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Despite there are significant advancements in modern power systems, blackouts remain a potential risk, necessitating efficient
restoration strategies. This paper introduces an innovative concept for power system restoration, focusing on balancing active and
reactive power while ensuring voltage stability. For instance, this paper employs an agglomerative clustering technique, which
partitions the power system into segments with balanced reactive power, facilitating swift restoration postblackout. Central to this
methodology is the use of the line stability factor, which assesses the voltage stability of individual lines, identifying the system’s
stronger and weaker sections based on voltage stability levels. This paper demonstrates the effectiveness of the proposed
methodology through case study analysis, comparing voltage stability levels across agglomerative clusters and their geographical
locations. The power system is divided into two stable partitions, considering the number of black-start generators, available
reactive power, and voltage stability levels. This partitioning reveals that the clusters formed by the agglomerative method are
inherently stable, suggesting enhanced system stability, dependability, and availability during the restoration phase following
a blackout. In addition, this paper discusses the potential causes of blackouts, offering insights into their prevention, and finishes
with a novel clustering methodology for power systems, considering reactive power and voltage stability. This method facilitates
the parallel restoration of the system’s independent partitions, significantly reducing restoration time; it addresses critical
challenges and outcomes, underscoring the methodology’s potential to revolutionize blackout recovery processes in modern
power systems.

1. Introduction

The risk of system blackouts still cannot be avoided entirely,
even though extensive research has been conducted on the
power system’s resilience against outages, because modern
power systems have turned into a complex network at-
tributed to the significant integration of different renewable
energy sources [1]. Expeditious development and broad
application of emerging technologies have increased the
probability of complex studies on the occurrence of

blackouts [1]. There can be several causes for the blackout
while looking at the history of blackouts worldwide, in-
cluding failure of the equipment or/and protection or/and
control systems, cyber-attacks, natural disasters, inadequate
maintenance work, and ice coating on the power lines [2].
The impact of blackouts is enormous because it affects every
normal daily-life activity of the people along with disrupting
the critical infrastructure for life, incurring economic losses
of the people to the financial losses of the nation, and
disrupting the power system network itself, spreading from
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a small region to a larger region [3]. The occurrence of
a blackout can be minimized but cannot be avoided with
complete certainty. There should be a suitable restoration
strategy that can restore the power system quickly and re-
liably. There are various ways to perform the restoration of
the power system, but a process should be chosen such that it
is very efficient and faster in restoration. Hence, the objective
of modern power system is not only to completely nullify the
chances of a blackout but rather to provide a corrective
measure for facilitating the effective restoration of the power
system considering different factors, such as the system’s
operating status, availability of the equipment, restoration
time, and the rate of success of the restoration process, so
that the power system can return to the normal operating
condition quickly and securely eventually leading to mini-
mum loss potentially incurred by the blackouts [1].

A concept of generic restoration action (GRA) is
elaborated in [4], which can be used to perform specific
restoration strategies. The restoration is faster when the
main system is sectionalized into two or more subsystems,
and those subsystems are restored parallelly all at a time
[5-7]. Each subsystem consists of a cranking group, in-
cluding at least one black start generator with a self-
starting ability, which cranks one or more nonblack
start generators simultaneously for parallel restoration of
the subsystems [8, 9]. To supply the cranking power, there
should be the shortest path between the black start gen-
erator and the nonblack start generator. The shortest path
can be calculated using various algorithms, such as (a)
Floyd-Warshall algorithm [10-12], (b) Johnson’s algo-
rithm [11], (c¢) Greedy algorithm [12], and (d) Dijkstra’s
algorithm [11, 13]. Floyd-Warshall algorithm is a highly
used algorithm to find the shortest path in a weighted
graph for all pairs of nodes. It is efficient to use when there
are a relatively smaller number of nodes [11]. On the other
hand, Dijkstra’s algorithm is also an easy and widely used
algorithm to find the shortest path between a pair of nodes,
which makes it highly eflicient for graphs having a high
number of nodes [14]. In [14], Dijkstra’s algorithm is used
to find the shortest path as there were many nodes, and the
path between only two nodes was to be found. The black
start generators were taken as the root node and the
nonblack start generators as the leaf nodes, and then, the
shortest path was found between the root and leaf nodes
[13]. When a proper cranking path is ensured, there is
a necessity for a proper generator startup sequence. The
generator startup sequencing affects the restoration time
and plays a crucial factor during the restoration of a system
[15]. For fast and efficient restoration of a system, a study
[15] shows a new serial generator startup sequencing
(GSUS) optimization model with flexible reenergizing
times of transmission lines. The GSUS is formulated
considering mixed integral linear programming (MILP),
in which variables are restoration time constraints for the
transmission lines, startup time constraints for the buses
on the restoration paths, and a serial restoration con-
straint, whereas the restart time constraints of the gen-
erators and the transient frequency requirements were
modeled as mixed integer linear constraints.
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When a proper cranking sequence is ensured, then the
system is ready to be sectionalized in subsystems with the
help of clustering. Clustering helps to divide a blackout area
into multiple subsystems or sections. The different types of
strategies used for clustering of the power system are as
follows: (a) fuzzy partitioning of a real power system for
dynamic vulnerability assessment [16], (b) sectionalizing
method in power system restoration based on WAMS [17],
(c) hierarchical clustering-based zone formation in power
networks [18], and (d) agglomerative hierarchical clustering
[19]. In [19], the agglomerative hierarchical approach has
been chosen as compared to the other clustering method-
ologies because of its advantage of being able to make
a dendrogram using a bottom-up approach. It clearly shows
the nodes and the generation-load differences. Due to its
simplicity, it is easier to track and form possible clusters.
Also, agglomerative clustering partitions the complete sys-
tem into a certain number of clusters based on the number of
black start generators in the system.

