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Abstract—The problem of partitioning a power grid into
a set of islands can be a solution to restore power dis-
patchment in sections of a grid affected by an extreme
failure. Current solutions to this problem usually involve
finding the partition of the grid into islands that minimize
the sum of their absolute power imbalances. This combina-
torial problem is often solved through heuristic centralized
methods. In this article, we propose instead a distributed
online algorithm through which nodes can migrate among
islands, self-organizing the network into a suitable parti-
tion. We prove that under a set of appropriate assumptions,
the proposed solution yields a partition, whose absolute
power imbalance falls within a given bound of the optimal
solution. We validate our analytical results by testing our
partitioning strategy on the IEEE 118 and 300 benchmark
problems.

Index Terms—Decentralized control, islanding, smart
grids.

I. INTRODUCTION

THE penetration of renewable and distributed generation,
e.g., [1], [2], and [3], and the possible occurrence of

cascading failures [4] have made the problem of devising control
strategies to govern the operation of power grids of crucial
concern. Examples of problems of interest include those reported
in [5], [6], [7], [8], [9], [10], [11], and [12].

When the control architecture fails to guarantee reliable
operation of the transmission grid, last resort strategies have
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been devised so as to ensure power dispatchment across at
least some of its sections. Strategies for intentional controlled
islanding (ICI) address this issue [13], [14], [15], [16], [17]
by identifying sections of the grid (or islands) that can iso-
late and operate independently from the rest of the network.
Recently, intentional islanding has also been proposed in the
framework of distribution networks—see [18] and references
therein—as the presence of storage devices and renewable en-
ergy generation allow these grids to be partitioned into net-
works of microgrids, e.g., [19], [20], and [21]. Finally, sec-
tioning a grid into islands can be instrumental for parallel
power system restoration where, to accelerate recovery af-
ter a blackout, the islands are restored in parallel and then
reconnected [22].

The problem of partitioning a grid into a set of islands (that
do not exchange power among each other) is usually posed as
a combinatorial problem—see, e.g., [19], [23], [24], and [25]—
and sometimes is recast as a graph optimization problem [15],
[16], [17]. Solving this problem exactly can be computationally
expensive, so that heuristic strategies are frequently used to seek
a suboptimal solution, while meeting the required computational
time that allows the network to stabilize after a contingency [13],
[26], [27], [28]. The centralized techniques used to solve the
islanding problem include spectral clustering over simple [22] or
multilayer graphs [29], ant colony optimization algorithms [30],
or particle swarm optimization [31]. Recently, different sci-
entists and institutions have encouraged a shift toward more
distributed operation of the power infrastructure, to facilitate
the inclusion of distributed energy resources. Examples include
self-organizing capacity for open, distributed, and clean energy
communities [32]; changes in the regulatory structure and the
role of network operators [33], [34]; and the distributed control
of microgrids [35], [36], [37]. To the best of our knowledge,
no distributed ICI techniques have been proposed in the current
literature.

In this article, we bridge this gap and propose a distributed
approach to solve the ICI problem, where network nodes can
migrate from an island to another so as to self-organize into
a partition minimizing the power imbalance between different
islands and avoiding large amounts of load shedding. Specifi-
cally, starting from some initial partition of the grid, we endow
the nodes with the ability of locally estimating the power im-
balance of their island and of those neighboring it, and decide
whether to migrate or not to a different island from their own.
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The estimation strategy is completely distributed and decentral-
ized and relies on nodes running a virtual consensus dynamics
parameterized so that the consensus equilibrium the nodes reach
can be used to estimate the power imbalance of the island
of interest. Under suitable assumptions, we analytically show
that our migration strategy generates a sequence of partitions
that converge in finite time to a configuration, whose average
absolute power imbalance falls within a certain bound of the
minimal one. We validate our strategy by partitioning the IEEE
118 and IEEE 300 test systems, comparing the viable partitions
we obtain to others suggested in previous papers in the literature.

A concise list of our contributions is as follows.
1) We present a novel decentralized consensus-based esti-

mation rule for the nodes of a grid to accurately estimate
the power imbalance of the island to which they belong. It
is worth noting that our strategy can be applied to estimate
any property of a subgraph that is obtained as the sum of
the contributions of the nodes belonging to that subgraph.
This makes our approach versatile and applicable to a
range of scenarios beyond power imbalance estimation.

2) We provide a migration rule allowing the nodes of a grid
to self-organize into a partition, whose average power
imbalance falls within a precomputable distance from the
minimal one.

The rest of this article is organized as follows. In Section II,
we introduce some notation and give our problem statement,
in Section III we give our decentralized ICI strategy, whose
convergence is then proved in Section IV, while its effectiveness
is validated numerically in Section V. We then apply our strategy
in a realistic case study presenting the results in Section VI,
and discuss the perspectives and limitations of our work in
Section VII. Finally, Section VIII concludes this article.

