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Negative Results on Deploying Distributed Series
Reactance Devices to Improve Power System

Robustness Against Cascading Failures
Arash Beiranvand, Student Member, IEEE and Paul Cuffe, Member, IEEE

Abstract—Distributed Series Reactances are devices that dy-
namically increase the impedance of a line to reduce the power
flow it carries. This work explores whether widely deploying
these devices enhances a power system’s robustness against line
overload cascading failures. The presence of Distributed Series
Reactances may make it less likely that equipped lines would
become overloaded by contingencies elsewhere, and so their
presence may arrest the propagation of line overloads through
a system. However, the efficacy of these devices in this role
has not been widely investigated. Likewise, there are few extant
methodologies for siting dynamic reactances within the grid to
mitigate the propagation of cascades. In this paper, the ability
of these devices to arrest the propagation of cascading failures
within power grids is investigated. First, a novel dc power
flow is formulated, which models dynamic line impedances. A
novel methodology is proposed for siting the devices on lines
spread throughout the network. With these innovations in hand,
the devices’ effects on cascade propagation are simulated using
a sizeable database consisting of multiple load & generation
snapshots across eight test networks. No major beneficial effect
is found, even when 25% of lines are equipped.

I. Introduction
Power electronics devices can enhance the resiliency of power

systems [1]. Intuitively, a Flexible AC Transmission System
(facts) device with the ability to reduce power flow within a
particular line may be able to arrest the broader propagation
of cascading overload outages as well. This seems initially
plausible, as a sufficient reduction in the power flow of an
overloaded line by a facts device stops it tripping off during
the cascade’s propagation.
Power flow within a line can be controlled by altering the

series line impedance, voltage bus magnitude, or the voltage
angles of buses [2]. Several facts devices have been designed
to change these factors to control the power flow in a line
such as series reactors, static series synchronous compensator,
etc [2]. Among the devices with the ability to change power
flows, Distributed Series Reactances (dsr) are one of the most
installed types within grids. The reasons for this increasing
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Fig. 1. An example power transaction from node A to C: in the post-outage
without applying DSR situation, the power divides evenly between the upper
and lower paths. This power redistribution puts the loading along � → �

beyond its thermal capacity

tendency to install more dsr devices within the grids include
but are not limited to: their ability to reduce power flows within
the lines, low-cost operation, fast installation, and their simple
structures [2].

In modern power grids, various applications are considered
for dsr, including but not limited to: power system reliability
improvement, reduction of congestion, increasing the loadability
of the grid, phase balancing, etc [2], [3]. The authors in
[4] suggest using dsr modules to improve voltage imbalance
within power grids and argue the proposed methodology
benefits dynamic flexibility to cope with various sources of
the imbalance. [5] applies dsr devices to eliminate the lines’
congestion and consequently, decrease the related costs in power
market. In [6], the economic advantages of applying dsr within
the grids due to the lines’ congestion relief are investigated.
Also, a novel metric is proposed to measure the loading capacity
increase due to applying the dsr units for the transmission
network. In [7], the capability of implementing smart wires
like dsr to handle the operational problems due to adopting
the grids with new environmental policies is investigated.
Moreover, some few studies have considered the effects of

dsr on the reliability analysis of power grids. For example,
in [8], a planning study for a specific power grid integrated
with renewable energy sources is presented that, as one of its
goals, aims to minimise the amount of load-shedding in the
presence of dsr modules. In [9], considering #−1 contingencies
constraints, the planning problem of a transmission system with
continuously variable series reactors is modeled. Considering
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a set of contingencies, in [10] a probabilistic transmission
planning problem in the presence of dsr devices is formulated.
Power grids are prone to cascading line outages because

they can be quite ‘brittle’ at some specific load-generation
profiles, termed as transition points [11], [12], whereby small
contingencies are sufficient to trigger a long subsequent chain
of cascades which could result in a collapse of the entire system
[12]. At the transition points, the damage’ size, in terms of the
load-shedding, caused by the cascades significantly increases
in comparison with it for the other load-generation profiles of
the grid [11], [12]. Several previous studies in the literature
have investigated these transition points [11]–[14]. In [14] it is
argued the topology of the grid is also capable of altering its
transition points. Power systems may be operated near these
transition points [12] where the risk of widespread cascading
outages starts to rise rapidly [11]. At the transition points, even
small contingencies can rapidly, and sometimes non-locally
[15], propagate across the network so that the grid may not be
able to tolerate the outages and consequently, experiences severe
damages. The non-linear relationship between the size of the
triggering outages and the size of the resulted blackout is due
to the strong interactions between many available components
within the gird, especially at the transition points [14]. These
important insights are suggestive of the brittleness of the girds
against some contingencies that could lead to catastrophic
cascading outages.
Cascading line outages are progressive events whereby

tripping one overloaded line transfers its power flow to other
lines, putting them over their thermal limits, in turn, causing
further tripping and adverse redistribution of power flow [16].
This progressive rapid overloading across the network can lead
to widespread outages and significant load-shedding throughout
the grid. Thus, mitigating cascading line outages has always
been a major concern for power system robustness. Various
online mitigation strategies can be considered by the control
room. For instance, in [17] a load-shedding based strategy is
proposed to mitigate the cascading outages. In [18], readjusting
the resources and changing the grid’s topology are considered
for the mitigation strategy. Using a dynamic interaction graph,
the proposed mitigation strategy in [19] finds the most critical
lines within the grids in terms of the cascading outages and then
applies a specific optimal power flow to prevent tripping of the
detected lines. [20] proposes a framework to mitigate cascading
outages through optimizing the available control within the
transmission grid.

