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ABSTRACT Controlled islanding is known as a last resort to prevent power system blackouts. The most
important challenge in this context is the appropriate selection of separation points in a very short time
considering the practical constraints. In this regard, several islanding methods have been proposed until
now. Among them, the methods that provide the appropriate solutions are usually very complicated and
difficult to implement in the real-time application of power system separation. Also, all methods result in one
islanding solution, which may not be optimal due to the limitation of the commonly used objective function.
To overcome these limitations and reach a comprehensive solution, this paper proposes a straightforward
multi-solution approach through a suggested hierarchical spectral clustering algorithm. In this concept,
the most desirable islanding scenario could be selected based on secondary criteria to reach more sustainable
islands. In the proposed method, the hierarchical clustering algorithm, which has good records in other
applications, is improved such that the generator coherency constraint can be considered in the clustering
process. Meanwhile, the transmission lines without remote-controllable circuit breakers could be easily
excluded from the islanding solutions. The proposed method is tested using the model of the IEEE 39-
bus test system. Furthermore, to evaluate the computational effectiveness and accuracy of the method in
a large-scale grid, the model of Khorasan Regional Electric Company (KREC) power system (which is the
biggest part of Iran power system) is used. The comparative analysis with the state-of-the-art methods verifies
the superiority of the proposed approach.

INDEX TERMS Graph partitioning, power system islanding, spectral clustering.

NOMENCLATURE o (S) Quality of an island.

ACRONYMS u(S) Quality index of separation to n islands.
AC Alternating Current pc(k) The general objective function for power
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and v;.
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ejj The edge between the two vertices v; and
Vj.
E  Edges of the graph.

G Weighted undirected graph.

k Number of coherent groups.

kg Number of vertices in cluster A.

kp, Number of vertices in cluster B.

L Laplacian matrix.

Ly Normalized Laplacian matrix.

M Number of excluded branches from sepa-
ration.

minpath(v;,v;) The shortest path between two
non-adjacent vertices v; and v;.

n Number of islands.

N Number of buses.

N New number of buses.

Pj Active power flow between the two buses
iandj.

u; Normalized vector of x;.

Vi i vertex.

Vv Vertices of the graph.

Vol(S) The volume of the subgraph.

wij Weight of the edge between the two ver-
tices v; and v;.

w Weights of the edges in the graph.

Xi Coordinates of i vertex in the new k-

dimensioned Euclidean space

I. INTRODUCTION

At present, electrical power systems are more prone to insta-
bility. Recent blackout reports around the world indicate that
the occurrence of a short circuit at a transmission line could
sometimes result in cascading outages, which in turn may
lead to power system blackout. Due to time constraints, it is
not typically easy to carry out corrective actions manually
in case of successive failure occurrence. Hence, to inhibit
the blackout and make easier system restoration, controlled
islanding of the power grids through a specific protective
system is highly recommended [1], [2].

To ensure sustainable islands, several restrictions must
be met, including load-generation balance and coherency
of the generators in each island, voltage stability and angle
stability of the islands, remote controllability of the circuit
breakers, and thermal limitation of the electrical equipment.
Therefore, it is hard and cumbersome to find an appropriate
approach to be applied in the real-time applications of the
power system islanding for meeting all the aforementioned
restrictions. Accordingly, a subgroup of these limitations,
such as the load-generation balance and coherency of the
generators can be utilized as a base for separation [3], [4],
[5]. Other constraints can also be met using secondary correc-
tive actions, e.g., load/generation shedding in the subsequent
step [S]-[7].

The graph partitioning theory is principally the basis of
recently introduced approaches for power system islanding.
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These methods are categorized into two general groups based
on their objective functions. The two objective functions in
this regard are: 1) minimal power imbalance in the islands and
2) minimal power flow disruption. In [8], the power system
was separated based on ordered binary decision diagram
(OBDD) to satisfy the first aforementioned objective func-
tion. In [9], the researchers developed the previous algorithm
to decrease the computational complexity. In [10], the grid
was separated into three stages: 1) defining a domain for
each generator, 2) determining the primary separation points
assuming the grouping of coherent generators, and 3) adjust-
ing the splitting points to achieve the minimum power imbal-
ance in the islands. In [11] a new method is proposed based
on PMU data to minimize the overall load shedding. Mean-
while, the generator coherency constraint is also considered
in this method. In summary, the methods based on the first
objective function involved some limitations: 1) the concept
of optimization is based on searching techniques that lead to a
high computational burden. 2) problem simplification which
is sometimes proposed to reduce the running time prevents
obtaining a globally optimal solution [5].

Recent researches have mostly focused on the strategy with
minimum power flow disruption. For example, a two-stage
islanding technique was introduced according to spectral
clustering in [5]. In the aforementioned research, the first
stage includes determining the coherent groups of generators
through normalized spectral clustering, which is based on the
dynamic model of the generators. The second stage identifies
the separation lines through constrained spectral clustering to
minimize power flow disruption and meet the restrictions of
generator coherency. This technique is applicable just for two
islands. This restriction was overcome by a recursive two-
phase approach in [5]. The disadvantage of this method is
its intensive computational complexity [12], [13]. A novel
approach was, therefore, offered based on constrained spec-
tral clustering in [12], to reduce the computational com-
plexity and time. It determines separation points to yield
the minimum disruption of the power flow. The main dis-
advantage of the method is the unchangeable number of
islands equaling to those of coherent groups of generators.
In [14], the application of the hierarchical spectral clus-
tering algorithm in the power system islanding context is
introduced. The aforementioned paper focused on the math-
ematical basis and the power system islanding constraints,
e.g., generator coherency was not considered in it. Accord-
ingly, [14] could be considered as a starting point for future
works in this concept. The k-medoids method in spectral
clustering applied in [15] offered just a separation scenario
similar to [12]. In [16] a new controlled islanding model
is presented for the hybrid AC/VSC-HVDC grid. To obtain
more sustainable islands, [17] employed a multi-layer clus-
tering approach to minimize the reactive power disruption as
well as the active power. The aforementioned algorithm uses
the k-mean method for clustering which leads to only one
solution. Since the reactive power control is usually a local
issue, complicating the algorithm in [17] does not result in