Several literatures show different kinds of restoration
strategies based on clustering or partitioning of a system and
network reconfiguration, whereas some literature shows
ways for resiliency improvements in existing grids such that
there are lesser chances of blackouts. Current trends in
research and future research directions concerning trans-
mission network reconfiguration are shown in [20].
Transmission network reconfiguration for grid resilience is
a second-stage action plan in the process of power system
restoration. To assess the present state of the system and
future upgrades, CNT-based indices applied for trans-
mission network reconfiguration are presented and dis-
cussed. Also, there is a detailed description of optimization
techniques, challenges, and technical issues during network
reconfiguration [20]. A complicated network community
discovery-based label propagation algorithm (LPA) is pre-
sented in [7] in which bus label and ranked node influence
index are used to partition a system into subsystems with
a minimal number of cut sets and minimal active power
flow. The author of [21] shows the crucial problems in the
European Transmission system which may lead to large-
scale blackout due to reasons, such as variability of output of
RES and cyber-attacks. In solution to the expected blackout,
the paper presented a parallel restoration strategy using the
Ax algorithm which can be used by TSOs. Here, the opti-
mum restoration path is found using both the BS units
(bottom-up restoration principle) and the available tie lines
(stepdown restoration principle) in IEEE 39-bus and IEEE
68-bus systems [21]. An approach to improve the resiliency
of the power system on the preexisting infrastructure is
presented in [22]. The study uses network reconfiguration
through transmission line switching as a temporary cor-
rective tool in dealing with the forthcoming contingencies. It
also shows a way to harness the full control of the system’s
resilience during severe vulnerabilities and extreme emer-
gencies [22]. A two-stage mixed integer linear pro-
gramming- (MILP-) based NR strategy for grid-resilience
enhancement is presented in [23] which helps to minimize
the impact of emergency power outages on power systems.
The strategy is presented majorly in a two-stage optimization
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model. In the first stage of optimization, line charging and
generator startup sequencing are determined, and in the
second-stage, the optimization model determines the opti-
mal skeleton network by determining the target trans-
mission lines and critical load pickup during the NR phase
[23]. Modern grids are complex grids due to integration of
RES and multienergy system technologies. So, for the res-
toration of renewable-dominated electric power systems, the
author of [24] presents a review of relative restoration
strategy on three phases, i.e., the black-start, network
reconfiguration, and the load restoration phases. This study
reviews the current research status of the restoration
technologies, real-world applications, and future challenges
on restoration of renewable-dominated electric power sys-
tems. A novel restoration strategy in microgrids after
a blackout using DGs for the restoration of critical loads is
shown in [25]. The study uses MILP using load weight and
node importance degree as variable to simulate the issue and
restore the system. The main priority is given to the critical
loads and maximum number of critical loads will be restored
in a radial feeder.

Black-start resource allocation, such as black-start and
nonblack-start units, should be appropriately carried out
before starting the clustering process [26]. An extensive
study on the properties and status of the system, such as
critical lines, critical loads, and the condition of equipment
used in lines, should be considered before initiating the
clustering of the power system such that the restoration
process can run smoothly without any complications [5].
The lines that interconnect two or more partitions are called
tie lines. Taking active power into consideration, the loads
that are connected to the generator bus or the loads for
which continuous power supply is critical, such as hospitals,
are called crucial (critical) loads. The nodes connecting those
critical loads are called critical nodes [8]. Taking reactive
power into consideration, the loads that are prone to voltage
instabilities are critical loads and the nodes connecting those
loads are critical nodes [27]. These critical nodes are
identified based on the power system network structure [27].
A bus (node) that has a high probability of experiencing
voltage instability when subjected to an increment of load
values is called a weak node [28]. The lines that show the
large fluctuation of active and reactive power flow when
subjected to sudden disturbance are critical. These lines are
identified using N—-1 contingency analysis in [29]. Power
flow between-ness is used to calculate critical lines in [30].
The identification of critical lines is very important because
their removal while forming the cut-set can lead to excessive
voltage instability and excessive difference of reactive power
in the system [31]. The critical lines may include large
transformers and other devices that may be affected by the
overvoltages during restoration, so critical lines must be
known, and proper precautions are necessary while re-
storing and energizing a large part of the power system [32].