II. PRELIMINARIES AND PROBLEM STATEMENT

Notation

Given a setQ, we denote by |Q| its cardinality;1 is the column
vector of ones, with appropriate dimension.

1) Power Grid: We model a power grid as an undirected
connected graph G = (V,E), where V is the set of n ∈ N>0

grid nodes (loads or generators) and E is the set of edges
representing transmission lines interconnecting them. Without
loss of generality, the ng ∈ N>0 generators are labeled as nodes
1, . . . , ng, while thenl ∈ N>0 loads as nodesng + 1, . . . , n. We
let pi ∈ R be the active power generated or consumed at node i;
pi > 0 if i is a generator, while pi ≤ 0 if i is a load. We let A be
the (symmetric) adjacency matrix associated with the graph G;
its (i, j)th element aij being 1 if {i, j} ∈ E or 0 otherwise.

2) Islands and Neighbors: We define an island as a con-
nected subgraph Ml = (Vl,El) of G, where Vl ⊆ V and
El = (Vl ×Vl) ∩ E. Given a set of nodes Vl, we denote by
N(Vl) the set of neighbors of the nodes in Vl, i.e., N(Vl) :=
{i ∈ V \Vl | ∃j ∈ Vl : {i, j} ∈ E}. We say that island Mm

is a neighbor of island Ml if and only if N(Vm) ∩Vl �= ∅.
Moreover, we denote by Ni the set of neighbors of node i.

3) Grid Partitions: We say that the grid is parti-
tioned into nµ ∈ N>0 islands, described by the subgraphs

Ml, . . . ,Mnµ
, with corresponding node sets V1, . . . ,Vnµ

,
if Π = {V1, . . . ,Vnµ

} is a partition of V. Additionally, a
node, say i, in an island, say Ml, is a boundary node if
Ni ∩ (V \Vl) �= ∅. Furthermore, we define the condensed
graph GΠ = (VΠ,EΠ) induced by the partition Π, where node
l inVΠ is associated withVl in Π, and an edge {l,m} exists in
EΠ if and only ifVl ∩N(Vm) �= ∅.

4) Power Imbalance: The power imbalance of an islandMl

is defined as

Pl :=
∑
i∈Vl

pi (1)

while the overall grid’s power imbalance is given by

Ptot :=

n∑
i=1

pi =

nµ∑
l=1

Pl. (2)

The power imbalance in (1) is associated with the deviation
of the synchronous frequency of the island from its nominal
value which, in turn, is related to its stability [9], [38]. Indeed, if
the generated power exceeds the loads’ demand, the frequency
increases, while it decreases otherwise. Excessively large varia-
tions in the operating frequency with respect to the nominal one
can cause faults.

5) Control Problem: The problem we study is to find a
partition of the power grid G into nµ ≥ 2 islands (that do
not exchange power among each other) so as to minimize the
average absolute power imbalance, defined as

J :=
1

nµ

nµ∑
l=1

|Pl|. (3)

Note that as
∑nµ

l=1 |Pl| ≥ |∑nµ

l=1 Pl| = |Ptot|, then

J ≥ J∗ :=
∣∣∣∣Ptot

nµ

∣∣∣∣ . (4)

The cost function in (3) has been used in previous work in the
literature on grid partitioning, e.g., [13], [19], and [26], as an
indicator of the ability of a power system to satisfy the loads’
demand, which is also known as adequacy [39].

III. CONSENSUS-BASED PARTITIONING STRATEGY

We propose a strategy that given an initial partition Π(0) of
the power grid into nµ islands, uses a consensus algorithm to let
the nodes self-organize into a new partition that minimizes J , as
defined in (3). In particular, at each step k of the algorithm, one
node can migrate between islands. We denote by Π(k) the parti-
tion after k migrations have occurred:Ml(k) = (Vl(k),El(k)),
l ∈ {1, . . . , nµ} being the corresponding islands; Pl(k), l ∈
{1, . . . , nµ} their power imbalances; and J(k) the correspond-
ing value of the cost function.

Our strategy is based on the following two fundamental
ingredients:

1) a distributed dynamic estimator based on average con-
sensus dynamics that nodes can use to estimate the power
imbalance in their island and in those of their neighbors.



LO IUDICE et al.: CONSENSUS-BASED DISTRIBUTED INTENTIONAL CONTROLLED ISLANDING OF POWER GRIDS 235

2) a migration condition according to which a boundary
node can decide whether to migrate from its island to
a neighboring one.

Next, we describe the two elements above.

A. Distributed Power Imbalance Estimation

At any step k, each node, say i, can obtain an estimate of the
power imbalance, say Pl(k), of the island it belongs to or of an
island neighboring it, sayMl(k) = (Vl(k),El(k)), by running
a consensus-based estimation strategy.