93201



IEEE Access

M. Amini et al.: Effective Multi-Solution Approach for Power System Islanding

significant improvement in the separation outcomes. This
method is improved in [18] by adding the correction coef-
ficients between bus frequency components in the algorithm.

The approaches that apply the minimum power imbalance
seek those separation lines which result in the least power
imbalance in the islands. Such approaches typically utilize
the searching strategies and consequently require a long time,
which makes them unsuitable to be practically applied in
power system islanding. The second group of approaches
tries to discover separation lines to minimize the variation of
power flowing through the transmission lines [5]. The above
techniques enhance transient stability in the islands, decline
the possibility of overload in the transmission lines, and facil-
itate grid restoration [7]. Besides, it is easier to implement
this objective function through graph partitioning theory [5].
On the other hand, as the optimization procedure does not
directly consider the minimum power imbalance concern,
it may be necessary to do some complementary operations
(for example, load/generation shedding), following separa-
tion to obtain stable islands.

Considering the advantages of the second objective func-
tion, this paper introduces an innovative algorithm based on
the minimum active power flow disruption approach. Mean-
while, implementing the proposed algorithm results in several
candidate solutions. So, to satisfy the operational require-
ments, e.g., the minimum power imbalance on each island,
the most desirable option can be selected depending on
a preferred secondary objective function. The basis of
the proposed method is the hierarchical spectral cluster-
ing algorithm. Indeed, the conventional hierarchical spec-
tral clustering method is improved such that the generator
coherency constraint also can be added to the clustering pro-
cess. Also, the transmission lines without remote-controllable
circuit breakers could be easily excluded from the islanding
solutions.

The main contribution of this paper could be summarized
as follows:

o Proposing a straightforward islanding method that is
easy to implement: In contrast to the state-of-the-art
methods ([17], [18]), which use active and reactive
power and bus frequency, the proposed algorithm is
based only on the active power flow in transmission lines
and consequently, it is much simpler.

o Introducing the multi-solution approach in the power
system islanding context: In the proposed method, sev-
eral islanding scenarios are obtained simultaneously
through the proposed hierarchical clustering algorithm.
The most desirable option could be chosen by defining
secondary criteria to reach more sustainable islands. Any
desired concern related to the post-islanding operation
of the power grid could be included in the secondary
objective function.

o Improving the hierarchical clustering algorithm: Hier-
archical clustering is known as an effective method in
data science [19], which is easy to implement. How-
ever, it is not possible to include the restriction on the
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aggregation of vertices in the optimization process.
To make the hierarchical clustering method suitable for
power system islanding, new similarity criteria are pro-
posed in the aggregation tree such that the generator
coherency constraints could be satisfied in the clustering
to reach stable islands.

The effectiveness of the proposed method is tested using the
model of the IEEE 39-bus test system. Moreover, to evaluate
the computational efficiency and the accuracy of the method
in a large-scale grid, the model of Khorasan Regional Electric
Company (KREC) power system as the most significant part
of the Iran power grid is used. The comparative analysis with
the state-of-the-art methods confirms the superiority of the
proposed approach.

The rest of this paper is organized as follows. Section II
describes the graph partitioning theory. The graph spectral
clustering technique is discussed in Section III. In Section IV,
the objective function of the power system islanding is intro-
duced. The suggested algorithm is presented in Section V.
Then its performance is evaluated in Section VI using the
test power systems. In Section VII the performance of the
proposed algorithm is compared with the existing methods.
Finally, the conclusion is provided in Section VIII.

Il. GRAPH PARTITIONING THEORYINES

Consider a graph G = (V,E, W), in which V, E, and W
are vertices, edges, and edge weights, respectively. The goal
of graph partitioning is to discover a set of vertices (i.e.,
a cluster) strongly connected and weakly connected with
vertices of other sets. To evaluate the quality of an island,
two quantities are defined in graph theory, i.e., the volume
and the boundary of the subgraph. The boundary is the sum
of edge weights between vertices inside S (i.e., the cluster)
and vertices outside S [20]:

3(S) = ZES s i (1

where wy; is the weight of an edge between i-th and j-th
vertices. Meanwhile, subgraph § is a group of vertices of
the original graph, and i € S shows a single vertex inside
the subgraph. The volume of a subgraph is determined to
be the sum of weighted degrees of its vertices [20]:

vol (S) = Zies d; )

where d; is the weighted degree of the i-th vertex (v;) that
needs to be calculated as follows [20]:

N
d,‘ = Zj:l W,‘j (3)
where N is the number of vertices.

To measure the quality of an island, the following quantity
is defined [12].