The agglomerative clustering approach has been used in
[19], where active power balance has been performed by
maximizing the minimum generation-load difference. It
showed the partitions formed are only based on active power
flow in the system. However, only an active power balance is

not enough to ensure the overall stability, reliability, and
availability of the partitions during and after their resto-
ration. In a power system, reactive power flows in pro-
portion to active power. So, it becomes necessary to check
the reactive power flow concerning active power and the
effects that can be imposed on the system if there is a change
in the flow of the reactive power. Also, the voltage stability of
the system is directly related to reactive power flow in the
system, and the reactive power balance and voltage stability
should be checked in the system. This paper proposes
a methodology to split a system into multiple partitions
concerning reactive power balance using agglomerative
clustering so that the identified partitions can be compared
to those partitions by active power balance. Also, these
partitions will be further used for the parallel restoration of
the system. Also, the voltage stability level of individual
buses and the partitions should be known before starting the
restoration process, as the voltage stability of the elements of
the power system is governed by the reactive power flow, as
explained in [33]. To check the voltage stable and unstable
regions, a method of clustering using line stability factor [34]
can be performed. This approach provides the voltage sta-
bility of different regions in a power system, indicating all
strong and weaker regions in the form of clusters. Finally,
the agglomerative clusters can be compared to the strong
and weak voltage stability regions to validate the clusters for
real-time use during the restoration of a power system.
With the concept mentioned above, this paper proposes
a method of clustering power systems considering only the
reactive power balance. Also, voltage stability is directly
related to reactive power; a further study on voltage stability
is proposed to validate the voltage stability of the clusters.
This work has the specific objectives as follows: (a) to
perform agglomerative hierarchical clustering of power
system with reactive power balance, (b) to calculate line
stability factors and investigate the voltage stability, (c) to
justify the clusters concerning voltage stability and load
generation differences, and (d) to make the final clusters
ready to undergo restoration with proper recommendations.
This research work is organized into five major sections.
In Section 1, the introduction provides background and
a literature review on different types of clustering tech-
niques, recent related works, and objectives. In Section 2, the
methodology includes the algorithm to perform agglom-
erative hierarchical clustering concerning reactive power
balance and voltage stability analysis concerning line sta-
bility factors. Section 3 test cases include the IEEE test-bus
system in which the clustering algorithm is implemented,
and all the results are discussed. Finally, in Sections 4 and 5,
the discussion and conclusions are presented, respectively.

2. Methodology

The overall block diagram of the proposed methodology is
shown in Figure 1. As shown in Figure 1, the network
partitioning strategy has three steps: step 1: initialization,
step 2: initial partitioning, and step 3: agglomerative clus-
tering. The detailed descriptions of these steps are given in
the following sections.
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FiGure 1: Block diagram of methodology.

2.1. Step 1: Initialization. The graph of the power system can
be represented as G={V, E}, where V={v}, v),.. ... ..., vy}
represents the set of buses in the power system taken as a set
of nodes and E={ey, e,,.. ... ...., e} represents the set of
branches connecting those buses taken as a set of edges. A
graph of the IEEE 9-bus system is shown in Figure 2 [19].

The set of nodes is divided into two subsets: generation
nodes VSN (cV) and black-start nodes VB(cVEN). The
generation nodes are grouped with nonblack start generators
to form a cranking group such that cranking power can be
supplied to the nonblack-start generators (VSN) from the
black-start generators (V) during the restoration process.
Similarly, the set of weak nodes connecting the critical loads
is represented by VN (c V). The important nodes and edges
that play a key role while partitioning the system, i.e., black-
start nodes (V3), nonblack-start nodes (VN), and critical
nodes (VEN), are initialized. M partitions are supposed to be
formed at the end of clustering and given by equations

®-(3).

2<M<|V™), (1)

viNy; = ¢, (2)

YUy, Uvs.. Uy =V, (3)
Fori,je{l,2,...... , M} and i #j. Hence, there should be

M disjoint cranking groups so that each of the M partitions
can be restored independently as given by the following
equation:

vitev,. (4)

Forall ke {1, 2, ..., M}, where the k™ network partition
is represented by V, and the k™ cranking group is repre-
sented by V{®. The connectivity within the cranking groups
should be maintained at the end of clustering before starting
the restoration process. From equations (2) and (4), it can be
written as ViCRgVJCR =¢ for i,j € {1, 2,..., M} and i #j.