Specifically, let us define the auxiliary graph M̂l(k) :=

(V̂l(k), Êl(k)) with

V̂l(k) :=

{
Vl(k) \ i, if i ∈ Vl(k)

Vl(k) ∪ i, if i /∈ Vl(k)
(5)

and Êl(k) := (V̂l(k)× V̂l(k)) ∩ E. To estimate Pl(k), node
i must trigger the distributed solution of the two virtual
continuous-time consensus dynamics given by

ẋh(t) = ph +
∑

{j,h}∈El(k)
(xj(t)− xh(t)), ∀h ∈ Vl(k) (6a)

˙̂xh(t) = ph +
∑

{j,h}∈̂El(k)
(x̂j(t)− x̂h(t)), ∀h ∈ V̂l(k) (6b)

starting from null initial conditions. Here, xh(t) and x̂h(t) are
the virtual states associated with each node h ∈ Vl(k) and h ∈
V̂l(k), respectively.

Remark 1: To run the consensus dynamics (6) in a distributed
manner, we assume the virtual states xh and x̂h are broadcast to
all neighboring nodes Nh ∩Vl(k).

Now, dynamics (6a) can be recast in matrix form as

ẋxx(t) = p− Lxxx(t) (7)

where xxx is the stack vector of the virtual states xh, p is the
stack vector of the power values ph, and L is the (symmetric)
Laplacian matrix associated withMl(k). Let us recall that 1T

is an eigenvector of the symmetric Laplacian L, with 0 as an
associated eigenvalue. To obtain the asymptotic behavior of (7),
we premultiply (7) by 1T, obtaining, for all time t

1Tẋxx(t) = 1Tp = Pl(k). (8)

Moreover, differentiating (7), we obtain the dynamical system
ẍxx(t) = −Lẋxx(t), whose dynamics, determined by the spectral
properties of L, are such that

lim
t→∞ ẋxx(t) ∈ span(1). (9)

Altogether, (8) and (9) imply that limt→∞ ẋxx(t) = 1ωl, where

ωl :=
Pl(k)

|Vl(k)| . (10)

Similarly, from (6b), we obtain that limt→∞ ˙̂xxx(t) = 1ω̂l, with

ω̂l :=
1

|V̂l(k)|
∑

j∈̂Vl(k)

pj . (11)

Exploiting (5), (11) can be recast as

ω̂l =

{
1

|Vl(k)|−1 (Pl(k)− pi) , if i ∈ Vl(k)
1

|Vl(k)|+1 (Pl(k) + pi) , if i �∈ Vl(k).
(12)

Then, (10) and (12) can be solved together for the unknowns
Pl(k) and |Vl(k)|, obtaining

Pl(k) = alωl
pi − ω̂l

ω̂l − ωl
(13a)

|Vl(k)| = al
pi − ω̂l

ω̂l − ωl
(13b)

with al = −1 if i ∈ Vl(k) and al = 1 if if i �∈ Vl(k).
From (13a), to estimate Pl(k), node i needs to compute ωl

and ω̂l. To do so in a distributed manner, node i starts the
distributed computation of the consensus dynamics (6a) and
(6b) by broadcasting its virtual states xi and x̂i to the nodes
in Ni ∩Vl(k). In turn, each of these starts sharing its virtual
state with its neighbors (withinVl(k)), until all nodes inVl(k)
join the distributed simulation. Note that the aforementioned
procedure can be conducted through one-hop communication if
each node h has knowledge of the index l ∈ {1, . . ., nµ} of the
island it belongs to, and of its consumed or generated power ph.
Obviously, in a practical implementation, the grid nodes should
be equipped with sufficient computational and communication
capabilities to run the virtual consensus dynamics on a timescale
that is compatible with the grid requirements.

In what follows, we will show how the network nodes can
exploit this estimation process to self-organize into a partition
of the power network, whose power imbalance (3) is rendered
minimal.

B. Migration Condition

A boundary node (see Section II), say i, in islandMm(k), can
decide whether to migrate to a neighboring islandMl(k) (see
Fig. 1) by assessing the power imbalances Pl(k) and Pm(k)
(computed through our estimation strategy in Section III-A).

Specifically, at step k, node i will migrate from Mm(k) to
Ml(k) if and only if{
min(Pl(k), Pm(k)) < min(Pl(k + 1), Pm(k + 1)) (14a)

Mm(k + 1) is connected (14b)

with

Pl(k + 1) = Pl(k) + pi (15a)

Pm(k + 1) = Pm(k)− pi (15b)

Vl(k + 1) = Vl(k) ∪ i (15c)

Vm(k + 1) = Vm(k)\{i}. (15d)

Remark 2: Condition (14b) concerning connectivity can be
ensured using the estimation strategy in Section III-A. Indeed,
given an island Ml(k), if there exists a node i ∈ Vl(k) such
thatMl(k)\{i} is not connected, the virtual derivatives ˙̂xh of its
neighbors in M̂l [see (6b)] will in general converge to different
values, thus providing a warning signal.
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Fig. 1. (a) Initial partition of the power network, with dashed lines
representing the communication links among nodes; the topology being
equal to that of the power network itself. (b) Boundary node 3 triggers the
distributed simulation of the virtual consensus dynamics in (6) for both
islands M1 and M2. (c) Migration rule (14) is used to decide whether
to migrate from island M1 to M2 and (d) a new partition is eventually
generated.