“

The smaller the value of ¢(S) for a partition, the better the
island. That is, an appropriate clustering method yields an
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island containing vertices strongly connected and weakly
with other vertices outside the island. To partition a graph
into n independent islands, the total islanding quality is deter-
mined by the highest quality of every single island:

p(S) =max¢ (S,

To discover an optimal solution, u(S) should be calculated
for all potential islanding scenarios, each one contains n
independent islands. The scenario with the smallest w(S)
should be selected. Hence, the general objective function for
the islanding is defined as

fori=1...n 5)

pG (k) = min [_Qlax ¢ (Si)j| Q)

As an NP-hard problem, the optimal solution cannot be com-
puted for a big graph [21]. Therefore, it is recommended to
employ Cheeger’s inequality and spectral clustering to obtain
a proper approximate solution [20].

Ill. GRAPH SPECTRAL CLUSTERING

Spectral clustering is among the efficient graph partitioning
techniques, which rely on eigenvectors and eigenvalues of the
Laplacian matrix of the graph [20].

A. GRAPH LAPLACIAN MATRIX

The Laplacian matrix L is widely used in graph analysis. For
G=(V,E,W),Lisan N x N matrix, where N is the number
of vertices [20], determined as follows:

d;, ifi=j;
[Llij =y —wi, Iifi#jand(i,))€E; @)
0, otherwise.

Also, the normalized Laplacian matrix is calculated as fol-
lows [22]:

Ly =D~ 2Lp~1/? (8)

where D is a diagonal matrix with non-zero diagonal ele-
ments (d;). The normalized Laplacian matrix can be com-
puted as:

L, ifi=j
_W . . . . -
[Lnlij = ngj ffi#jand (i.j) € E;  (9)
0, otherwise.

which is scale-independent and preferred for clustering appli-
cations [13].

B. NORMALIZED LAPLACIAN MATRIX EIGENVALUES
Laplacian matrix eigenvalues are characterized by non-
negative real numbers, and the number of zero eigenvalues
is indicative of the number of islands in the graph [23].

For normalized Laplacian matrices, the following inequal-

ity holds for eigenvalues:
O=1=<---= <Ay <2 (10)

VOLUME 8, 2020

By employing k smallest eigenvalues together with their
respective eigenvectors of the normalized Laplacian matrix,
spectral clustering gives an approximate solution to solve
the optimization problem in (6). This technique is preferred
over direct analytical methods owing to its considerably lower
computational complexity [24].

Using Cheeger’s inequality, one can find out the extent to
which the approximate solution is near-optimal [13]:

%" < p6(k) < OOy (11)

Thus, choosing smaller A values result in a smaller pg (k)
value, yielding better islanding quality.

C. SPECTRAL CLUSTERING THEORY

To determine the vertices in a k-dimensional Euclidean
space of R¥, spectral clustering employs k eigenvectors of
the Laplacian matrix, referred to as spectral k-embedding.
According to previous studies, more appropriate solutions
are obtained by utilizing the normalized Laplacian in spec-
tral clustering [13], [23]. Following spectral k-embedding,
the vertices should be clustered using an appropriate algo-
rithm in Euclidean space. The k-mean and the k-medoids
methods, which are often used for this purpose, have some
advantages, however, they have some limitations: 1) The
number of clusters should be known, and 2) connections
of vertices in the graph are not considered [20]. To pre-
vail these limitations, hierarchical spectral clustering is uti-
lized [24], [25], which is outlined in the following subsection.

D. HIERARCHICAL SPECTRAL CLUSTERING THEORY
Hierarchical clustering is well-known in data science and its
outperformance is verified in several applications [19]. This
approach involves creating a hierarchy of clusters [25]. The
agglomerative hierarchical clustering technique (a bottom-up
approach) could be employed for power grid islanding which
is described as follows:

o In a graph with N vertices, two vertices of the most
similar (according to the similarity matrix) are chosen
to build a cluster, thereby forming a novel graph with
N — 1 clusters. That is to say, a novel cluster is formed by
merging two vertices, and the other clusters each contain
one vertex.

o In the freshly-formed graph, a novel cluster is formed
by merging the two most similar clusters. Under such
circumstances, the newly formed graph consists of N —2
clusters.

o This procedure continues until novel higher-order clus-
ters are formed.

The hierarchical spectral clustering results are visualized in
the form of a dendrogram. According to the dendrogram
(Fig. 1), the similarity of the vertices is shown in a hier-
archical form and the clusters could be easily obtained by
choosing the number of clusters (n). The hierarchical spectral
clustering approach has several advantages than the other
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Vertices

FIGURE 1. A typical dendrogram.

clustering methods (e.g., k-mean and k-medoids): 1) chang-
ing the number of clusters without additional calculations,
2) providing an overall overview of the similarity between
the clusters, and 3) easy implementation.

IV. POWER SYSTEM SEPARATION AND GRAPH THEORY
A. GRAPH REPRESENTATION OF POWER SYSTEM

Power grids with N buses can be represented with an undi-
rected weighted graph in the form of G = (V, E, W). Here,
V and E are vertices and edges, respectively, indicating buses
and transmission lines in the electrical grid. Hence,

Vl'EV,
ej e ECV XYV,

i=1,2,....,N (12)
ij=1,2,...,N (13)

This graph is simple without multiple loops and edges due to
the nature of the electric power system. W represents the edge
weights, i.e., the values of branch power flow. Let’s assume
that there are no network losses, then wj; = |P;j| = |Pjil,
in which |P;| represents active power flow between buses i
and j.

