are connected
to two voltage-level buses. The DCs on the three HVDC lines are 4 GW, 10 GW, 10 GW, respectively.
Thus, the test system is a typical large-scale multi-infeed AC/DC power system. The reduction,
partition, and recovery steps for the system and the spectral clustering algorithm are programmed in
MATLAB R2014a and the verification of the controlled islanding strategy is completed in PSASP 7.21,
a power system modeling and analysis software widely used in China [35].
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Figure 6. Network structure of the test system.

4.1. Controlled Islanding Strategy for Test System

About 100 generator buses and backbone network buses and 200 main transmission lines are
reserved after the reduction. Most of other low-voltage-level elements are all replaced by equivalent
aggregated loads. The reduced system is illustrated by Figure 7. It is clear that the structure of the
system is reduced significantly.

The reduced system is partitioned into 23 dispatch areas by using the partition approach.
The converter station buses of three DC transmission lines are assigned to the No. 5, No. 21,
and No. 23 dispatch areas, respectively, while the buses connecting ten AC transmission lines from
the external network are assigned to the No. 1, No. 8, No. 15, and No. 16 dispatch areas, respectively.
The bus assigned to the No. 15 dispatch area receives a large amount of active power from the external
network through the AC transmission lines it connects, about 2 GW. The dispatch areas of the system
are illustrated by Figure 8.
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Figure 7. Network structure of the reduced system.

Figure 8. Dispatch areas of the test system.

The system is recovered with the recovery approach. All of the elements of 220 kV or higher
voltage levels are recovered to obtain the detailed information of the dispatch areas, as shown in
Figure 9. The simplified connection structure of the dispatch areas is shown in Figure 10. The green
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circle represents the external network which is not accounted for in the spectral clustering, while the
red circles represent the dispatch areas which contain converter stations buses or buses connecting
AC transmission lines with a large amount of active power transferred from the external network.

Figure 9. Recovered dispatch areas of the test system.

Figure 10. Connection structure of the dispatch areas.

The system is partitioned into five controlled islanding areas by using the spectral clustering
algorithm as shown in Figure 11 and Table 1. The bold and underlined numbers of the dispatch
areas represent the dispatch areas which contain the buses from sets A and B (as mentioned in
Section 2.2). The dispatch areas of No. 5, No. 21 and No. 23 containing the converter station buses of
DC transmission lines are assigned to the islanding areas of Area 2, Area 4 and Area 5, respectively.
The dispatch area of No. 15 containing the buses connecting AC transmission lines from the external
network is assigned to Area 3. Assigning these dispatch areas to different islanding areas can avoid
losing too much active power after controlled islanding since they contain buses connecting large
active power sources from the external system.
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Figure 11. Controlled islanding areas of the test system.

Table 1. Controlled islanding areas.

Islanding Area Dispatch Areas Assigned into It

1 1, 2, 3, 4
2 5, 6, 7
3 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18
4 19, 20, 21, 22
5 23

4.2. Evaluation of Structural Strength of Test System

The MESCR index is computed to evaluate the structural strength of the test system after the
controlled islanding. As shown in Table 2, five islanding scenarios are evaluated for each of which just
one islanding area is isolated, while the normal operating condition is also analyzed. The MIIF data
required to compute the MESCR are shown in Appendix A.

Table 2. Multi-infeed effective short circuit ratio (MESCR) of converter stations in various conditions.

Power System
Condition

Converter
Station Bus 1

Converter
Station Bus 2.1

Converter
Station Bus 2.2

Converter
Station Bus 3.1

Converter
Station Bus 3.2

Normal condition 3.33 2.91 2.64 2.70 2.62
Area 1 to be isolated 1.76 1.65 1.67 1.50 1.56
Area 2 to be isolated 2.23 1.91 1.69 N/A N/A
Area 3 to be isolated 1.77 1.67 1.64 1.51 1.61
Area 4 to be isolated N/A 2.44 2.49 2.37 2.49
Area 5 to be isolated 2.23 N/A N/A 1.91 1.69

The MESCR index for each converter station bus under the normal operating condition is
larger than 2.5, which indicates that the test system has a strong structural strength. Nevertheless,
the structural strength will be weakened under the controlled islanding conditions. For instance,
the smallest value of the MESCR index for the converter station bus 3.1 is 1.50 with the islanding
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Area 1 isolated, which is the boundary value between the weak and extremely weak categories.
Since all of the MESCR values are larger than or equal to 1.50 under various controlled islanding
conditions, the system is of a sufficient structural strength to tolerate the interactions between AC and
DC subsystems, which verifies the feasibility of the controlled islanding strategy.