The power flow equations imply that if we increase a line’s
impedance, its loading will typically decrease, depending on
how much the impedance increases and what alternative paths
are available within the grid for the line’s flow. Thus, decreasing
the loading of overloaded lines by dynamically increasing their
impedance seems a reasonable measure to keep such lines
online and consequently, arrest the propagation of cascades.
dsr are capable of increasing the lines’ impedance and therefore,
can serve this purpose so that the device can help the grids
handle the redistributed active power of the outaged lines and
prevent the systems to badly react to the subsequent outages.
These important facts suggest the intuition of applying the
modules to make the grid less brittle against the cascades
can be quite legitimate. Hence, the present paper investigates

these important research questions: Can we arrest cascading line
outages by applying dsr modules to dynamically modulate lines’
impedance and thereby decrease their loading? Can widespread
deployment of dsrs make the grids less brittle in the face of
cascading failure?
Intuitively, dsr modules seem to be capable of arresting

the cascades’ propagation. Consider the sample power grid
presented in Fig. 1. In the normal operation, all lines are
working in their permitted loading thresholds for a 400 mw
power transaction between � and �. If line �→ � is tripped off
due to a failure, its pre-outage flow will be equally redistributed
to the paths � → � → � and � → � → � which results in
200 mw loading for each line. However, 200 mw is beyond the
loading capacity of line �→ � and consequently, this line will
be tripped off too. In such a condition, the only available path
for 400 mw transaction between nodes � and � is �→ � → �.
This means that �→ � and � → � will be loaded to 400 mw
and consequently, these two lines will be tripped off as well and
the connection between � and � will be severed. Now, assume
that line � → � is equipped with sufficient dsr modules to
automatically increase the line impedance by 25% when the
line is heavily loaded. In such circumstances, after the �→ �

outage, the dsr units in line � → � will increase the line
impedance to 1.25 p.u. This increase of the line impedance
reduces the flow through line �→ � and redistributes it onto
the path � → � → �. Due to this redistribution, the lines
within the paths �→ �→ � and �→ � → � will be loaded
by 188.24 mw and 211.76 mw, respectively, which fall in the
thermal capacities of the corresponding lines. This means no
further outages occur and the grid is saved by the dsr modules.
This significant intuition alongside the practical advantages of
modules like their low operations costs, simple structures and,
easy installations suggest that dsrs could be affordable and
effective devices to mitigate the cascades.
Despite the clear abilities of dsr to prevent an individual

line being tripped off due to overloading, there is little
research on how the presence of dsr units may affect the
sequence of progressive line overload tripping in transmission
systems following a contingency. No clear insight is available
regarding the devices’ general effects on cascade propagation.
For example, do the devices tend to arrest the propagation of line
outage cascades? How can they be located within grids to have
the best opportunity to mitigate cascades? The present paper
addresses this gap in the literature and aims to investigate if dsr
devices can have a new role as controlling facilities against the
cascading line outages in addition to their usual applications.
To analyse the cascading line outages, this paper adapts an

established simulation procedure [21] which at each step of
the cascade removes the overloaded lines and in any resulting
islands maintains balance between generation and demand. A
major novel challenge is that at each step of the cascading
failures we need to solve dc power flow in the presence of
dynamic impedances to model the effect of dsr on the next
steps of the cascades.
By introducing a mutual dependence between a line’s total

reactance and the power flow through it, these devices add non-
linearity to the power flow calculations [2], [3]. The dc load
flow equations in the presence of the dynamic impedances have
a Quadratic Constraint Programming (qcp) configuration [3].
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In general, qcp problems can be converted to Mixed Integer
Linear Programming (milp) problems by spatial branching
[22]. Such formulation entails auxiliary binary variables that
increase the problem complexity. The solution accuracy depends
on the number of binary variables and the performance of the
branching approach. For example, in [3], an approximate milp
formulation based on spatial branching was proposed and also
used in [23] to minimize the system operation cost in the
presence of variable impedances. The solution accuracy was
validated in the case studies. However, the solution time might
not suit the quasi-real-time applications as mentioned in [3],
[23] and therefore further approximations are considered to
deal with this complexity. The same efforts to model dynamic
impedance have been carried out in [24] so that the original
non-linear problem is modelled using two milp sub-problems.
Therefore, calculating dc power flow at each step of the

cascades is naturally a qcp problem until we apply this special
transformation. To this end, we convert the original qcp problem
of dc power flow in the presence of dynamic impedance to
a relaxed Second-Order Cone Programming (socp) problem
[22] and solve it efficiently using an interior point method.
This transformation applies an exact relaxation that properly
guarantees the accuracy of the obtained result.
Concerning the addition of dsr to the grids, the authors

are not aware of any siting methodology for the devices that
directly targets attenuation of cascading outage propagation.
Therefore, in this paper, first, a new topological measure of
proximity between branches within a power grid is proposed.
Then the lines are clustered using this measure, and one line is
selected from each cluster to install the dsr modules. It should
be noted that our suggested methodology to add dsr to a power
grid is notional and not intended to be optimal or definitive:
rather it simply seeks to install dsr units in a credible and even
spread across the lines in a power system.

The major contributions of the present paper are summarised
as follows: the most important contribution is to investigate
the intuition of applying an available and affordable facts
device i.e., dsr, to arrest cascading line outages. Currently,
dsr devices have different roles within the grid and their
capabilities of mitigating cascading line outages have not been
clearly evaluated in the literature. Second, we propose a novel
methodology to solve dc power flow in the presence of dynamic
impedance based on an exact relaxed Second-Order Cone
Programming (socp) model which can be efficiently solved
using an interior point method. The approximations considered
for the normal dc power flow suffice to solve this novel dc-pf
and it does not rely on any pre-solve simulations. Finally, a
novel line-oriented topological measure is suggested which is
able to reveal how meshed each pair of lines within the grid
are. Furthermore, using this novel metric, the radial lines can
be easily detected. This novel metric is then used to place dsr
modules across the network.

The remainder of this paper is organised as follows. In Section
II, the novel methodology for modelling dc-pf with dynamic
impedances and the novel topological index is presented. In
Sections III the test platform and various sample networks are
described, and Section IV discussed the simulation results and
various sensitivity analyses. Section V concludes.

II. Methodology

In this section, first, a novel dc-pf in the presence of dsr
devices is formulated. Then, a new electrical distance for the
branches within power grids termed Lines Mesh Matrix is
proposed and used to place dsr devices within the grids. With
these in hand, it is investigated how effective dsr are at arresting
the cascading line outages.
dsr can either work autonomously or be controlled by a

central operator. In this paper, we focus on their autonomous
mode, as cascading failures often propagate rapidly and the
control room may not be able to operate the devices fast enough.
In the autonomous mode, the devices react instantly to change
in the power flow they measure.