F1GURE 2: Graph of the IEEE 9-bus power system.

There must be at least one black start generator in each
cranking group, which can be seen in the following equation:

ViV =1k e {1, 2,.., M}, (5)

The critical lines should not be used as tie lines. Also, the
lines without monitoring equipment should not be used as
tie lines; they should be avoided in the cut-set. Moreover,
other unsuitable lines can be included in the cut-set due to
different reasons, which should be analyzed before heading
towards initial partitioning.

(Ecp UEgM UEG)NEcs = ¢, (6)
Eg = (Ecy UEny UEy), (7)

where E; represents the critical lines, Ey,, represents the
line without monitoring equipment, E;; represents the
unsuitable lines to be included in the cut-set due to different
reasons, and E¢ represents the cut-set. The excluded set in
this study is represented by Ep. Combining (6) and (7),
equation (8) can be achieved.

(EgNEg) = ¢. (8)
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For the IEEE test-bus system, an assumption (i.e.,
Exm = Ey = ¢) was made in [19], which gives E = E.

2.2. Step 2: Initial Partitioning. It is ensured that the black
start generator can start all nonblack start generators in each
cranking group. This is carried out by finding the shortest
path trees using Dijkstra’s algorithm [13]. To obtain a certain
number of initial partitions, equations (4)-(6) can be used.
Then, all the nodes belonging to the shortest path tree are
grouped as separate partitions for each cranking group, and
the set of nodes within them is assumed to be mutually
exclusive. Any other nodes that are connected to the shortest
path tree by any edges within a set of excluded lines (Ej) are
merged into the same partition. The remaining nodes not
connected to any partitions as formed above are taken as
separate partitions. The detailed process for the initial
partitioning of the power system is shown in Figure 3.

2.3. Step 3: Agglomerative Clustering. The main basis of
network partitioning for parallel power system restoration is
to evaluate the generation-load difference of the individual
partitions, which can be determined by equations (9) and

(10) [8].

(Vi) = VZ Q(v;)s (9)
Vv, €V
max
ViV Voo V) = arg
VoV Ve

After finding the initial partitions, they are categorized
into two groups: (a) one consisting of black start generators
(black-start partition) and (b) another with nonblack start
generators (nonblack start partition). Then, the black start
partition is merged with every nonblack start partition
temporarily, and the respective generation-load differences
for all black start partitions are calculated. In this study, the
value of B(v;) is taken as 0.5 if v; € V/VCE after initializing
that there is enough reactive power available for charging the
line. This implies only 50% of the load is restored, including
all the critical loads for which B(v;) is taken as 1, which
ensures the stability of the partitions after their synchro-
nization. All the merged pairs are compared with each other
to find the pair with the maximum generation-load differ-
ence. The pair with the maximum generation-load difference
is merged permanently to form a new black-start partition.
This process is continued iteratively until all the nonblack
start partitions are merged with the black-start partition, as
shown in Figure 4.

The same methodology can be used for both active and
reactive power balance, where the number of final output
partitions is equal to the number of black start generators so

where V is the k™ partition and Q (v,) is the reactive
generation-load difference at node v;, which can be de-
termined through the following equation:

Q(v;) = Qug (%) = B(v;) Qip (W) (10)

Here, in equation (10), Qg (v;) and Q;p (v;) represent
the maximum reactive power generation capability and the
expected reactive power consumption at v; and f(v;) rep-
resents the percentage of load that should be restored before
synchronizing the network partitions. For critical nodes, the
value of 3(v;) is taken as 1 [35].

First of all, it is ensured that there is availability of
sufficient line charging power. If there is sufficient power,
then only the restoration process of each cluster is possible
[36]. For this, the generator should be capable of supplying
all the reactive power. If a generator is not able to supply the
required power, there should be compensating devices to
supply the reactive power needed for the line to be charged
[37]. Then, only the load is taken into consideration to be
restored. A set of partitions over different cut sets that had
the maximum generation-load difference is formed so that
there would always be some extra reactive power to take care
of load variations and uncertainties which is given by the
following equation:

o)} v

that every output partition obtained after agglomerative
clustering can be restored independently.

2.4. Line Stability Factor for Voltage Stability Analysis.
The line stability factor for voltage stability analysis is started
by calculating the line stability factors for individual lines.
The factors that determine the voltage stability level of all the
lines in a system are line stability factors. For this study, there
are four-line stability factors, i.e., LPP, LQP, LPN, and LQN,
for a single line. These factors can be derived using Figure 5
and are given by equations (12)-(15) [34].

2

LPP = 4<Rz><Pr + RQ;' > (12)
Vi Vi
X XP;

LQP = 4 v Q,+V—i2 , (13)

2

LPN:4( R 2><—Pi+RQ’2), (14)

Vi+1 Vi+1
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FIGURE 3: Flowchart for initial partitioning of the power system (step 2).
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A
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permanently whose generation load difference is highest among
the saved minimum values.