C. Migration Algorithm

According to our decentralized partitioning strategy, starting
from some initial partition at step k = 0, each boundary node
must trigger the distributed estimation of the power imbalance
of the island it belongs to and of its neighboring islands by
running the virtual consensus dynamics (6). Then, depending
on these power imbalances, exploiting the migration condition
(14), the boundary nodes will decide whether to migrate or not
to neighboring islands.

For the sake of clarity, we illustrate the process by referring
to the exemplary situation depicted in Fig. 1, where a grid with
n = 6nodes is initially partitioned innµ = 2 islands,M1(0) and
M2(0) [Fig. 1(a)]. Then, each boundary node, as for instance
node 3 ∈ V1(0), must decide whether to migrate to the other
island (M2) or not. To this aim, node 3 triggers the distributed
estimation of the power imbalances P1(0) and P2(0) in both
the islandsM1(0) andM2(0) [see Fig. 1(b)], by running two
virtual consensus processes of the form (6) involving all nodes
belonging to each of the islands. Once a steady state in the
distributed simulation of (6) has been reached, node 3 uses the
pairs (ω1, ω̂1) and (ω2, ω̂2) to estimate P1(0) and P2(0), which
it then uses to evaluate the migration condition (14) [Fig. 1(c)]
to assess whether to migrate fromM1 toM2. Once this decision
is taken, a new partition is generated [Fig. 1(d)].

In general, our strategy prescribes that the grid nodes get
involved in all the (possibly multiple) distributed consensus
processes invoked according to (6) by the boundary nodes of
their island or of neighboring ones so as to allow the estimation
of the power imbalances of interest. Hence, at any time, each
node will have a number of virtual states corresponding to the
number of estimation processes it is asked to contribute to. These
steps are summarized in Algorithm 1. Additionally, as soon as a
node becomes a boundary node (see Section II), it must trigger

additional virtual dynamics to decide whether to migrate or not
from its island to a neighboring one. This additional procedure
is summarized in Algorithm 2.

IV. PROOF OF CONVERGENCE

The following lemma and theorem state that the migra-
tion process governed by rule (14) generates a finite sequence
{Π(k)}k∈{0,...,K} of K ∈ N migration steps, and give a bound
on the difference between the cost J(K) of the final partition
and the optimal cost J∗ computed in (4). To give their proof, we
must first define the stack vector P(k) := [P1(k) · · · Pnµ

(k)]T

and P∗ := p∗1.
Lemma 1: If

|Pl(k)− Pm(k)| ≤ p̄ ∀l,m : N(Vm(k)) ∩Vl(k) �= ∅

(16)
where p̄ := maxi∈V |pi|, then

J(k)− J∗≤ 2

nµ

( nµ∑
l=l∗+1

p∗+p̄

(
l−nµ+1

2

))
− (p∗ + |p∗|)

(17)
with

l∗ =
⌈
−p∗

p̄
+

nµ + 1

2

⌉
(18)

and p∗ := Ptot/nµ.
Proof: From (3), we have that

J(k) =
1

nµ

⎛⎝ ∑
l:Pl(k)>0

Pl(k)−
∑

l:Pl(k)≤0

Pl(k)

⎞⎠ . (19)

Moreover, as∑
l:Pl(k)>0

Pl(k) +
∑

l:Pl(k)≤0

Pl(k) = Ptot = nµp
∗

we can recast (19) as

J(k) =
1

nµ

⎛⎝2
∑

l:Pl(k)>0

Pl(k)− nµp
∗

⎞⎠ .

Hence, as J∗ = |p∗| [from (4)], we obtain

J(k)− J∗ =
2

nµ

∑
l:Pl(k)>0

Pl(k)− (p∗ + |p∗|). (20)

Without loss of generality, let us relabel the islands so that
P1(k) ≤ P2(k) ≤ · · · ≤ Pnµ

(k). Then, as the graph G (defined
in Section II) and all the islands remain connected for all k, at
each step also the graph GΠ(k) (defined in Section II) will be
connected and thus (16) implies that

Pl+1(k) ≤ Pl(k) + max
i∈V

|pi|, ∀l ∈ {1, . . . , nµ − 1}. (21)

Note that, from (2),
∑nµ

l=1 Pl(k) = Ptot = nµp
∗ and, hence,

from (21), we obtain

Pl(k) ≤ p∗ + p̄

(
l − nµ + 1

2

)
∀l ∈ {1, . . . , nµ} (22)
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with p̄ := maxi∈V |pi|. From (20), J(k)− J∗ is maximized
(worst case) when (22) is an equality. In such a case, to compute
J(k)− J∗ by leveraging (20), we must first find

l∗ : Pl(k) ≥ 0, ∀l ∈ {l∗, . . . , nµ}. (23)