A. Modelling of dsr devices in load flow calculations

In this section, the proposed methodology to tailor dc-pf to
include dsr devices is discussed. Consider a grid with # buses
and ! lines where !� ⊂ ! is the sub-set of the lines with dsr
modules installed. The dc-pf assumptions determine the active
power flow for branch !8 9 ∈ ! and ∀8, 9 ∈ # as below:

?8 9 =
X8 − X 9
-8 9

(1)

Where -8 9 and X8 are the reactance of line !8 9 and the
voltage angle of bus 8, respectively. If branch !8 9 ∈ !� , then
Equation 1 is rewritten as follows:

?8 9 .G
′
8 9 = X8 − X 9 (2)

Where,

G
′
8 9 = -

0
8 9 + G3,8 9 (3)

Where -0
8 9

and G3,8 9 are the original natural reactance of !8 9
and the imposed extra reactance to !8 9 , respectively, and G

′
8 9

is
the new total reactance of !8 9 . Based on the idealised control
strategy presented in [2], the autonomous control scheme of the
dsr installed on the branches, which involves five control zones,
can be found in Fig. 2. To avoid adding more non-linearality to
the programming model by considering absolute values of the
flows, we consider the directions of the flows which results in
expanding this scheme over both positive and negative amounts
of active power flow: ?8 9 is positive if power goes from node 8
to node 9 . As discussed in [2], for a specific interval of active
power flow, here determined by [+U, +V] for positive power
and [−U,−V] for negative power, the dsr modules come online
one by one and consequently, the imposed impedance increases
step by step until it reaches its maximum amount. It is argued
in [2] practically the activation interval should be set wide
enough to allow all modules to come online. In the proposed
method, this step by step increase is approximated by a straight
line as can be seen in Fig. 2. Therefore, G3,8 9 is set as follows:
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Fig. 2. dsr control zones

G3,8 9 =



0 8 5 − U ≤ ?8 9 ≤ +U

-<0G
3

V−U .(?8 9 − U) 8 5 + U ≤ ?8 9 ≤ +V

-<0G
3

8 5 + V ≤ ?8 9

−-<0G
3

V−U .(?8 9 + U) 8 5 − V ≤ ?8 9 ≤ −U

-<0G
3

8 5 ?8 9 ≤ −V

(4)

Where -<0G
3

is the maximum imposed impedance by dsr
modules. The same as a normal dc-pf, in this adapted version
the generation and demand levels are given as input parameters
and are not optimised. The main differences between usual dc-
pf and our proposed dc-pf are the new constraints presented
in Equations 2 to 4 which turn the problem from a linear
programme to a mixed integer non linear programme. Our
novel methodology to tackle this major non-linearality is as
follows:
Each control zone is represented by a binary variable like

D:,8 9 so that the control zone : is activated iff D:,8 9 = 1.
Therefore, Equation 2 is rewritten as follow:

?8 9 .[-08 9D1,8 9 + -08 9D2,8 9 +
-<0G
3

V − UD2,8 9 (?8 9 − U) + -
0
8 9D3,8 9+

-<0G3 D3,8 9 + -08 9D4,8 9 −
-<0G
3

V − UD4,8 9 (?8 9 + U) + -
0
8 9D5,8 9 (5)

+-<0G3 D5,8 9 ] = X8 − X 9
Which can be rewritten as:

?8 9-
0
8 9D1,8 9 + ?8 9-08 9D2,8 9 +

-<0G
3

V − UD2,8 9 ?8 9
2 −

-<0G
3

V − UD2,8 9 ?8 9U+

?8 9-
0
8 9D3,8 9 + ?8 9-<0G3 D3,8 9 + ?8 9-08 9D4,8 9 −

-<0G
3

V − UD4,8 9 ?8 9
2

(6)

−
-<0G
3

V − UD4,8 9 ?8 9U + ?8 9-
0
8 9D5,8 9 + ?8 9-<0G3 D5,8 9 = X8 − X 9

In Equation 6, we have two kinds of non-linear terms. The
first type have a form like ?8 9D:,8 9 . These terms are substituted

by another continuous variables, _:,8 9 , while the following
linear constraints based on the Big M methodology [25] should
be satisfied:

?8 9 − (1 − D:,8 9 )"8 9 6 _:,8 9 (7)

_:,8 9 6 ?8 9 + (1 − D:,8 9 )"8 9 (8)

_:,8 9 6 D:,8 9"8 9 (9)

_:,8 9 > −D:,8 9"8 9 (10)

"8 9 � [<0G8 9 (11)

Where "8 9 is a big positive real number which is proportional
to its corresponding line’s loading capacity i.e., ?8 9 . Also, [<0G8 9

is the thermal loading limit of !8 9 . The second type of the
non-linearality are ?8 92D:,8 9 . To tackle these non-linear terms,
an exact relaxation is applied which turns the problem to a
socp problem. To this end, first ?8 92 is replaced using a new
continuous variable, W:,8 9 , which produces another first type
non-linear terms like W:,8 9D:,8 9 . These new first type non-linear
terms are then replaced with new continuous variables, Z:,8 9 ,
while the following linear constraints based on the Big M
methodology should be satisfied:

W:,8 9 − (1 − D:,8 9 )"
′
8 9 6 Z:,8 9 (12)

0 6 Z:,8 9 6 D:,8 9W:,8 9 (13)

Z:,8 9 6 D:,8 9"
′
8 9 (14)

"
′
8 9 � ([<0G8 9 )2 (15)

Where " ′
8 9
is a big positive real number which is proportional

to the square of its corresponding line’s loading capacity i.e.,
?8 9
2. It should be noted that in our novel formulation, Big Ms

i.e., "8 9 and "
′
8 9
, are set for the lines with dsrs individually so

that each line with dsr units has its specific sets of "8 9 and "
′
8 9
.