M partitions formed?

F1GURE 4: Flowchart for agglomerative clustering of the power system (step 3).
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P +jQ P +jQ
—> —>
R+jX
vl le
o o

i i+l

FiGUre 5: Power flow from node i to node i+ 1.

X Xp,?
LQN =4 —Q + 21, 15
Q (Vi+12>< Ql " Vi+12> ( )

where V, is the voltage at the i'" node, V', is the voltage at
(i+1)™ node, P, + jQ, is the receiving end power, P; + jQ; is
the sending end power, and R+jX is the impedance of
the line.

The line stability factor values are calculated using
equations (12)-(15). The line stability factors show four
different values for a single line. The critical limit is 1.0 for all
the factors. The largest positive value nearest to 1 among the
four factors is selected for every line. This largest line stability
factor value is called LQPN. The LQPN values signify the
voltage stability level of a particular line. The line having the
LQPN value near the critical limit is considered a weak or/
and critical line of the power system. A ranking table is then
formed by positioning all the LQPN values of every line from
smallest to largest values. A cutoft value is determined from
the ranking table based on the coherent nature of buses
within the cluster. All the LQPN values that are greater than
the cutoff value can be considered the most critical lines
(weak lines) and can be eliminated to determine the cut sets
and the weak boundaries that encircle the bus clusters. Now,
the coherency of all the buses is checked again so that the
voltage and angle changes for the buses remain the same for
any disturbance that occurs outside that group of buses. If
the buses are found to be not coherent, then another cutoff
value must be chosen and checked for coherency until all the
buses are coherent inside a cluster [34]. The complete
flowchart for the clustering method using the line stability
factor is shown in Figure 6.

3. Results

3.1. Agglomerative Hierarchical Clustering. To assess the
proposed method, the authors considered three standard
benchmarks: IEEE 9-bus [38], IEEE 39-bus [39], and IEEE
118-bus [40] systems. In the IEEE 9-bus system, there are 3
generators, of which all 3 are committed generators. The
total generation capacity and online capacity of the gener-
ators are 820 MW and -900 to 900 MVAr. The actual
generation is 319.6 MW and 22.8 MVAr. There are 3 loads
and the total load capacity is 315 MW and 115 MVAr, all of
which are fixed loads (not dispatchable). The total loss is
4.64 MW and 48.38 MVAr. The total line charging power
required is 140.5 MV Ar. In the IEEE 39-bus system, there are
10 generators in this system of which all 10 are committed
generators. The total generation capacity and online capacity
of the generators is 7367 MW and —160 to 2807 MV Ar. The

actual generation is 6297.9 MW and 1274.9 MV Ar. There are
21 loads and the total load capacity is 6254.2 MW and
1387.1 MV Ar, all of which are fixed loads (not dispatchable).
The total loss is 43.64 MW and 1000.59 MV Ar. The total line
charging power required is 1112.8 MVAr. In the IEEE 118-
bus system, there are 54 generators in this system of which
all 54 are committed generators. The total generation ca-
pacity and online capacity of the generators is 9966.2 MW
and -7345 to 11777 MVAr. The actual generation is
43749 MW and 795.7 MVAr. There are 99 loads and the
total load capacity is 4242 MW and 1438 MV Ar all of which
are fixed loads (not dispatchable). The total loss is
132.86 MW and 783.79 MV Ar. The total line charging power
required is 1341.7 MV Ar [36].

The initializing parameters for these three bus systems
are listed in Table 1. For the IEEE 9-bus system, the set of
black-start nodes are V® = {v,v,}, cranking group are
VER = {1}, asin [19], and VR = {v,, v,}, critical nodes are
VL = {v,, v, v}, as in [27], and set of excluded lines are
Ecp = {ey,e5e3}.

After initializing the above parameters, it is identified
that VSR only consists of black-start nodes, so its shortest
path is simply as G¥ = {{v,}, &}. However, for VSR, it
contained both black-start and nonblack-start nodes. Dur-
ing partitioning, cranking power is to be supplied from v, to
v5 through a shortest path tree which is identified by using
Dijkstra’s algorithm as G5° = {{v,,v3, v, v;, vg}, {es, €3,
e, eg}}. All the nodes in this shortest path tree are considered
to be in one partition. Since V, is connected to V', by Ep, it is
taken in the same partition as node V. Then, V; and V, are
not connected to any nodes by Eg. Hence, they are con-
sidered as two separate partitions. As shown in Table 1, four
initial partitions are obtained for the IEEE 9-bus system. As
there are two black-start generators, two partitions can be
made by making one black-start available on each partition.
Here, in this case, a single node named V,; is used to
represent a set of nodes V,, V5, Vi, V, and V. Similarly,
a single node named V|, is used to represent a set of nodes of
V,and V,.