B. THE OBJECTIVE FUNCTION OF POWER SYSTEM
ISLANDING
In this paper, minimum power flow disruption is selected
as the objective function due to the simple implementation
and low computational complexity. In so doing, the largest
islands with highly interconnected nodes (the largest power
flow in corresponding branches) and loosely connected with
other islands (with the smallest power flow in tie lines) should
be determined. According to the graph partitioning theory,
which is illustrated in Section III, in the graph representation
of the power system, the boundary (9(S)) represents the sum
of power flowing through tie-lines connected to the island.
Also, the volume (vol(§)) represents the internal power flow
of the island plus boundaries. Therefore, the objective func-
tion for the power system islanding could be regarded as
pc (k) which is defined in (6).

It is worth noting that there are several practical constraints
in power grid islanding that need to be satisfied, e.g., each
island must have coherent generators. Furthermore, some of
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the circuit breakers are not remote-controllable, and thus the
relevant transmission lines should be excluded from the final
solution of islanding.

V. THE PROPOSED HIERARCHICAL CLUSTERING
ALGORITHM
In this paper, to improve the post-islanding operating condi-
tion of the power grid, a multi-solution approach through a
proposed hierarchical spectral clustering algorithm is intro-
duced. In this concept, the most favorable islanding sce-
nario could be selected based on a desired secondary objec-
tive function to reach more sustainable islands. In the pro-
posed method, the hierarchical spectral clustering algorithm
is improved such that the generator coherency constraint
can be considered in the clustering process. The generator
coherency grouping is assumed to be available through the
existing PMU based methods. Meanwhile, the transmission
lines without remote-controllable circuit breakers could be
easily excluded from the islanding solutions.

The proposed approach is described as follows:

1) Identifying the necessity for intentional islanding based
on power system vulnerability assessment (according
to the existing methods [26]).

2) Employing online power system data:

2-1) Updating the adjacency matrix of the power sys-
tem weighted graph (G) based on the new con-
figuration of power grids and the results of power
flow before the occurrence of disturbance.

2-2) Identifying coherent generators using techniques
based on PMU data [27]-[29] and classifying
them into k independent group.

3) Determining M lines to be excluded from separation
and merging buses at both ends of such lines to build a
novel N’ x N’ adjacency matrix, in which N/ = N — M.

4) Calculating the normalized Laplacian matrix of the
power grid graph (Ly) by the new adjacency matrix.

5) Determining eigenvectors corresponding to the small-
est k eigenvalues, in which & is the number of coherent
groups:

Vi, Y (14)

6) Calculating new coordinates of the vertices in the novel
k-dimensional Euclidean space R¥:

xi = [Vir ... Vil (15)
7) Normalizing coordinate vectors of the vertices:
hi=—1<i<N (16)
flxi |

8) Calculating the similarity matrix:

simyy .- Simy’
Simy'xn = el 17)

Silel s simN/Nr
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Start

.

Use the initial Sim matrix (each vertex considered
as a cluster)

Updating the Sim matrix for n-1 clusters:
The Sim elements between the new cluster (4) and
the others (e.g. B) are calculated as follow:

sim = max{sim(a’h,)} ,
i=l.k, j=1.k,

where, a; is the i" vertex in the cluster A,
b; is the ™ vertex in the cluster B, and k,
and k, are the number of vertices in the
clusters 4 and B, respectively.

)
J

p=ptl

Find the p™ smallest of the non-diagonal elements in
Sim matrix and choose the corresponding clusters

Are there generation vertices
inside both clusters?

Are the generators inside
clusters are coherent?

Yes
\ 4

Yes

FIGURE 2. The proposed hierarchical algorithm.

Merge the two clusters and form a new cluster [—
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FIGURE 3. The IEEE 39-bus test system [32].
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Inter-cluster distance

1-3,9,17-18, 25, 30, 37, 39 26-29,38  4-8,10-14,31-32  15-16, 19-24, 33-36

Bus number

FIGURE 4. Dendrogram of the clustering for the IEEE 39-bus test system.

The elements of the similarity matrix for two neigh-
boring vertices in the graph need to be calculated as
follows:

simj; = ||u, — uj|| (18)

where u;, u; € R¥ are the normalized coordinates
of i-th and j-th vertices. Moreover, ||.|| implies the
Euclidean distance. For two vertices that are not
adjacent, the similarity is determined as the short-
est path between the two in the respective graph.
It is calculated according to the Floyd-Warshall
algorithm [30]:

simij = minpath(u;, u;) (19)

9) Determining the hierarchical structure and providing
the dendrogram visualization as illustrated in Fig. 2
10) Choosing the desired numbers of clusters (n > k) and
identifying the lines that need to be separated.
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VI. SIMULATION RESULTS

In this section, the proposed method is tested on the IEEE
39-bus test grid. Also, to evaluate the computational effi-
ciency and the accuracy of the method in a large-scale grid,
the KREC power system, which is the largest part of Iran
power system, is used. All numerical calculations are per-
formed by MATLAB software [31].

A. THE SIMULATION ON THE IEEE 39-BUS TEST GRID
To evaluate the proposed algorithm in a small grid, the model
of the IEEE 39-bus test system is used [32]. This grid con-
tains 10 generators and 46 transmission lines, as depicted
in Fig. 3. It is supposed that a three-phase to ground short
circuit occurred on the line between 16 and 17 buses and it
was cleared after 150 ms by protective relays. Based on the
simulation results in DIgSILENT software [33], oscillations
happen severely in the grid, moving it towards the instability
when an appropriate controlling mechanism is absent. Hence,
it is necessary to separate the power system as a final solution
for the prevention of wide-area instability.