The root cause of the weakening strength after the controlled islanding is the structural
characteristics of the test system. The system is of even stronger electrical connections by building
the UHV AC network within it, from which the isolation of any part will pose certain structural
deterioration. Since various islanding areas are of distinct electrical distances relative to the UHV AC
network, the impact of isolating each of them on the system is quite different. For instance, Area 1 is
just located at the core of the UHV AC network, while Area 4 is of a large electrical distance from the
UHV AC network. It is clear that the MESCR values drop most when Area 1 is isolated, while the
MESCR index has the smallest reduction degree for the isolation of Area 4, as shown in Table 2.

4.3. Assessment of Dynamic Performance of Test System

Dynamic performance of the test system after controlled islanding is assessed through
time-domain simulations. As highlighted in Figure 11, three extremely serious faults occurring
in various islanding areas are mimicked, respectively, which are the three-phase short circuit on a
500 kV double-circuit transmission line of Line 1 in Area 4, three-phase short circuit on a 500 kV
transmission line of Line 3 in Area 1, and three-phase short circuit on a 1000 kV transmission line
of Line 4 in Area 2. Scenarios are simulated where the main protection steps for each of the above
lines refuse to operate and the faults are cleared by tripping the respective lines through the backup
protection with a time delay of 0.5 s.

Dynamics of vital variables are monitored for each fault, which include voltages of end buses
on cut-sets between the area to be isolated and other islanding areas, the frequency of all islanding
areas, rotor angles of major generators with a rated power larger than or equal to 300 MW, and the
DC power on three HVDC lines. Dynamics of the test system are shown in Figures 12 and 13, which is
under the scenario that the three-phase short circuit occurs on Line 1 in Area 4.

The evolving dynamic trajectories of the system are shown in Figure 12. The column (I) represents
the trajectories without controlled islanding, the column (II) represents the trajectories of all islanding
areas with controlled islanding, and the column (III) represents the trajectories of the remaining
areas except Area 4 with controlled islanding. The system will experience transient instability,
voltage collapse, and frequency collapse without controlled islanding. Compared to this situation,
the remaining areas of the system with Area 4 isolated can be stabilized by using the controlled
islanding strategy.

Operating states of three HVDC lines of the system are monitored. DC power on one polar of the
HVDC lines is shown in Figure 13. The lines are of the rated DC power before the fault. The lines are all
blocked for protection after the fault without controlled islanding, which is triggered by the deep voltage
dropping at the buses of converter stations. DC power on the lines drops to zero after blocking. With the
controlled islanding strategy actuated, HVDC line 2 and line 3 are operated normally and DC power on
them can maintain the rated value. Nevertheless, HVDC line 1 is blocked since it is sited in Area 4.

Dynamics of the test system under the other two scenarios where the three-phase short circuit
occurs on Line 3 in Area 1 and on Line 4 in Area 2 are shown in Appendix B. For each scenario,
the test system can be prevented from further deterioration and stabilized after controlled islanding,
which verifies the efficacy and adaptability of the controlled islanding strategy.
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Figure 12. Dynamic trajectories of the test system. (a) Rotor angles of major generators (◦); (b) Voltages of
end buses on cut-sets (p.u.); (c) System frequency (Hz).

Figure 13. DC power on high voltage direct current (HVDC) lines. (a) HVDC Line 1; (b) HVDC Line 2;
(c) HVDC Line 3.

5. Conclusions

An efficient controlled islanding strategy for large-scale AC/DC power systems is proposed in this
paper. The three-stage method including reduction, partition, and recovery can significantly reduce
the structural complexity of the power system while preserving the detailed data of dispatch areas.
The controlled islanding areas can then be efficiently obtained through clustering the dispatch areas by
using the spectral clustering algorithm. Verification of the controlled islanding strategy is necessary
to ensure the steady-state characteristics and dynamic performance of the power system. Case study
results demonstrate the feasibility, efficacy, and adaptability of the controlled islanding strategy.
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Abbreviations

The following abbreviations are used in this manuscript:

UFLS Under Frequency Load Shedding
UVLS Under Voltage Load Shedding
HVDC High Voltage Direct Current
EHV Extra High Voltage
UHV Ultra High Voltage
BFS Breadth First Search
MESCR Multi-infeed Effective Short Circuit Ratio
MSCR Multi-infeed Short Circuit Ratio
MIIF Multi-infeed Interaction Factor
SC Synchronous Compensator
SVC Static Var Compensator
STATCOM Static Synchronous Compensator

Appendix A

The MIIF calculation result of a variety of conditions in Section 4.2 is given in Tables A1–A6.