From the dendrogram shown in Figure 7, it identified the
required number of partitions. The dendrogram represents
the linkage among the nodes concerning the generation-load
differences of those sole nodes. It can be seen that after
removing the linkages temporarily, three major partitions
can be formed for generation-load difference: first including
nodes V; and V;, second including node V,, and third
including node V4. However, to satisfy the conditions stated
in equation (4) and (5), buses, namely, V,, and V,, are taken
in a single cluster. From the dendrogram obtained after
removing the linkages, V;; and V; are obtained in the first
partition and V4 and V,, are obtained in the second par-
tition. The final required partition of the system for the IEEE
9-bus system with reactive power balance is shown in
Figure 8.

As shown in Figure 8, the cutting sets to separate the
partitions are e (4, 9) and e (5, 6), and the maximum
generation-load difference of the 1% partition is 12.05
MVAR, and the 2™ partition is —=71.71 MVAR.
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Compute:LPP, LQN, LPN and LQN and determine the largest
among them (known as LQPN).

v

Make a order table: LQPN values in ascending order

v

Define a new-cut off value and eliminate the lines with large
LQPN above cut-off value

v

Determine cut-sets and boundary of cluster and form a cluster

Check for coherency of buses in the cluster?

Final cluster formation

FIGURE 6: Flowchart for clustering using line stability factor for voltage stability analysis of a power system.

The main purpose of the proposed strategy is to find
a cut-set that maximizes the minimum generation-load
difference in the possible partitions rather than producing
some partitions with a positive generation-load difference,
while some partitions with the probability of producing
a negative generation-load difference. Here, in the second
partition, the total reactive generation-load difference is in
negative value. The generation-load difference can be neg-
ative depending on (v;). A partition with a negative value
indicates that there is more load than the generation ca-
pability, and the generators cannot supply enough power to
all the loads in the partitions. When a network partition
produces a negative generation-load difference, it becomes
impossible to take it as a separate partition because each
partition must give a positive value. When such cases of
negative generation-load difference occur, there are three
choices for the system operator in case of reactive power. The
first one is to change the value of 3(v;), as $(¥,) is directly
responsible for the difference in generation-load, and then
repeat all the procedures of agglomerative clustering once
again to obtain a positive generation-load difference. The
second choice can be that the operator may not restore only
a few noncritical loads in those partitions where there is
a negative generation-load difference, and they can be re-
stored after the synchronization of that partition or the
whole grid [19]. The third choice can be supplying extra
reactive power using reactive power compensation devices
such as synchronous condensers. Even though compensa-
tion can be carried out, economic feasibility should also be
considered while restoring the loads. If the loads are very
critical for use, they must be restored using the extra reactive
power, which should be available and supplied through

compensation. If the loads are not critical, methods of load-
shedding can be used, which is more feasible than using
compensation devices, to make the generation-load differ-
ence positive and start the restoration efficiently.

For the IEEE 39-bus system, six initial partitions are
formed, which can be seen in the dendrogram given in
Figure 9. From those initial partitions, the final two parti-
tions are identified, as shown in Figure 10. The set of nodes
belonging to some initial partitions are represented by
a single node for simplification, V40 ={V1, V2, V3, V4, V5,
Ve, V7, V10, V11, V13, V14, V25, V30, V31, V32, V37} and
V41 ={V15, V16, V17, V19, V20, V21, V22, V23, V24, V26,
V27,V28, V29, V33, V34, V35, V36, V38}. The cutting sets to
separate the partitions are e (14, 15), e (3, 18), and e (25, 26),
where the maximum generation-load difference of the 1%
partition is —-9611MVAR and the 2" partition is
321.18 MVAR.

The proposed method is also applied to the IEEE 118-bus
system, which creates two clusters, as shown in Figure 11.
The cutting sets to separate partitions are e (15, 33), e (19, 34),
e (30, 38), e (71, 72), and e (24, 70), and the maximum
generation-load difference of 1% partition is 104.53 MVAR
and that of 2™ partition is 63.72 MVAR.