Simulation results show that the generators oscillate in two
coherent groups as follows:

Vo1 = {v30, v37, v38, V39 (20
Ver = {v31, v32, v33, V34, V35, V36} 2D

Following the number of coherent groups, embedding space
dimension (k) is chosen as two. According to the proposed
algorithm, the power grid graph and the associated Laplacian
matrix (that is normalized) are updated. Then, the eigenvec-
tors of this matrix are calculated, and the new geometrical
coordinates of the vertices are determined. By calculating
the similarity matrix and running the clustering algorithm,
the dendrogram is obtained, as shown in Fig. 4. It is obvious
that by choosing the number of required islands (n) on the
dendrogram, the vertices of every island could be determined.
Also, to achieve another islanding scenario, it is easy to
change the number of islands, and no additional calculations
are required.

Table 1 shows the results of the suggested algorithm.
According to the table, for two islands, two transmission lines
(3-4 and 8-9) should be disconnected. Meanwhile, the values
of ¢(S;); indicate the quality of the partitions; are 1.47%
and 0.63% for islands one and two respectively. Hence, the
total islanding quality (which is the maximum of ¢(S))¢(S)
is 1.47%. By comparing this value with the lowest possible
value corresponding to the Cheeger inequality (0.6%), one
can see the high quality of the simulation results. The power
shortage on the first island (97 MW) is insignificant com-
pared to total grid power (6100 MW) and is easily manage-
able using load shedding. It is worth noting that the numerical
calculations are done within 1.2 milliseconds.

B. SIMULATION ON A REAL POWER GRID

To verify and show the effectiveness of the proposed method
on a real-scale power system, the static model of Khorasan
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Voltage Levels

Il 400. kV
N 230. kV
Hl 132.kV
Bl 63.kV

13.8 kV
Bl 115kV
Hl 10.5kV

FIGURE 5. KREC power system in DIgSILENT software.

TABLE 1. The simulation results for the IEEE 39-bus test system.

Number . Power Simulation
of islands Island Bus no. Line as) vol(S) ¢(S) Max{¢(S)} shortage time
(n) no. outage (%) (%) (MW) (ms)
5 1 1-3,9, 17-18, 25-30, 37-39 3-4 112.8 7656 1.47 147 -97
2 4-8,10-16, 19-24, 31-36 8-9 112.8 17938 0.63 ) 0
1 4-8,10-14, 31-32 3-4 117.9 8607 1.37 -102
3 2 15-16, 19-24, 33-36 8-9 5.14 9331 0.06 1.47 0
3 1-3,9, 17-18, 25-30, 37-39 14-15 112.8 7685 1.47 97 12
1 26-29, 38 3-4, 8- 90.0 3631 2.48 -79
2 4-8,10-14,31-32 9 117.9 8607 1.37 -102
4 3 15-16, 19-24, 33-36 14-15 5.1 9331 0.06 5.00 0
4 1-3,9, 17-18, 25, 30, 37, 39 %;jg 202.8 4054 5.00 -18

Regional Electric Company (KREC) power system is used.
This grid is located in Northeast of the Iran electric grid and
includes 13 generators, 73 buses, and 109 transmission lines

VOLUME 8, 2020

at 400 kV and 132 kV voltage levels and about 2500 MVA
load. The Khorasan grid accounts for about 10 percent of
the peak load of the Iran grid. However, this grid has a high
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TABLE 2. The simulation results for KREC power system.
Number of Power Simulation
islands Isrllind Line outage a(s) | vol(S) ¢ Ssi) Maxgd) ($)} shortage time
() ' %) ) (MW) (ms)
1 13.1 10320 0.13 0
2 2 26-28 13.1 1054 1.24 124 -246
1 0.004 295 0.001 -97
3 2 26-28, 12-69 13.1 759 1.72 1.72 -149
3 13.1 10320 0.13 0 5.2
1 36.0 136 26.45 -118
2 0.004 295 0.001 -97
4 3 26-28, 12-69, 28-29 229 10183 023 26.45 0
4 13.1 759 1.72 -149
TABLE 3. Comparative analysis with [17].
Assumptions Controlled islanding results
Number Total power Total power Total power
The method Initial fault Genera;g;c?]?erency of islands Line outage disruption shortage shortage
groupie (n) (MW) (MW) (%)
[17] o
Based on P and Q B 5-8, 6-7 875 853 14
[17] Line 3-4 Var = {vso, vs7, vss, vio}
Based on S Line 16-17 Ve : Wsr, vz} 3 7-8 186 619 10
The proposed method Vs = {as, Vs, Vass Vas
prop 14-15,9-39 25 199 3
Based on P
TABLE 4. Comparative analysis with [18].
Assumptions Controlled islanding results
Number Total power Total power Total power
The method Initial fault Genera;or c;)rlllerency of islands Line outage disruption shortage shortage
gronpie (n) (MW) (MW) (%)
[18] _
BasedonP,Qand f | Line13-14 | /o'~ {:’”’ :“’}V”’ Vi 5 14-13 314 199 3
Th th Line 16-17 % 73
¢ pg‘;gzze:n“}‘f od mne V2= {33, Viss Vis, Vi) 14-15 5.14 199 3

potential for insatiability in some areas due to the following

reasons:

1) The Khorasan grid connects to the Iran grid, only using
along 400 kV tie line (270 km long).