This helps to tighten the optimization problem significantly
and prevent numerical issues when solving the problem which
results in a reasonably fast optimization.
The main non-linear constraint of this formulation which

is still remaining is ?8 92 = W:,8 9 , which can be written as an
inequality as follows:

?8 9
2 6 W:,8 9 (16)

Where W:,8 9 is another continuous variable. As the problem
is a constraint programming problem, the objective function
is flexible and can be set with desirable characteristics. Ac-
cordingly, we propose an objective function that minimises the
summation of all W:,8 9 , as can be seen in Equation 17. Note
that the minimum of the objective function is achieved if W:,8 9
is exactly set to ?8 92. In this way the non-convex part of the
problem is removed and an exact relaxation is applied for the
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constraint presented in Equation 16 which gives the problem
a socp configuration. Therefore, the problem of dc-pf in the
presence of dsr modules can modelled as follows:

Objective function = <8=(
∑

!8 9 ∈!�
W:,8 9 )

S.t.:

(17)

(6) to (16), and

?8 9 + V 6 "8 9 (D1,8 9 + D2,8 9 + D3,8 9 + D4,8 9 ) (18)

?8 9 + U 6 "8 9 (D1,8 9 + D2,8 9 + D3,8 9 ) (19)

?8 9 − U 6 "8 9 (D2,8 9 + D3,8 9 ) (20)

?8 9 − V 6 "8 9 (D3,8 9 ) (21)

−?8 9 − V 6 "8 9 (D5,8 9 ) (22)

−?8 9 − U 6 "8 9 (D4,8 9 + D5,8 9 ) (23)

−?8 9 + U 6 "8 9 (D1,8 9 + D4,8 9 + D5,8 9 ) (24)

−?8 9 + V 6 "8 9 (D1,8 9 + D2,8 9 + D4,8 9 + D5,8 9 ) (25)

∑
(D1,8 9 + D2,8 9 + D3,8 9 + D4,8 9 + D5,8 9 ) = 1 (26)

The linear constraints presented in Equations 18 to 26 detect
which control zone is activated.

B. Contingency analysis and simulation of cascading failures
To trigger possible cascading outages within power grids,

first, some lines need to be removed as triggering events. In this
paper, the predetermined number of most loaded branches, z,
are removed from the grid as the triggering events of cascading
outages, and then, the progression of subsequent outages, if
any, are simulated. To detect the most loaded lines for the
grid under a particular operational snapshot, a normal dc-pf is
calculated.

To simulate the cascading failures caused by each triggering
lines outage, a practical and simple algorithm is applied. The
algorithm is based on dc-pf. At each step of the cascading
outages, overloaded branches are tripped off and in the resulting
islands, if any, the load-generation balance is kept by either
shedding loads or adjusting the generation level [21]. This
procedure continues until no overloaded line can be found
within the grid.

C. Test system preparation
This section describes a procedure for augmenting power

systems with dsr units, as such power flow devices are generally
absent from standard test networks. The procedure described
here is not intended to be optimal or definitive: rather it simply
seeks to install dsr units in an even spread across the lines
in a power system. As cascade propagation can be a global
rather than a localised phenomenon, one may anticipate that
dsr units will need to be distributed throughout the network to
be effective at arresting cascades. For this reason, the present
procedures introduce a new notion of electrical distance to
ensure a wide and even dispersal of dsr units throughout the
network. Various other legitimate siting methodology could
likewise be proposed.
1) Lines Mesh Matrix: In this section, a new topological

index for the branches within power grids termed as Lines
Mesh Matrix, Π, is defined which relies on Power Transfer
Distribution Factor, Φ, [26]. The proposed index investigates
how lines contribute to handling specific transmissions of active
power within the grid, to bring to light how mutually meshed
the lines are with each other.

The dimension of Φ for a grid with =; lines and =1 buses is
(=; × =1) [26]. For a reference node like =A , the column =8 of
Φ shows the incremental power flow for each line in the grid
for an injection at bus =A and withdrawal at bus =8 . To build
the Π matrix, a line within the grid like !8 9 is considered and
the contributions of all lines of the grid (including !8 9 ) for a
unit active injection active power at the line’s sending bus 8 and
withdrawal at its receiving bus 9 are calculated. In a loose sense,
this records how much redundant meshing there is, or how
many alternative paths exist in parallel with !8 9 . This procedure
is repeated for all lines within the grid. Then, for each pair of
lines within the grid like !8 9 and !BC , the contributions of each
of them for the injection and withdrawal of unit active power
at either sides of the other one are compared together and the
biggest value is selected as an index to show how mutually
meshed these two lines are. Therefore, Π is a (=; × =;) matrix
so that each row shows the results for its corresponding line.
For line !8 9 , its corresponding row, ℓ, is initialised as follows:

Π(ℓ , :) = Φ(: , 9)
S.t.:

=A = 8, %8 = 1, % 9 = −1
(27)

Then, in the Π matrix, ∀<, = ∈ # and < ≠ =, if Π(=, <) ≤
Π(<, =), Π(=, <) is replaced with Π(<, =). From Equation
27, one can notice that each diagonal component of Π shows
the portion of power that is carried by the line itself when
the injection of unit active power at one side of the line and
withdrawal at the other side. Consequently, these diagonal
components are equal to 1 for purely radial lines. Based on
this important fact, the diagonal components can be considered
as a radiality index for the lines:

<8 9 = Π(ℓ , ℓ)

0 6 <8 9 6 1
(28)

The idea of radiality index is reminiscent of the concept of
shortcut edges [27] for graph geodesics.
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Analysing the non-diagonal components within Π reveals
how mutually meshed each pair of lines are within the grid so
that the greater value of a non-diagonal component, the more
tightly meshed a pair of corresponding lines are: they would
seem likely to participate in the same bulk power transactions.

2) Notional procedure for adding DSR units to test networks:
In this section, a novel method based on the Π matrix is
suggested to locate dsr modules within the grid. As mentioned,
the non-diagonal components in Π reflect how mutually meshed
each pair of lines are within the grid. Therefore, applying a
higher level clustering technique for the data available within Π
enables us to detect the sub-groups of lines which are closely
meshed together. Hence, the proposed placement methodology
is based on clustering the branches into a certain number of
groups using the data extracted from Π. After clustering the
branches, for each group, one branch is selected as the chosen
site for the installation of dsr modules.