Hence, to find l∗, we must find the smallest integer l such that

p∗ + p̄

(
l − nµ + 1

2

)
≥ 0 (24)

yielding (18). Then, from (23), (22), and (20), we obtain (17)
and the lemma is proved. �

Theorem 1: Assume that at each step k there exist a node i
and islandsMl(k) andMm(k) [that is a triplet (l,m, i)] such
that ⎧⎨⎩i ∈ {Vm(k) ∩N(Vl(k))}

∧
Mm(k)\i is connected

(25a)

and ⎧⎨⎩Pl(k) > Pm(k) ∧ pi < 0
∨

Pl(k) < Pm(k) ∧ pi > 0.
(25b)

Then, the sequence Π(k) obtained under the migration rule (14)
is finite and converges in K < +∞ steps to a partition Π(K)
such that J(k) fulfills (17) at k = K.

Proof: Consider a triplet (l,m, i) fulfilling (25), and

|Pm(k)− Pl(k)| > |pi| (26)

we start by showing that, when assuming (25), (26) is equivalent
to (14), i.e., a migration of node i from islandMm toMl will
occur.

Firstly, we show that (14) implies (26). WhenPm(k) < Pl(k),
we have pi < 0 from (25b), and from (14) we have that

Pm(k) < Pl(k + 1). (27)

Differently, when Pl(k) < Pm(k), we have pi > 0 from (25b),
and from (14) we have that

Pl(k) < Pm(k + 1). (28)

From (27) and (28), recalling (15a) and (15b), we have{
Pm(k)− Pl(k) < pi, if pi < 0

Pm(k)− Pl(k) > pi, if pi > 0.
(29)

As (29) implies (26), we have proved that (14) implies (26).
Now, let us prove that (26) implies (14). To do so, note that

(26) is equivalent to{
Pl(k) > Pm(k) + |pi|, if Pl(k) > Pm(k)

Pm(k) > Pl(k) + |pi|, if Pl(k) < Pm(k).
(30)

Moreover, exploiting (25b) and recalling (15a) and (15b), (30)
can be recast as{

Pm(k) < Pl(k) + pi = Pl(k + 1), if Pl(k) > Pm(k)

Pl(k) > Pm(k)− pi = Pm(k + 1), if Pl(k) < Pm(k).

(31)

Algorithm 1: Default routine for any node h.
1: Broadcast all virtual states to neighboring nodes
2: Obtain virtual states from neighboring nodes
3: Integrate (6) for all simulations where h is involved

It is straightforward to see that (31) immediately leads to (14).
Therefore, we have proved that [when (25) holds] (26)⇔(14).
As (14) is equivalent to (26) and (25), then if at some step, sayK,
no triplet (l,m, i) existed fulfilling (26), the migration process
would stop and, as the network G is connected and so is the
graph GΠ(K) at that step, we would have

|Pl(K)− Pm(K)| ≤ max
i∈V

|pi| ∀l,m : Vm

(K) ∩N(Vl(K)) �= ∅. (32)

As from Lemma 1, (32) implies that the bound (17) holds, to
prove our thesis we are left with showing that a stopping time
instant K exists. Firstly, note that such a step K exists if (14)
fulfills

‖P(k + 1)−P∗‖2 ≤ α ‖P(k)−P∗‖2 ∀k ∈ {0, . . .,K − 1}
(33)

for some positive scalar α < 1 as if (33) were satisfied, then our
migration rule would be a contraction mapping. In such case,
from the Banach–Caccioppoli theorem [40], there would be no
limit cycles in the sequence {P(k)} and thus also in {Π(k)}.
Hence, as the number of possible partitions is finite, so would be
the sequence {P(k)} and thus, to complete our proof, we need
to show that (14) implies (33). As we have enforced that only
one migration occurs at each step k, then P(k + 1) only differs
from P(k) for the lth and mth entries. Hence, proving (33) only
requires showing that

(Pl(k + 1)− p∗)2 + (Pm(k + 1)− p∗)2

< (Pl(k)− p∗)2 + (Pm(k)− p∗)2 (34)

for all k ∈ {0, . . .,K − 1}. After a few algebraic simplifica-
tions, (34) can be rewritten as

pi(Pl(k)− Pm(k) + pi) < 0 k ∈ {0, . . .,K − 1} (35)

which is trivially fulfilled by any triplet (l,m, i) fulfilling (25)
and (26), yielding that (25) and (26) imply (33). In turn, as (25)
and (26) imply (14), the existence of K and thus our thesis
remains proved. �

Remark 3: A sufficient (but not necessary) condition to fulfill
the assumption of Theorem 1 is that neighboring islands have at
least a load on the boundary between them.