2)

This grid is the most extensive grid of Iran. The high

density of loads in Northeast of this grid has resulted
in locating more than 90% of generation units of Kho-
rasan grid in that area. Hence, long-length transmission

lines are used for power transmission to other areas.
According to our knowledge about KREC, following a short
circuit in the 400 kV transmission line between the 5™ and
86™ buses connecting the south and north of the grid, and the
consequent line outage by the protective relay, the generators
begin to oscillate in two following groups:

(22)
(23)

Vo1 = {v26, v27)

V2 = {v49,V50,V51,V55, V56,V74,V75, V76,V79,V87, V88 )

Based on the vulnerability analysis, it is necessary to sepa-
rate the grid to avoid a blackout. To find the splitting lines, the
proposed method is carried out and the results are tabulated
in Table 2. According to the results, 246 MW (less than
10% of total load) load shedding is required for the bisection
case. Also, the simulations take about 5.2 ms. Therefore, the
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proposed method can be used for real-time applications of
power system islanding.

VIl. COMPARATIVE ANALYSIS WITH THE
STATE-OF-THE-ART METHODS

In this section, the performance of the proposed algorithm
is compared with two state-of-the-art methods on the IEEE
39-bus model ([17], [18]). The islanding methods in both
papers are based on the spectral clustering approach (similar
to the proposed method). In [17], the main objectives are to
minimize the active and reactive powers (P, Q) flow disrup-
tions. In [18], correlation coefficients between bus frequency
(f) components are also considered in the objective function
beside active and reactive powers (P, Q).

For a fair comparison, we used the same assumptions
(initial fault lines and generator coherency grouping) for our
algorithm and each competing method. As the computational
burden of all spectral clustering methods is in the same order
and they easily can be used in real-time applications, the per-
formance of approaches is much important to be compared.
According to the simulation results in Table 3, the methods
of [17] lead to 853 MW and 619 MW total power shortage
in the islands. On the other hand, this value is much less
(199 MW) in the proposed method for three islands.
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The comparison analysis with [18] is also summarized
in Table 4. As shown, the total power shortage is the same for
both methods (199 MW). However, it worth mentioning that
the proposed method only uses the real power (P) while the
method in [18] uses both real (P) and reactive power (Q) and
also the frequency (f) as its input.

It should be noted that the two state-of-the-art methods
lead to only one islanding solution (the number of islands is
equal to the number of coherent groups) while in the proposed
algorithm, the number of islands could be chosen equal or
more than the number of coherent groups.

VIIl. CONCLUSION

This paper introduces a novel power system islanding algo-
rithm based on the minimum active power flow disruption
approach. To overcome the limitation of the objective func-
tion and reach more sustainable islands, a multi-solution
approach is introduced. In this concept, the most convenient
islanding scenario could be selected based on a desired sec-
ondary objective function to satisfy the operational require-
ments. The proposed algorithm is based on the hierarchical
clustering theory. The conventional hierarchical spectral clus-
tering theory is improved to have the ability to accompany
the generator coherency constraint in the clustering process.
Also, the transmission lines without remote-controllable cir-
cuit breakers could be easily excluded from the islanding
solutions. The effectiveness of the proposed method is tested
using the model of the IEEE 39-bus test system. Moreover,
to evaluate the computational efficiency and the accuracy
of the method in a large-scale grid, the model of Khorasan
Regional Electric Company (KREC) power system as the
most significant part of the Iran power grid is used. The
comparative analysis with the state-of-the-art methods shows
the outperformance of the proposed approach.

REFERENCES

[1] P. Kundur, C. Taylor, and P. Pourbeik, “Blackout experiences and lessons,
best practices for system dynamic performance, and the role of new
technologies,” IEEE Power Energy Soc., Piscataway, NJ, USA, IEEE Task
Force Rep. PES-TR12 (Formerly TP190), 2007.

[2] K. Sun, K. Hur, and P. Zhange, “Application of phasor measurement
units (PMU) for controlled system separation,” U.S. Patent 8 606 422 B2,
2013.

[3] UCTE: Final Report, Union Coordination Transmiss. Electr., Brussels,
Belgium, Nov. 4, 2006.

[4] N. Senroy, “Generator coherency using the Hilbert-Huang transform,”
IEEE Trans. Power Syst., vol. 23, no. 4, pp. 1701-1708, Nov. 2008.

[5] L. Ding, F. M. Gonzalez-Longatt, P. Wall, and V. Terzija, “Two-step
spectral clustering controlled islanding algorithm,” IEEE Trans. Power
Syst., vol. 28, no. 1, pp. 75-84, Feb. 2013.

[6] A.Kyriacou, P. Demetriou, C. Panayiotou, and E. Kyriakides, “Controlled
islanding solution for large-scale power systems,” IEEE Trans. Power
Syst., vol. 33, no. 2, pp. 1591-1602, Mar. 2018.

[7]1 S.Lamba and R. Nath, “Coherency identification by the method of weak
coupling,” Int. J. Elect. Power Energy Syst., vol. 7, no. 4, pp. 233-242,
Oct. 1985.

[8] Q. Zhao, K. Sun, D.-Z. Zheng, J. Ma, and Q. Lu, “A study of system
splitting strategies for island operation of power system: A two-phase
method based on OBDDs,” IEEE Trans. Power Syst., vol. 18, no. 4,
pp. 1556-1565, Nov. 2003.