As dsr units on radial lines are not able to change the lines’
loading, at the first step, the radial lines are detected using the
radiality index and then excluded from the possible lines to
install the modules. To this end, the corresponding rows and
columns of radial lines within Π are removed. To cluster the
remaining branches using the reduced Π, Π′ , the dissimilarity
matrix [28] needs to be obtained for Π′ . The dissimilarity
matrix (d) for Π′ is calculated as follow:

D = I − Π′ (29)

Where � is the all-ones matrix [28]: this subtraction ensures
that tightly meshed lines will have low dissimilarity to each
other. Then, the diagonal components in � are artificially set
to zero, and it is a symmetric and square matrix. Accordingly,
the K-medoids clustering algorithm [29] is applied to the �
matrix. This algorithm finds : centres, termed medoids, and
clusters the components around these centres. For each cluster,
a center (mediod) is one of the constituent components whose
average dissimilarity to all other points in the cluster is minimal
.Here, each line, represented by a row in �, is considered as a
component for the K-medoids clustering algorithm so that the
branches are clustered into a certain number of groups (here :
groups) and the centre (medoid) of each cluster is selected as
the place to install a module. Intuitively, when a selected line
for installing dsr modules becomes overloaded, the modules act
to reduce the line’s power flow and shift it to the other adjacent
lines (likely within the corresponding cluster) by imposing extra
impedance onto the line.
The only aim of finding these clusters is to locate the dsr

units across the network and no other functions are considered
for the determined clusters.

III. Test platform

From the repository at [30], 8 sample grids are selected for
this study. Firstly, for each test platform, all parallel lines are
merged and replaced with an equivalent line. Then, for each of
the grids 50 distinctive operational snapshots are leveraged from
[31] which allows us to investigate the proposed methodologies
across a wide range of grids, with each in a range of load and
generator dispatch conditions. Here, an operational snapshot for

a power system is considered as a specific load and generator
dispatch condition for the grid.
For all the grids, each snapshot is evaluated with and

without applying dsr modules by trying to initiate a cascade by
considering (z = 3) [32]. Three distinctive penetration ratios,
m, for dsr modules are considered under each snapshot. The
penetration ratio is defined as the percentage of the lines with
installed dsr modules within the grid. The three simulated
penetration ratios are 5%, 10% and 25%. Therefore, the database
includes 1600 different operational states which is a result of
the sum of 400 different operation states without applying dsr
units and the product of 8 sample grids, 50 different operational
snapshots, and 3 different penetration ratios.

A. Implementing the methodology

To implement the methodology presented in this paper, three
tool-boxes in matlab [33] are used. Test system data handling
and augmentation uses the matpower [34] tool-box. The novel
dc-pf presented in Section II-A is modelled using yalmip [35].
The cascading line outages are simulated using the matcasc
tool-box [21]. matcasc implements the simple but effective
algorithm explained in Section II-B to simulate the cascading
line outages. The applicability of matcasc was shown in [21]
and also, verified later in [16]. In this paper, matcasc uses the
specific (# − 3) contingency mentioned in Section II-B as the
triggering events. The original dc-pf component of matcasc
which is used to simulate the cascading failures is replaced with
a new dc-pf script created using the methodology proposed
in Section II-A to calculate line flows in the presence of dsr
devices. Therefore, whenever matcasc needs to run dc-pf
during simulating the cascading failures, the new script is run
instead of the original.
All of the scrips created to simulate the proposed method-

ologies of this paper and their related raw data can be found
in [36].

B. dsr specifications

By installing several dsr modules on a line, greater total
imposed impedance can be achieved [2]. Here, we assume the
dsr modules can increase the impedance of their corresponding
lines by an additional 40% above the original impedance.
This proportional increase assumption aligns with [3], [23].
Also, for simplicity, all branches in a system, including
transformers, are considered as potential sites for dsr modules:
the implementation aspects of such installations are considered
beyond the scope of the present work. Lastly, it is assumed
that the dsr units are activated if the line’s loading goes
beyond 80% of its thermal loading limit and beyond 100%, the
maximum capacity of the dsr is imposed. The dsr specifications
presented in Fig. 2 are set as follows: U = 0.8[<0G

8 9
, V = [<0G

8 9
,

-<0G
�

= 0.4-0
8 9
.

At each step of the cascading failures, if any lines with dsr
installed on turns to a radial line after updating the topology
of the grid, the dsr is deactivated. Radiality index presented
in Section II-C1 is used to detect the radial lines.
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Fig. 3. A sample clustering scheme for nesta_case29_ieee with m = 10%

IV. Results
A. Simulation results

At the first step, the clustering technique proposed in Section
II-C2 is applied to all sample grids to identify suitable sites for
the dsr modules. In Fig. 3, as an example, the result obtained
from the clustering methodology for nesta_case29_ieee
under m = 10% can be seen, visualised using the methodology
presented in [37]. Due to space shortage, the clusters found by
the methodology for all sample grids are not presented here
and instead, can be found in [36].
After locating dsr modules within all networks, the effects

of the modules on cascade propogation are investigated. For
each snapshot, first, as a base case, it is assumed that no dsr
is installed within the grid, and then it is assumed that the
dsr units are installed on the predetermined lines. The three
most heavily loaded lines are removed in each snapshot in at
attempt to provoke a cascading outage and the obtained results
are compared. It should be noted that if removing the first 3
lines does not lead to any further removals, the obtained results
are excluded from the simulation results.
The final load shedding percentages in the unaugmented

grids, averaged over all operational snapshots where cascades
occurred, are shown in the first column of Table I. The three
rightmost columns then show the effect of adding dsr in differ-
ent penetration ratios, recording the percentage point change
in the average load shedding. In this table, the improvement
and disimprovement and no change are colored with green,
red, and grey, respectively, and ?? denotes percentage point.
Here improvement means less load-shedding . Counting the
green cells in this table shows that in 11 out of 24 scenarios
the dsr units have mitigated the cascading failures’ average
damage. In 6 conditions they have made the conditions worse
and in 7 conditions they haven’t had any effects on the average
load-shedding.