3.2. Line Stability Factor for Voltage Stability Analysis.
The ranking table for the IEEE 9-bus system is shown in
Table 2. Initially, the cutoff value is taken to be 0.1; then, all
the LQPN values are compared with other cutoff values.
Three lines are above the cutoff values, which are the most
critical lines (weak lines), so they are eliminated from the
system. The eliminated lines are e (4, 9), € (9, 8), and e (5, 6),
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FIGURE 7: Dendrogram of the partitioning of the IEEE 9-bus system with reactive power balance.
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FIGURE 8: Graph of final partitions of the IEEE 9-bus system with reactive power balance.
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FIGURE 9: Dendrogram of the partitioning of the IEEE 39-bus system with reactive power balance.
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FIGURE 10: Graph of final partitions of the IEEE 39-bus system with reactive power balance.
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FIGURE 11: Graphical representation of final partitions of the IEEE 118-bus system with reactive power balance.
TaBLE 2: LQPN ranking table for the IEEE 9-bus system.
Branch From BUS To BUS LQPN Rank
2 4 5 0.04116 1
4 3 6 0.045825 2
7 8 2 0.047741 3
5 6 7 0.05188 4
1 1 4 0.05306 5
6 7 8 0.06238 6
3 5 6 0.115203 7
9 9 4 0.140375 8
8 8 9 0.14602 9

which are shown using red colour in Figure 12. These lines
defined the partition boundaries for the line stability factors
for voltage stability analysis. As a result, using the respective
partition boundaries, three partitions are formed, which are
shown in Figure 12.

For the IEEE 39-bus system, the LQPN values of three
lines are identified to be above the cutoff value, i.e., 0.1; these
lines are set to be the most critical lines (weak lines) and are
eliminated from the system. The eliminated lines are e (3, 4),
€(8,9), and e (26, 29), which define the partition boundaries.
However, these partition boundaries are unable to provide
two or more partitions. The buses within the single partition
formed are not found to be coherent. Then, 0.07 is chosen as
the new cutoff value. Still, the buses in the partition are not
coherent. Again, 0.05 is the new cutoft value after which the
LQPN values of 12 lines are obtained above the cutoff value
and thus eliminated from the system. The eliminated lines
are represented in red colour, as shown in Figure 13. The line
parameters required for the calculation have been taken
from [36, 41]. Using the respective partition boundaries, 8
partitions are formed, which are shown in Figure 13.

For the IEEE 118-bus system, the cutoff value is taken to
be 0.1, and all the LQPN values are compared with other
cutoff values. The LQPN values of 34 lines are above the
cutoff value, which is set to be the most critical lines (weak
lines), and they are eliminated from the system. However,
these partition boundaries are unable to provide two or more

partitions, and the buses within the single partition formed
are not found to be coherent. Then, 0.07 is chosen as the new
cutoft value, but still, the buses in the partition are not
coherent. Again, 0.05 is chosen as the new cutoft value.
LQPN values of 87 lines are found above the cutoff value and
are eliminated from the system. An overview of the IEEE
118-bus system and the eliminated lines (red-colored lines)
are shown in Figure 14. After using the respective partition
boundaries, 31 partitions are formed, which are shown in
Figure 14.

4, Discussion

After analyzing the results of the proposed agglomerative
hierarchical clustering method in three different IEEE test-
bus systems, it is observed that two partitions are formed for
all test bus systems. This method of clustering is mainly
based on the generation-load difference of reactive power
between the two buses. The two partitions are primarily
formed because each system has two black start generators
and based on those generators, two cranking groups are
formed: forming the final two partitions.

The agglomerative clustering approach can quickly form
the required number of stable clusters for reactive power, but
it does not ensure the overall stability of the clusters. A
voltage level of the system is directly related to reactive
power; the change or disturbance in the flow of reactive
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FIGURE 13: Single line diagram representing final partitions of the IEEE 39-bus system with the LQPN method of clustering.

power can cause high voltage fluctuation in the clusters. The
voltage may rise or fall below the critical limit such that there
will be high chances of voltage collapse. If voltage collapse
occurs during the restoration phase, there is an increase in
the chance of reoccurring blackouts. This might inflict
further damage to the power system. Due to this reason,
there is a high necessity for analysis of voltage stability in the
clusters formed. In this study, the voltage stability of indi-
vidual partitions is checked by performing a voltage stability
analysis using the line stability factor.

Performing clustering using line stability factor, the
weak and strong regions are identified for voltage stability
level as the larger clusters indicate comparatively higher

voltage stable regions than the smaller clusters. Here, larger
clusters include a large number of stable buses; any voltage
fluctuations in other buses or systems will not adversely
affect the stability level of those buses. However, the smaller
clusters include buses that are more critical and prone to
voltage collapse. These regions can be used to compare the
voltage stability of the agglomerative clusters. The lines with
higher LQPN values are the more critical lines in the system.
These lines are very much prone to failure if any distur-
bances occur in the system. The critical lines should avoid
any overloading or disturbances and the critical buses
should be synchronized first, and then, the stable clusters
need to be synchronized. All these outputs and results shown



International Transactions on Electrical Energy Systems

13

i B )
I
|;.'|
s

?j

FIGURE 14: Single line diagram representing final partitions of the IEEE 118-bus system with the LQPN method of clustering.

by the cluster formed by the presented method of clustering
by using line stability factor must be taken into consider-
ation for smooth restoration of the power system.