[9] K. Sun, D.-Z. Zheng, and Q. Lu, “Splitting strategies for islanding oper-
ation of large-scale power systems using OBDD-based methods,” IEEE
Trans. Power Syst., vol. 18, no. 2, pp. 912-923, May 2003.

VOLUME 8, 2020

(10]

(11]

[12]

(13]

(14]

[15]

[16]

(17]

(18]

(19]

[20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

[29]

(30]

(31]
(32]

(33]

C. G. Wang, B. H. Zhang, Z. G. Hao, J. Shu, P. Li, and Z. Q.
Bo, “A novel real-time searching method for power system splitting
boundary,” IEEE Trans. Power Syst., vol. 25, no. 4, pp. 1902-1909,
Nov. 2010.

A. Raj, G. Gajjar, and S. A. Soman, “Controlled islanding of transmis-
sion system using synchrophasor measurements,” IET Gener., Transmiss.
Distrib., vol. 13, no. 10, pp. 1942-1951, May 2019.

J. Quirds-Tortds, J. Brodzki, J. Bialek, R. Sdnchez-Garcia, and V. Terzija,
“Constrained spectral clustering-based methodology for intentional con-
trolled islanding of large-scale power systems,” IET Gener., Transmiss.
Distrib., vol. 9, no. 1, pp. 31-42, Jan. 2015.

J.R. Lee, S. O. Gharan, and L. Trevisan, ‘“Multiway spectral partitioning
and higher-order cheeger inequalities,” J. ACM, vol. 61, no. 6, pp. 1-30,
Dec. 2014.

R. J. Sanchez-Garcia, M. Fennelly, S. Norris, N. Wright, G. Niblo,
J. Brodzki, and J. W. Bialek, “Hierarchical spectral clustering of
power grids,” IEEE Trans. Power Syst., vol. 29, no. 5, pp. 2229-2237,
Sep. 2014.

A. Esmaeilian and M. Kezunovic, “Prevention of power grid blackouts
using intentional islanding scheme,” IEEE Trans. Ind. Appl., vol. 53, no. 1,
pp. 622-629, Jan. 2017.

Y. Liand S. Wu, “Controlled islanding for a hybrid AC/DC grid with VSC-
HVDC using semi-supervised spectral clustering,” IEEE Access, vol. 7,
pp. 10478-10490, 2019.

M. Dabbaghjamanesh, B. Wang, A. Kavousi-Fard, S. Mehraeen,
N. D. Hatziargyriou, D. N. Trakas, and F. Ferdowsi, “A novel two-stage
multi-layer constrained spectral clustering strategy for intentional island-
ing of power grids,” IEEE Trans. Power Del., vol. 35, no. 2, pp. 560-570,
Apr. 2020.

F. Znidi, H. Davarikia, K. Igbal, and M. Barati, “Multi-layer spectral
clustering approach to intentional islanding in bulk power systems,”
J. Modern Power Syst. Clean Energy, vol. 7, no. 5, pp. 1044-1055,
Sep. 2019.

A. Ghosal, A. Nandy, A. K. Das, S. Goswami, and M. Panday, “A short
review on different clustering techniques and their applications,” in Emerg-
ing Technology in Modelling and Graphics. Cham, Switzerland: Springer,
2020, pp. 69-83.

U. von Luxburg, “A tutorial on spectral clustering,” Statist. Comput.,
vol. 17, no. 4, pp. 395-416, Dec. 2007.

M. R. Garey and D. S. Johnson, Computers and Intractability: A Guide to
NP-Completeness. San Francisco, CA, USA: W.H. Freeman and Company,
1979.

X. Wang, B. Qian, and I. Davidson, “On constrained spectral clustering
and its applications,” Data Mining Knowl. Discovery, vol. 28, no. 1,
pp. 1-30, Jan. 2014.

U. von Luxburg, M. Belkin, and O. Bousquet, “Consistency of spectral
clustering,” Ann. Statist., vol. 36, no. 2, pp. 555-586, Apr. 2008.

A. Y. Ng, M. L. Jordan, and Y. Weiss, “On spectral clustering: Anal-
ysis and an algorithm,” in Proc. Adv. Neural Inf. Process. Syst., 2002,
pp. 849-856.

A. Recchia, “Contiguity-constrained hierarchical agglomerative clustering
using SAS,” J. Stat. Softw., vol. 33, Feb. 2010.

J. C. Cepeda and J. L. Rueda-Torres, “Introduction: The role of wide area
monitoring systems in dynamic vulnerability assessment,” in Dynamic
Vulnerability Assessment and Intelligent Control for Sustainable Power
Systems. Hoboken, NJ, USA: Wiley, 2018, pp. 1-19.

A. M. Khalil and R. Iravani, “A dynamic coherency identification method
based on frequency deviation signals,” IEEE Trans. Power Syst., vol. 31,
no. 3, pp. 1779-1787, May 2016.

Z.M. Ali, S.-E. Razavi, M. S. Javadi, F. H. Gandoman, and S. H. A. Aleem,
“Dual enhancement of power system monitoring: Improved probabilistic
multi-stage PMU placement with an increased search space & mathemat-
ical linear expansion to consider zero-injection bus,” Energies, vol. 11,
no. 6, p. 1429, 2018.