While this table shows that in some cases the devices can be
helpful to mitigate the load-shedding caused by the cascades,
in general the changes are not very significant, neither in
the improvements nor in the disimprovements. It seems that
the initial intuition about the abilities of dsr to mitigate the
consequences of the cascading outages has been mistaken. Of
course, these data are averages and a small figure could obscure
underlying variance.
At the next step, we need to further explore the details of

the devices’ underwhelming effects on the cascading failures.

TABLE I.
The effects of dsr penetration on the average load-shedding for the

clustering methodology

Sample grid Average load shed Differential

m = 0% m = 5% m = 10% m = 25%
nesta_case29_ieee 11.68 % +2.21 pp -0.04 pp -2.63 pp
nesta_case30_as 2.46 % -0.27 pp -0.27 pp +0.65 pp
nesta_case30_ieee 7.1 % 0 pp 0 pp -0.56 pp
nesta_case39_ieee 11.85 % 0 pp -0.01 pp +0.21 pp
nesta_case57_ieee 12.25 % 0 pp +0.04 pp 0 pp
nesta_case73_ieee_rts 7.26 % -0.47 pp +0.3 pp -0.29 pp
nesta_case118_ieee 8.45 % -0.72 pp +0.99 pp -0.87 pp
nesta_case189_ieee 31.46 % 0 pp -1.9 pp 0 pp

To this end, in Fig. 4 the obtained results for each grid under
all operational snapshots where cascades occurred are available
for three metrics of cascade severity: the total number of
removed lines (a), the cascades’ steps count (b) and the final
amount of load-shedding (c). Each point in each scatterplot pane
encodes an operational snapshot, with its horizontal ordinate
denoting baseline performance, and vertical ordinate the post-
augmentation condition. It should be noted that two metrics,
removed lines count (a) and load-shedding (c), represent
tangible damage to the grid, whereas cascades’ steps count
(b) is a more abstract measure of cascade propogation depth.

From Fig. 4 one can immediately notice that across many
snapshots the devices have had minimal on no effects on
the cascading failures: most points in most panes lie on the
identity line diagonal. This finding was anticipated by Table
I. However, in a few conditions, significant improvements can
be noted. For example, in Fig. 4 (c) nesta_case29_ieee
and nesta_73_ieee_rts with m = 25%, there are some
situations where after the first outages, the cascades stopped
immediately and no further removals and load-shedding were
detected. For the same operational snapshots without dsr units
notable load-shedding and removals occur. On the other hand,
in a few conditions one may also detect some significant
disimprovements. For example, in nesta_case29_ieee with
m = 25% and nesta_118_ieee with m = 5% notable
disimprovement for the operational snapshots are apparent.
Thus, no specific consequences in terms of the damages can
be expected for applying the models.

Fig. 4 also shows nesta_case189_ieee is quite vulnera-
ble against the attacks. This could be due to the topology of
the grid, as it includes only a few non-radial lines. The average
of the radiality index for all lines of this grid is reported 0.93,
determining the structure is mainly radial. The attacks remove
some of the important non-radial lines, resulting in severe
damage to the grid.

From Table I and Fig. 4, in general, it seems that the devices
have made no consistent mitigation of the cascading failures
and this is in contrast with the initial intuition regarding their
abilities to arrest the propagation of line overloads.

B. Sensitivity analysis
1) Sensitivity to dsr locations: As the obtained results in

Section IV-A showed no major ability of the devices to arrest
cascading outages, it is necessary to verify if the underwhelming
performance is the fault of our placement methodology. In
this section, a more direct methodology, using the empirical
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nesta_case29_ieee

nesta_case30_as

nesta_case30_ieee

nesta_case39_ieee

nesta_case57_ieee

nesta_case73_ieee_rts

nesta_case118_ieee

nesta_case189_ieee

(a) Line removals (b) Cascades’ steps count (c) Load-shedding

Fig. 4. The cascades’ specifications comparison for the sample grids under different operational scenario

TABLE II.
The proportion of activated dsr for the clustering methodology,

averaged across all stages of all cascades

Sample grid m = 5% m = 10% m = 25%
nesta_case29_ieee 5.54% 7.72% 10.79%
nesta_case30_as 0.25% 0.53% 1.66%
nesta_case30_ieee 0% 6% 0.67%
nesta_case39_ieee 0% 2.02% 4.68%
nesta_case57_ieee 0% 0.86% 1.91%
nesta_case73_ieee_rts 8.34% 5.13% 3.12%
nesta_case118_ieee 20.55% 16.59% 8.2%
nesta_case189_ieee 0.5% 2.49% 2.66%

cascading simulation data, is applied, to see if explicitly
targeting dsr units onto lines known to be vulnerable can
enhance their efficacy. The goal of this empirical placement
methodology is to achieve more activation of dsr units during
the cascades. From the simulations in Section IV-A, the lines
that were most frequently outaged during cascading failures
(before applying any dsr modules) are directly identified. After
excluding the radial lines from the identified lines, as an attempt
to achieve more activation of dsr units during the cascades, the
devices are installed on these most frequently removed lines.
For instance, for m = 5%, the modules are installed on the top
5% of the most frequently removed lines and so on.
In Tables II and III, the averages of dsr module activation

TABLE III.
The proportion of activated dsr for the empirical methodology,

averaged across all stages of all cascades

Sample grid m = 5% m = 10% m = 25%
nesta_case29_ieee 25.68% 19.34% 16.06%
nesta_case30_as 2.58% 4.83% 4.72%
nesta_case30_ieee 6% 3% 3.82%
nesta_case39_ieee 19.02% 18.45% 9.27%
nesta_case57_ieee 2% 3.91% 5.19%
nesta_case73_ieee_rts 12.02% 15.17% 11.15%
nesta_case118_ieee 45.98% 40.91% 33.98%
nesta_case189_ieee 5.56% 3.25% 9.74%

counts during the cascades are presented and visualised for
the clustering methodology and the empirical methodology,
respectively. For instance, the top left element of Table II
tells us that in a typical stage of a typical cascade for
nesta_case29_ieee just 5.54% of the available dsr units
were activated. For both tables, darker blue infills denote greater
values. From these two tables, one can immediately note that the
empirical methodology increases the chance of the engagement
for dsr significantly in comparison with it for the clustering
methodology and therefore, the main purpose of the empirical
methodology is achieved. The generally low values in Table.
II might suggest that the underwhelming performance seen in
Section IV-A may stem from poorly sited dsr units failing to
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activate.
To explore this further, the percentage point differential

between the average of load-shedding before and after applying
the devices for the empirical methodology can be found in
Table IV. These results show that, even with a much greater
level of dsr activation, the effect on actual load shedding is still
slight, and the empirical siting methodology fails to majorly
improve on the earlier underwhelming results in Table I. The
situation for nesta_case39_ieee has somewhat improved,
and nesta_case29_ieee disimproved, with null or modest
gains evident for other systems.