In the following section, we validate the strategy numerically.

V. NUMERICAL VALIDATION

We demonstrate the effectiveness of our algorithm by deploy-
ing it to partition the IEEE 118 and 300 testbed cases [41].
The nodal power values pi are computed by solving an optimal
power flow (OPF) problem on the whole nonpartitioned grid,
leveraging MATPOWER 6.0 [42]. As the test cases include nodes
with null nodal power pi = 0, we allow for these nodes to
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Algorithm 2: Additional steps for a boundary node h ∈
Vm.

migrate from their island, sayMm(k), to a neighboring island,
sayMl(k), as long as: 1) their migration does not renderMm(k)
disconnected and 2) Pl(k) �= Pl(k

′)∀k′ < k : i ∈ Vl(k
′).

To apply our partitioning strategy (Algorithms 1 and 2), we
need some initial partitions Π(0). To test our algorithm under
different conditions, we considered different choices forΠ(0). In
some cases, we took as Π(0) some selected partitions from [13],
[27], and [43]. In other cases, to generate Π(0), we first em-
ploy the search space reduction procedure (SSRP) [27], which
generates a spanning tree connecting groups of coherent gen-
erators (these are taken from [27]). Then, the remaining nodes
are aggregated to the tree using the breadth-first search (BFS)
algorithm [44].

Remark 4: Throughout our numerical analysis, whenever a
node, say i ∈ Vm(k), can choose to migrate to more than one
island, it will select the one maximizing the difference

ΔPl=min{Pl(k)+Pi, Pm(k)−Pi}−min{Pl(k), Pm(k)}.
This choice ensures a maximal improvement of the average
absolute power imbalance after the migration.

A. IEEE 118 bus System

We used our algorithm to partition the IEEE 118 test system
in nµ = 2 and nµ = 3 islands, considering only ng = 19 gener-
ators (excluding the reactive compensators). We assume that the
migration process is triggered by a three-phase solid ground fault
at bus 15 forcing lines 14 and 15 to disconnect. With nµ = 2, we
ran the algorithm first by considering as initial partitionΠ(0), the
one generated by SSRP+BFS, and then using as Π(0) the final
partition reported in [13] to evaluate how it performed when
started from different initial partitions. For the case nµ = 3, we
considered as Π(0) the partition generated via SSRP+BFS and
then the final one obtained in [27]. All relevant information and
the results of our distributed partitioning strategy are reported
in Table I.

We observe that the proposed algorithm is indeed capable of
converging in all cases towards partitions that minimize J , as
J(K) = J∗. As a representative example, we depict in Fig. 2 the
case that nµ = 2 and Π(0) is generated by SSPR+BFS; namely,
Fig. 2(a) portrays the power imbalances P1(k) and P2(k) at
the various steps, while the final partition Π(K) is reported in
Fig. 2(b). Note that from the OPF results we have maxi |pi| =
542.78 MW and J∗ = 58.25 MW and thus the bound given in
Theorem 1 is satisfied as |J(K)− J∗| = 0 (see Table I).

Fig. 2. Partitioning of the IEEE 118 test system into nµ = 2 islands,
through Algorithms 1 and 2. (a) P1(k) (red squares), P2(k) (green
circles), J(k) (black stars), and J∗ (dashed line); all are in MW.
(b) Final network partition Π(K); red square denoteV1(K), while green
circles denoteV2(K). Nodes 72, 24, 23, 22, 21, 39, 20, 19, 38 migrated
fromM1 toM2 in the given order, while node 43 migrated fromM2 to
M1 at k = 9. Note that the last migration does not change the power
imbalances as it involves node 38 whose nodal power is zero.

B. IEEE 300 bus System

We used Algorithms 1 and 2 to partition the IEEE 300 test
system in nµ = 3 and in nµ = 4 islands, assuming a failure
affects lines 194 and 195. With nµ = 3, as Π(0) we considered
the partition obtained via SSRP+BFS. We also repeat the par-
titioning starting from the arbitrary initial partition reported in
Table II. When nµ = 4, as initial partition Π(0) we consider
one obtained via SSRP+BFS and one from [27]. In both cases,
the groups of coherent generators were selected as in Table II
of [27]. All relevant information and the results are reported in
Table II.