Table A1. The multi-infeed interaction factor (MIIF) of converter station buses in the normal condition.

Converter Station Bus Converter
Station Bus 1

Converter
Station Bus 2.1

Converter
Station Bus 2.2

Converter
Station Bus 3.1

Converter
Station Bus 3.2

Converter station bus 1 1 0.403 0.385 0.327 0.376
Converter station bus 2.1 0.345 1 0.286 0.196 0.267
Converter station bus 2.2 0.396 0.345 1 0.334 0.665
Converter station bus 3.1 0.398 0.328 0.398 1 0.416
Converter station bus 3.2 0.387 0.328 0.667 0.346 1

Table A2. The MIIF of converter station buses with Area 1 to be isolated.

Converter Station Bus Converter
Station Bus 1

Converter
Station Bus 2.1

Converter
Station Bus 2.2

Converter
Station Bus 3.1

Converter
Station Bus 3.2

Converter station bus 1 1 0.681 0.775 0.570 0.785
Converter station bus 2.1 0.532 1 0.584 0.385 0.558
Converter station bus 2.2 0.573 0.562 1 0.520 0.836
Converter station bus 3.1 0.649 0.551 0.742 1 0.809
Converter station bus 3.2 0.548 0.501 0.778 0.532 1

Table A3. The MIIF of converter station buses with Area 2 to be isolated.

Converter Station Bus Converter Station
Bus 1

Converter Station
Bus 2.1

Converter Station
Bus 2.2

Converter station bus 1 1 0.553 0.509
Converter station bus 2.1 0.615 1 0.654
Converter station bus 2.2 0.497 0.718 1
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Table A4. The MIIF of converter station buses with Area 3 to be isolated.

Converter Station Bus Converter
Station Bus 1

Converter
Station Bus 2.1

Converter
Station Bus 2.2

Converter
Station Bus 3.1

Converter
Station Bus 3.2

Converter station bus 1 1 0.670 0.760 0.595 0.691
Converter station bus 2.1 0.573 1 0.461 0.380 0.476
Converter station bus 2.2 0.598 0.577 1 0.580 0.859
Converter station bus 3.1 0.791 0.584 0.773 1 0.770
Converter station bus 3.2 0.642 0.515 0.783 0.543 1

Table A5. The MIIF of converter station buses with Area 4 to be isolated.

Converter Station Bus Converter Station
Bus 2.1

Converter Station
Bus 2.2

Converter Station
Bus 3.1

Converter Station
Bus 3.2

Converter station bus 2.1 1 0.389 0.230 0.332
Converter station bus 2.2 0.471 1 0.406 0.695
Converter station bus 3.1 0.316 0.478 1 0.522
Converter station bus 3.2 0.406 0.708 0.452 1

Table A6. The MIIF of converter station buses with Area 5 to be isolated.

Converter Station Bus Converter Station
Bus 1

Converter Station
Bus 3.1

Converter Station
Bus 3.2

Converter station bus 1 1 0.439 0.756
Converter station bus 2.1 0.638 1 0.576
Converter station bus 2.2 0.582 0.548 1

Appendix B

Dynamics of the test system are shown in Figures A1 and A2, which is under the scenario that the three-phase
short circuit occurs on Line 3 in Area 1.

Figure A1. Cont.
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Figure A1. Dynamic trajectories of the test system. (a) Rotor angles of major generators (◦); (b) Voltages of
end buses on cut-sets (p.u.); (c) System frequency (Hz).

Figure A2. DC power on HVDC lines. (a) HVDC Line 1; (b). HVDC Line 2; (c) HVDC Line 3.

Dynamics of the test system are shown in Figures A3 and A4, which is under the scenario that the three-phase
short circuit occurs on Line 3 in Area 2.

Figure A3. Dynamic trajectories of the test system. (a) Rotor angles of major generators (◦); (b) Voltages of
end buses on cut-sets (p.u.); (c) System frequency (Hz).
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Figure A4. DC power on HVDC lines. (a) HVDC Line 1; (b) HVDC Line 2; (c) HVDC Line 3.
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