2) Sensitivity to dsr parameters: In this section, the sensi-
tivity to the dsr parameters of the model presented in Fig. 2
is investigated for the obtained results . To this end, a new
set of parameters are chosen: U = 0.65[<0G

8 9
, V = 0.9[<0G

8 9
,

-<0G
�

= 0.35-0
8 9
.

The results in Table. V further indicate that our initial
intuition regarding the abilities of the dsr devices to arrest
cascading outages was wrong. This finding was also understood
before from the results in Table. I.

3) Sensitivity to the contingency type: This section provides
a further sensitivity analysis, by varying the type of triggering
contingency event. To this end, we simulate two additional types
of branch outage events for the full range of dsr penetration
levels across the 50 operational snapshots on the 8 test grids.
The dsr locations and parameters are per the initial clustering
siting methodology.
Firstly, we repeat the previous maximum loading branch

removal strategy but with (z = 2) rather than = 3, so that
the two lines with the highest mw flow are removed for each
snapshot of a particular grid. Removing a different number
of lines results in an altered topology for the grid after the
triggering attack and consequently affects the overall trajectory
of the cascades’ propagation. In this way, the efficacy of the
modules is further investigated with a different sampling of
potential cascade propagation pathways. The obtained summary
results for this new type of contingency can be found in Table.
VI. This table shows the modules are still not significantly
effective at arresting the cascades and further implies that our
initial intuition was not correct.

Next, we investigate if the homogeneous results are due to the
maximum loading based attack strategy chosen to trigger the
cascades. To this end, we carry out a new attack strategy based
on random removal of three lines (z = 3). However, as shown in
[32], purely random attacks are not usually damaging enough to
trigger a cascade. To address this issue, after randomly selecting
three lines to be removed, we first check to see if these lines’
removals triggers a cascade for the corresponding snapshot in
the baseline grid without dsr units installed. If not, another
three random lines are selected and this procedure continues
until we identify a set of three lines for every snapshot of every
grids whose removal is an initialising event with the ability
to trigger a cascade. These randomised removal attacks allow
a broad range of branches to be involved in the initialising
contingency for the cascade simulations. The efficacy of the
dsr to arrest the cascades with this new attack strategy is then
investigated and presented in Table. VII. Once again, the results
of this table reveal, as with the previously obtained results, that
the modules do not show a promising ability to arrest cascading

TABLE IV.
The effects of dsr penetration on the average load-shedding for the

empirical methodology

Sample grid Average load shed Differential

m = 0% m = 5% m = 10% m = 25%
nesta_case29_ieee 11.68 % +2.58 pp +3.1 pp +1.14 pp
nesta_case30_as 2.46 % 0 pp 0 pp +0.27 pp
nesta_case30_ieee 7.1 % 0 pp 0 pp +3 pp
nesta_case39_ieee 11.85 % -2.7 pp -5 pp -5.2 pp
nesta_case57_ieee 12.25 % 0 pp 0 pp -0.09 pp
nesta_case73_ieee_rts 7.26 % -0.4 pp -3.1 pp -3.3 pp
nesta_case118_ieee 8.45 % -1.7 pp -3.1 pp -2.6 pp
nesta_case189_ieee 31.46 % -0.96 pp -0.96 pp -0.96 pp

TABLE V.
The effects of dsr penetration on the average load-shedding for the
clustering methodology with different set of controlling parameters

Sample grid Average load shed Differential

m = 0% m = 5% m = 10% m = 25%
nesta_case29_ieee 11.68 % +3.32pp +0.35 pp -1.76 pp
nesta_case30_as 2.46 % -0.26 pp -0.26 pp +0.15 pp
nesta_case30_ieee 7.1 % 0 pp 0 pp -0.56 pp
nesta_case39_ieee 11.85 % 0 pp 0 pp +0.52 pp
nesta_case57_ieee 12.25 % 0 pp +0.04 pp 0 pp
nesta_case73_ieee_rts 7.26 % -0.15 pp -0.67 pp -1.06 pp
nesta_case118_ieee 8.45 % +2.4pp +2.4 pp +0.3 pp
nesta_case189_ieee 31.46 % +0.96 pp 0 pp +0.96 pp

failures.

C. Analysing the obtained data
This section presents some deeper analysis of the obtained

baseline data in section IV-A. First of all, arresting the propaga-
tion by dsr modules does not necessarily lead to less damage to
the grid. For example, in Fig. 4 for nesta_case57_ieee with
m = 25%, while after applying the modules the grid experiences
fewer outages and cascades, the damage to the grid does not
change. This is because the modules fail to prevent the major
outage(s) causing the damage. This important insight implies
that saving some lines by the modules during the cascades may
not be sufficient to mitigate the overall resulting damages.
Another important point is that applying dsr units may

change the pattern of the cascades propagation in comparison
with what it was for the original grid. The modules may push
back the power from their corresponding lines and redistribute
it onto other lines within the grid. The redistributed power could
stress the affected lines, resulting in changing the propagation
and its consequences. This fact implies that the propagation of
the cascades before and after applying the modules may involve
non-overlapping sets of lines. If the dsr saves at least one
line, the number of overlapping lines before and after applying
the modules will decrease. The uncertain consequences for
the grids in terms of the damages, either load-shedding or
removed lines, derives from the changes within these patterns.
For example, for nesta_case118_ieee with m = 25%, there is
a condition where applying the modules changes the propagation
pattern so that 91% of the removed lines overlap with the
removed lines in the cascades within the original grid. In this
specific condition, the load-shedding drops from 15.79% before
applying the modules to 5.52% after applying the dsr. Fig.
5(a) shows this comparison. For the same grid and m, there is
a situation where after applying the modules, the propagation
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(a) dsr change the propagation, resulting in less load-shedding (b) dsr change the propagation, resulting in more load-shedding

Fig. 5. Cascades’s propagation comparison for nesta_case118_ieee under two particular operational snapshots with m = 25% before and after applying dsr,
the dsr located using the clustering methodology.