The clusters formed by agglomerative clustering in-
cluded both the strong and weak regions concerning voltage
stability level (shown by the method of clustering using line
stability factor). The agglomerative partitions balance the
weaker regions by merging them with the stronger regions.
Hence, the overall agglomerative partitions are stable con-
cerning voltage stability. The cutting sets for the agglom-
erative clusters are not critical lines for N —1 contingency
analysis, but some of the lines in the cutting sets (in ag-
glomerative clusters) are shown as critical by the method of
clustering using the line stability factor. This indicates that
concerning active power flow, those lines are not critical, but
concerning voltage stability, those lines are critical. These
lines should be taken into consideration during the

restoration process. In this case, they should be supplied
with either inductive or capacitive reactive power (i.e.,
proper compensation should be carried out) as per the need
to maintain the voltage level in the buses connecting those
lines that reduce the chances of voltage collapse. Finally, for
real-time restoration, the cluster shown by the agglomerative
method can be used considering the repercussions shown by
strong and weak regions formed by a method of clustering
using the line stability factor.

5. Conclusion

This research paper introduces a novel methodology
employing an agglomerative clustering approach to partition
power systems, designed to create segments with balanced
reactive power for efficient restoration following a blackout.
This method enables the division of the system into several
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subsystems, facilitating parallel restoration processes. Cen-
tral to this approach is the formation of clusters assuming
the operational readiness of black-start generators to supply
power to nonblack-start generators. While most partitions
demonstrate stability and readiness for restoration, there are
instances where some partitions with negative generation-
load differences require additional support, possibly from
VAR compensators. A key finding is the potential synergy
when this strategy is integrated with the agglomerative hi-
erarchical clustering approach focused on active power
balance. Such integration could lead to a comprehensive
strategy for real-time restoration, effectively balancing both
active and reactive power, including voltage stability. This
comprehensive approach could be vital for TSOs in control
centres, enabling the efficient, synchronized restoration of
the entire system with minimal time and losses.

However, this methodology is based on certain idealized
assumptions, including the immediate availability of all lines
and generators during restoration. The need for additional
VAR compensators in some partitions could lead to sig-
nificant costs. Moreover, the methodology’s emphasis on
line stability factors for voltage stability may not fully en-
compass other critical factors impacting system stability. The
methodology also lacks empirical validation in combining
strategies for active and reactive power balance with voltage
stability. Its adaptability to diverse and integrated grid
conditions, which are inherently stochastic, is yet to be
tested. Future research should aim to adapt the methodology
to dynamic grid conditions, addressing new complexities
emerging in the modern power system. There is a need to
develop control strategies for the practical application of this
methodology and assess its feasibility under extreme con-
ditions such as natural disasters or cascading events. En-
hancing grid resilience in such extreme conditions remains
a crucial area for future work. This study forms a foundation
for a more resilient and efficient approach to power system
restoration, but it also highlights the challenges and op-
portunities for innovation that require continued research
and development in this essential field.

Nomenclature

Acronyms and Abbreviations

IEEE: Institute of Electrical and Electronics Engineer
MILP: Mixed integer linear programming

LPA: Label propagation algorithm

RES: Renewable energy sources

BS: Black start

nBS: Nonblack start

NR: Network reconfiguration

TSOs:  Transmission system operators

GSUS:  Generator startup sequencing

WAMS: Wide area measurement system
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PPSR:  Parallel power system restoration
DGs:  Distributed generators

GRAs:  Generic restoration actions

Sets

G:  Set of nodes and edges in a graph

V' Set of nodes

E: Set of edges

: Set of nodes with generators

VB:  Set of nodes with black start generators

VER: Set of cranking group

GSP:  Set of shortest path

VEL: Set of critical loads

VEN: Set of critical nodes

Eqp: Set of critical edges or lines

: Set of edges with no monitoring equipment

Ey:  Set of edges which are unsuitable

Eqg:  Set of edges which are cut sets

¢: Null set

Eg: Union set of edges with no monitoring equipment,
unsuitable edges, and edges that are cut-sets

Vi:  Nodes in the k™ partition

Parameters

V1, V,:  Representation of node 1 and node 2

E,, E,: Representation of edge 1 and edge 2

¢(V,):  Generation load difference of a k™ partition
Qv,): Reactive generation load difference at node i

Qe (v;): Maximum reactive power generation capability
at v;

Percentage of load that should be restored
Expected reactive power consumption at v;

Bv,):
QLD (Vi)1

Variables

Number of partitions to be formed
Voltage at node i

Reactive power at node i

Reactive power at node i+ 1

PLTE

X:  Reactance of the line

R: Resistance of the line

P;: Active power at node i
P,:  Active power at node i+1
Vi1t Voltage at node i+ 1.
Data Availability

The data used to support the findings of this study are
available from the corresponding author upon reasonable
request.
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