H. Samet, “Evaluation of digital metering methods used in protection
and reactive power compensation of micro-grids,” Renew. Sustain. Energy
Rev., vol. 62, pp. 260-279, Sep. 2016.

R. W. Floyd, “Algorithm 97: Shortest path,” Commun. ACM, vol. 5, no. 6,
p. 345, Jun. 1962.

MATLAB R2010a: Natick, The MathWorks Inc., Natick, MA, USA, 2010.
IEEE PES PSDPC SCS. (Oct. 2013). Power System Test Cases. [Online].
Available: http://www.sel.eesc.usp.br/ieee/

User’s Guide of DIGSILENT 14 Software, DIgSILENT Company,
Gomaringen, Germany, Dec. 2010.

93209



IEEE Access

M. Amini et al.: Effective Multi-Solution Approach for Power System Islanding

MAHDI AMINI received the B.Sc. degree in elec-
trical engineering from the Ferdowsi University
of Mashhad, Mashhad, Iran, in 2006, and the
M.Sc. degree in electrical engineering from the
University of Tehran, Tehran, Iran, in 2009. He is
3 currently pursuing the Ph.D. degree with Shiraz
University, Shiraz, Iran.
His research interests include power system
dynamics, control, and protection.

HAIDAR SAMET was born in Baghdad, Iraq,
in 1978. He received the B.Sc. degree from the
Isfahan University of Technology, Isfahan, Iran,
in 2000, the M.Sc. degree from the Sharif Uni-
versity of Technology, Tehran, Iran, in 2002,
and the Ph.D. degree from the Isfahan Univer-
sity of Technology, in 2008, all in electrical
engineering.

In 2008, he was a Faculty Member with Shiraz
University, Shiraz, Iran, where he is currently a
Professor of electrical engineering with the Department of Power and Control
Engineering. His research interests include protection of power systems,
electric arc furnaces, and application of time series in power systems.

ALl REZA SEIFlI was born in Shiraz, Iran,
in August 1968. He received the B.Sc. degree
in electrical engineering from Shiraz University,
Shiraz, in 1991, the M.Sc. degree in electrical engi-
neering from the University of Tabriz, Tabriz, Iran,
& in 1993, and the Ph.D. degree in electrical engi-
- neering from Tarbiat Modarres University, Tehran,
; \ Iran, in 2001, respectively.
He is currently a Professor with the Department
""h of Power and Control, School of Electrical and
Computer Engineering, Shiraz University. His research interests include
power systems, electrical machines simulation, energy systems, energy man-
agement, and fuzzy optimization.

=

93210

MUIJAHED AL-DHAIFALLAH received the B.Sc.
and M.Sc. degrees in systems engineering from the
King Fahd University of Petroleum and Minerals,
Dhahran, Saudi Arabia, and the Ph.D. degree in
electrical and computer engineering from the Uni-
versity of Calgary, Calgary, AB, Canada. He has
been an Assistant Professor of systems engineer-
ing with the King Fahd University of Petroleum
and Minerals, since 2009. His current research
interests include nonlinear systems identification,
control systems, optimization, artificial intelligence, and renewable energy.

ZIAD M. ALI received the B.Sc. and M.Sc.
degrees in electrical engineering from the Fac-
ulty of Engineering, Assiut University, Assuit,
Egypt, in 1998 and 2003, respectively, and the
Ph.D. degree from Kazan State Technical Uni-
versity, Kazan, Russia, in 2010. He worked as a
Demonstrator with the Aswan Faculty of engi-
neering, South Valley University, Aswan, Egypt.
He worked as an Assistant Lecturer with the

—3 . Aswan Faculty of Engineering. He has been an
Assistant Professor with the Aswan Faculty of Engineering, since 2011 till
2016. He was a Visitor Researcher with the Power System Laboratory,
Kazan State Energy University, Russian Federation, from 2012 to 2013.
He was a Visitor Researcher with the Power System Laboratory, College of
Engineering, University of Padova, Italy, from 2013 to 2014. He is currently
an Associate Professor with the Electrical Department, Aswan Faculty of
Engineering, Aswan University, Egypt, and the College of Engineering at
Wadi Addawasir, Prince Sattam Bin Abdulaziz University, Saudi Arabia. His
research interests power system analysis, FACTS, optimization, renewable
energy analysis, smart grid, and material science.

VOLUME 8, 2020



	INTRODUCTION
	GRAPH PARTITIONING THEORYINES
	GRAPH SPECTRAL CLUSTERING
	GRAPH LAPLACIAN MATRIX
	NORMALIZED LAPLACIAN MATRIX EIGENVALUES
	SPECTRAL CLUSTERING THEORY
	HIERARCHICAL SPECTRAL CLUSTERING THEORY

	POWER SYSTEM SEPARATION AND GRAPH THEORY
	GRAPH REPRESENTATION OF POWER SYSTEM
	THE OBJECTIVE FUNCTION OF POWER SYSTEM ISLANDING

	THE PROPOSED HIERARCHICAL CLUSTERING ALGORITHM
	SIMULATION RESULTS
	THE SIMULATION ON THE IEEE 39-BUS TEST GRID
	SIMULATION ON A REAL POWER GRID

	COMPARATIVE ANALYSIS WITH THE STATE-OF-THE-ART METHODS
	CONCLUSION
	REFERENCES
	Biographies
	MAHDI AMINI
	HAIDAR SAMET
	ALI REZA SEIFI
	MUJAHED AL-DHAIFALLAH
	ZIAD M. ALI