Again, in all cases, our algorithm is capable of finding an
optimal partition, as J(K) = J∗. Additionally, we note that the
initial partitions obtained via SSRP+BFS and that from [27]
are already optimal with respect to minimizing J ; however, by
performing a few more migration steps, our algorithm is able
to further decrease the standard deviation between the power
imbalances of the three islands (compare Pl(0) and Pl(K) in
Table II). This happens routinely, as the migration law (14) aims



LO IUDICE et al.: CONSENSUS-BASED DISTRIBUTED INTENTIONAL CONTROLLED ISLANDING OF POWER GRIDS 239

TABLE I
RESULTS AFTER APPLYING ALGORITHMS 1 AND 2 TO THE IEEE 118 TEST CASE, CONSIDERING DIFFERENT INITIAL PARTITIONS Π(0)

TABLE II
RESULTS AFTER APPLYING ALGORITHMS 1 AND 2 TO THE IEEE 300 TEST CASES, CONSIDERING DIFFERENT INITIAL PARTITIONS Π(0)
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Fig. 3. Partitioning of the IEEE 300 test system into nµ = 3 islands,
through Algorithms 1 and 2. (a) P1(k) (red squares), P2(k) (green
circles), P3(k) (blue triangles), J(k) (black stars), and J∗ (dashed line).
(b) Final network partition Π(K); red squares denote V1(K), green
circles denote V2(K), and blue triangles denote V3(K). The nodes’
migration order is 106, 122, 185, 187, 168, 188, 127, 66, 121, 158, 67,
and 40.

at equalizing the power imbalances in all the islands (with the
result of minimizing J).

In Fig. 3, we report the representative case where nµ = 3 and
Π(0) is the arbitrary partition. The power imbalances P1(k),
P2(k), and P3(k) are depicted in Fig. 3(a), while the final
partition Π(K) is portrayed in Fig. 3(b). Interestingly, across all
our numerical experiments, not only does our algorithm ensure
fulfillment of the bound given in Theorem 1, but it also always
ensures J(K) = J∗, and in all cases it succeeds in reducing the
standard deviation among the power imbalances of the islands
with respect to that of the initial partition (see Table II).

VI. CASE STUDY

As shown in our numerical analysis, our decentralized strat-
egy is not only capable of minimizing (3), but also of diminishing
the standard deviation between power imbalances, thus making
the islands equally robust to unforeseen power fluctuations.
Unsurprisingly, this comes at the price of cutting several lines,
as minimization of the power imbalance and of the power flow

disruption are known to be conflicting goals [13]. While both
could benefit from some load shedding, ultimately, a partition
with high power imbalance and/or power flow disruption leads
to the existence of islands where the the power flow is unfeasible
and thus loads will not be served. Our migration strategy does not
take explicitly into account the number of lines cut. We present
here a case study to show that, nevertheless, it can still lead to
nodes self-organizing into a partition where power is not only
available but can be dispatched, i.e., the power flow is feasible
for all the islands.

To this aim, we consider the problem of refining the partition
of the IEEE 118 test case into nµ = 3 islands proposed in [27],
to react to a failure in bus 26.1 Solving the power flow for the
test case in the absence of a fault shows that this generator is
responsible for 7.2% of the total active power generated and,
consistently, postfault, an island of the partition will be endowed
with negative power imbalance. To overcome this problem, we
apply our strategy using the partition proposed in [27] as initial
partition Π(0) for our distributed algorithm. We take the groups
of coherent generators as in [27], this time assuming these nodes
cannot change island throughout the migration process. Further-
more, following [22], we assume that postfault load can be shed
by 15%2 in noncritical loads belonging to islands affected by the
refinement process, and select the set of critical loads as in [22].
Finally, as our aim is that of refining Π(0) so as to make sure
all islands are such that Pl(K) ≥ 0, we enforce the additional
rule that node i can migrate from Mm(k) to Ml(k) only if
sign(Pl(k)) = −sign(Pm(k)) which will cause migrations to
cease if all islands have positive power imbalance. To evaluate
the quality of the partition Π(K) resulting from applying our
strategy, we will compare the properties of the power flow
solutions of the islands in Π(K) to those in Π(0) in terms of

1) minimal and maximal voltage magnitude Vmin and Vmax;
2) minimal and maximal voltage angles δmin and δmax;
3) active and reactive power losses λP and λQ.

We find that in this scenario K = 17 migrations are required
to make sure all islands have positive power imbalance,
resulting in the nodes self-organizing into a partition defined by
the cutset {15-19, 17-113, 18-19, 23-25, 27-32, 31-32, 34-37,
35-37,37-39, 37-40, 38-65, 69-77, 75-77, 76-118, 80-81,
114-115}. Let us start describing the outcome of our case-study
underlining that V3(K) = V3(0), i.e., no migrations occurred
that changed island M3. For this reason, we shed no load in
this island postfault, resulting in no changes in its power flow.
Conversely, all 17 migrations involve nodes in islandsM1 and
M2. Consistently, as shown in Table III, for these two islands
we observe changes in all the variables we chose to describe the
power flow solution. However, the only variable whose value
degrades substantially is the worst minimal voltage magnitude
Vmin that, for islandM2(k) takes the value of 0.87, quite far from
the desired value of 1 and lower than the initial value of 0.946,
but still consistent with other islanding results available in the
literature (see for instance Fig. 4 in [45]). Conversely, the largest

1For the purpose of this case study, it is irrelevant whether islanding is
performed to avoid a blackout or for parallel power grid restoration purposes.