TABLE VI.
The effects of dsr penetration on the average load-shedding for the

clustering methodology (z = 2)

Sample grid Average load shed Differential

m = 0% m = 5% m = 10% m = 25%
nesta_case29_ieee 8.88 % +3.56pp +0.26 pp +0.05 pp
nesta_case30_as 6.39 % +0.58 pp +0.58 pp +0.19 pp
nesta_case30_ieee 0.85 % 0 pp 0 pp 0 pp
nesta_case39_ieee 19.04 % 0 pp -0.28 pp -1.94 pp
nesta_case57_ieee 11.07 % 0 pp 0 pp 0pp
nesta_case73_ieee_rts 5.32 % -0.64 pp -0.24 pp -2.01 pp
nesta_case118_ieee 9.29 % -1.42pp +0.4 pp -2.22 pp
nesta_case189_ieee 27.71 % 0 pp 0 pp 0 pp

changes so that 49% of the removed lines overlap with the
removed lines in the cascades propagation for the original grid.
In this specific condition, changing the propagation pattern
increases the load-shedding from 3.98% within the original
grid for the same contingency to 20.89%. Fig. 5(b) shows this
comparison. Thus, changing the pattern of the propagation due
to the dsr effects results in uncertain consequences in terms
of the damage.

Furthermore, from Table. III, the greatest activation
averages are reported for nesta_case118_ieee and
nesta_case29_ieee, respectively. The corresponding
results of these two sample grids in Table. IV show while
significant improvements in load-shedding are reported
for nesta_case118_ieee under all values of m , sever
disimprovements in load-shedding for nesta_case29_ieee
under all values of m can be seen. This important fact, firstly,
entails obtaining more activated modules by applying different
installation methodologies does not necessarily result in
mitigating the cascading outages, and secondly, can be another
prove for the uncertain consequences following the changes in
the propagation pattern after dsr applications.

All of these remarkable findings reveal the dsr devices show
no promising abilities to arrest the cascading line outages.

TABLE VII.
The effects of dsr penetration on the average load-shedding for the
clustering methodology, applying the new random attack strategy

Sample grid Average load shed Differential

m = 0% m = 5% m = 10% m = 25%
nesta_case29_ieee 2.93 % +0.57pp -0.08pp -1.11 pp
nesta_case30_as 11.85 % 0 pp 0 pp +0.33 pp
nesta_case30_ieee 1.79 % 0 pp 0 pp -0.18 pp
nesta_case39_ieee 7.21 % 0 pp -0.55 pp -0.01 pp
nesta_case57_ieee 5.31 % 0 pp +0.19 pp -1.23 pp
nesta_case73_ieee_rts 1.5 % +0.23 pp -0.23 pp -0.08 pp
nesta_case118_ieee 6.12 % -2.68pp -2.61 pp -1.89 pp
nesta_case189_ieee 2.81 % 0 pp 0 pp 0 pp

D. Discussion

In this study, to evaluate the efficacy of the dsr units to arrest
cascades, we evaluated the modules on 8 different grids, each
of which under 50 distinctive operational snapshots. Then, we
carried out three different sensitivity analyses for the obtained
results, varying the modules’ siting methodology, the dsr
specifications and the contingency types. This broad-based
investigation resulted in simulating 7200 distinct contingency
events for the various grids. The results obtained from these
comprehensive simulations showed that, unlike the initial
intuition, dsr modules are not significantly effective at arresting
the propagation of cascading failures in most situations.

While Fig. 2 illustrates an idealised situation where dsr units
protect a network from cascading outages, the discouraging
simulation results imply that, in practise, such protective effects
only rarely arise.
Many factors may contribute to the underwhelming results.

A very important point to consider is that the propagation
of cascading outages within power systems is a non-linear
phenomena so that removing lines from the grid may have
very complicated effects on the other lines within the system
[15], [38]. In cascading failures we are dealing with a chaotic
phenomena and trying to intervene in a fractal type and chaotic
phenomena is not intuitive. The results of this paper further
support this important observation so that, despite the initial
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intuition about the potential efficacy of dsr, the intervention
through this specific kind of facts devices on cascading failures
is found to not be significantly successful. While application of
dsr in a targeted way may help with specific grid vulnerabilities,
their generalised addition to a power system does not appear
to reduce how ‘brittle’ a grid is.
Last but not least, although the efficacy of the dsr devices

against cascading failures was not found to be successful, the
devices stay quite beneficial in their regular applications such
as maintenance purposes and improving the loadability of the
grids.

V. Conclusion
In this paper, the ability of dsr modules to arrest the

propagation of cascading failures within power grids was
investigated. To this end, first, a new formulation for the dc
power flow calculations in the presence of the dsr units was
developed. In this novel formulation, an exact relaxation is
applied to model the problem using a socp formulation. Then,
a novel topological measure for power networks was suggested,
and a clustering methodology was introduced, to place the
devices evenly throughout the grids. The simulation results
showed that, unlike the initial intuition, the devices are not
significantly effective at arresting cascades in many cases. This
conclusion was further verified by a sensitivity analysis for
the dsr locations, which directly placed the dsr units on
those lines observed to suffer the most overloading during
cascades. Even with the advantage of such a ‘retrospective’
placement strategy, the efficacy of the dsr units remained
underwhelming. This could be due to the changes within the
pattern of the propagation after dsrs activation resulting in
uncertain consequences. A further sensitivity analysis, which
varied the type of the triggering contingency, likewise failed to
reveal any meaningful protective role afforded by the presence
of dsr modules. Cascading line outages are chaotic phenomena
where any interventions to control the propagation may lead to
unexpected consequences. This paper did not find compelling
evidence that making a power system less ‘brittle’ by installing
many dsr units is associated with less severe or less sudden
cascading failure dynamics.
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