2This value is half that considered in [22] when solving the islanding problem
for Parallel Power System Restoration.
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TABLE III
COMPARISON BETWEEN THE PROPERTIES OF THE POWER FLOW SOLUTION PREFAULT FOR THE ISLANDS DEFINED BY THE INITIAL PARTITION Π(0) DEFINED

IN [27] AND POSTFAULT AFTER THE INITIAL PARTITION IS REFINED THROUGH OUR DISTRIBUTED STRATEGY

voltage angle (in magnitude) is comparable before and after the
migration process, and while we observe a general increase in
the active and reactive losses, the highest reactive power loss in
the final partition is just 20% larger than that prefault.

Overall, this case study shows that our strategy can also be
deployed for postfault refinement of a reasonable partition. Next,
we discuss the steps required towards a real-world implementa-
tion of such a decentralized islanding strategy.

VII. TOWARD A PRACTICAL IMPLEMENTATION

In this section, we discuss some issues that are important to
achieve a practical implementation of the strategy.

A. Power Flow Feasibility

In this work, we chose to seek a partition of a grid that
minimizes the islands’ power imbalance. As is known in the lit-
erature [13], this can come at the price of obtaining a large power
flow disruption which can cause the power flow to be unfeasible
for some of the islands. However, this choice allowed us to prove
rigorously that nodes of a power system can self-organize into
islands that fulfill some electrical property of interest.

The test case described in Section VI shows that our results
can also be exploited in a realistic scenario. Nevertheless, for
practical implementation, power flow disruption should also
be explicitly taken into account to systematically ensure the
available power to be dispatchable. We are currently adapting
the tools developed in this work to optimize the tradeoff between
power imbalance and the power flow disruption. Our preliminary
numerical investigations are encouraging, and suggest that a
multiobjective distributed strategy based on the same estimation
tools presented in this work can consistently lead to islands
where power is both available and can be dispatched.

B. Implementation Issues

A real world implementation of the tools presented in this
article relies on the following three assumptions: 1) the avail-
ability of computational power at each node; 2) the availability
of a communication infrastructure between the nodes having
the same topology as the physical grid and 3) the availability of
measurements of the generated/consumed power at each node.
Which one of these assumptions proves more restrictive depends
on the reason for which islanding is needed. In case islanding
is needed to avoid a cascading outage, the largest drawback
with respect to a centralized approach is that substantial effort
must be devoted in designing efficient distributed simulation
protocols. Indeed, to avoid a blackout, the migration process
must be executed on a timescale compatible with that of the

development of postfault instability. In our numerical exper-
iments, we found that the numerical simulations required to
perform a migration step lasted around 8 ms to run (on a personal
computer equipped with an Intel Core i5 processor with six cores
at 3 GHz, and 16 GB of RAM memory) yielding, for the test case
in Section VI, and a total time of 0.12 s for the nodes to obtain the
final partition. Note that this is in line with the computational
time required to solve the islanding problem on the same test
case (the IEEE 118 bus system) in [46].

If the strategy is applied for parallel power system restoration,
i.e., post black-out, ensuring reliable communication among the
nodes might be the most pressing issue.

Finally, in energetic communities, privacy issues may arise
and one might want to make sure nodes cannot infer the power
generated or absorbed by their peers from the communicated
signals. Furthermore, in this latter case, choosing the number of
energetic communities nµ could also be exploited for optimiza-
tion purposes, whereas in postfault scenarios it is usually fixed
and determined by the groups of coherent generators and, for the
case of parallel power system restoration, by the availability of
blackstart units. Addressing these issues is the subject of ongoing
work and will be reported elsewhere.

C. Limitations

Although the framework we have developed offers several
advantages, such as effective power management and fault
tolerance, it does have a significant limitation. Specifically, it
requires an external initial partition to be provided, which could
be a potential bottleneck in the decentralization process. While
it is realistic to assume the availability of such a partition,
fully decentralizing the islanding process would necessitate the
development of a distributed strategy enabling generators to
self-organize into coherent groups and recursively add loads to
form the initial islands. Addressing this limitation is an important
direction for future research, as it could lead to greater efficiency
and scalability of the overall system.

VIII. CONCLUSION

We introduced a power network islanding algorithm that
solves the intentional controlled islanding problem in a dis-
tributed manner. Our strategy allows the network nodes to self-
organize so as to minimize the average absolute power imbalance
among islands. To allow the nodes to make informed decisions,
we devised a consensus-based estimator which is instrumental
to the migration process, as it allows nodes to estimate the power
imbalances of neighboring islands in a distributed manner. We
demonstrated analytically that our algorithm converges in finite
time to a partition whose average absolute power imbalance
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is in a given neighborhood of the optimal one. We tested the
strategy on two benchmark power networks, the IEEE 118 and
300 bus systems under different fault conditions showing the
effectiveness of the proposed approach.
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