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Abstract The incoming challenge of the energy transition will strongly involve the distribution system
operators (DSO). The rising importance of the electricity source, the growing urban populations, and
the use of alternative energies are only some of the key factors that will transform rapidly DSOs. The
need to manage unpredictable flows will transform DSOs from pure distributor to dispatchers. In this
context, grid resilience will become crucial to ensure the continuity of electrical service in urban areas.
Shortening service restoration, thanks to technology upgrading, will improve resilience. Therefore, optimal
sizing and positioning of automatic and remote-controlled switches, as well as knowledge of the effect of
operational variables on the grid, will become essential for a DSO. Many studies have been conducted
so far using heuristic approaches. However, the complexity of these problems grows exponentially with
large grids. Consequently, numerical approaches are not suitable for operational development-planning and
maintenance interventions. In this work, we derive a simple approximate analytical model which allows to
make a prediction of the penalties that the DSO will pay due to user disconnections. The model relies on
key constitutive and operational variables, and enables its application to optimize grid development. The
model’s simplicity brings the operators working on the grid closer to the problem. Moreover, its analytical
nature aims to raise awareness about the relationships among the main variables responsible for the fault
selection.

1 Introduction

It is expected that by 2050, around 70% of the pop-
ulation will live in cities. This demographic transfor-
mation will represent a big challenge for urban centers:
they will need to find solutions for energy, meeting sus-
tainability,and growth concepts. In this context, two
major issues arise. First, the rapid increase of renewable
energy sources introduces more unpredictability in the
power grid. Second, the weight of the electricity system
as critical infrastructure for development, safety, and
quality of life in industrialized countries is growing.

Over the years, critical infrastructures have become
increasingly complex and interdependent, and the mal-
function of one of these can cause real inconveniences.
Interdependencies between critical infrastructures have
been modelled. Several stress tests, using simulation
tools, have demonstrated the essential role that elec-
trical grids play in the functionality of other public
services [1]. Indeed, any failure in the electrical ser-
vice could lead to the interruption of activities in the
industrial, domestic, and health worlds [2,3]. Preventive
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maintenance and the ability to react promptly when a
breakdown is detected are extremely important.

In addition, service interruptions can lead to produc-
tion losses, restart costs, equipment damage, and cus-
tomer dissatisfaction [4]. Distribution system resilience,
defined in [5] as “the ability to withstand and reduce the
magnitude and/or duration of disruptive events, which
includes the capability to anticipate, absorb, adapt to,
and/or rapidly recover from such an event”, is, there-
fore, essential for both citizens and utilities.

To incentive utilities to improve their distribution
service, regulators adopt Performance-Based Schemes
(PBS) [6]. They rely on grid’s performance benchmarks
which measure the average user interruption. The most
common indicators are: System Average Interruption
Index (SAIDI), System Average Interruption Frequency
Index (SAIFI), and Momentary Average Interruption
Frequency Index (MAIFI) [6]. PBSs reward or penalize
utilities for good or poor resilience, which inevitably
becomes crucial for utilities.

In a typical radial distribution system, a failure of
any component will cause an interruption for all loads
downstream and upstream of the faulty zone, until the
faulty portion is identified and isolated to allow service
restoration. Hence, fault detection, location, and isola-
tion are pivotal building phases to shorten restoration
time after an outage and reduce the number of users
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impacted by the fault [4]. Consequently, improving the
efficiency of these phases boosts resilience indexes. A
first approach to improve resilience is by developing
methodologies to accelerate the fault location phase
[7]. Though this approach surely improves resilience,
it has a limited impact on the isolation procedure,
which mainly relies on grid switching technology. This is
where remote-controlled and automated secondary sub-
stations (SS) play a crucial role. Indeed, these are rec-
ognized as one of the most effective technological solu-
tions adopted by utilities to significantly improve ser-
vice restoration, as they can speed up or automate both
fault detection and isolation. The main issues for the
application of this solution rely on the determination of
the number, location, and type of remote-controlled and
automated devices to be installed throughout the grid’s
SSs. It results in a combinatorial constrained optimiza-
tion problem [8], whose complexity grows exponentially
with the number of SSs on the grid.

Due to the nature of the problem, most of the exist-
ing publications propose a mixed integer linear pro-
gramming (MILP) approach [7–10]. Although miscel-
laneous objective functions have been constructed to
address the problem, almost all those works propose
meta-heuristic approaches. These solutions may not be
adequate when dealing with large grids. In this con-
text, we believe that the analytical approach proposed
in this paper and meta-heuristic methods complement
themselves synergistically. Indeed, this method allows
to easily compute approximate optimal solutions that
can be used to narrow the search space of the most
accurate numerical models. Moreover, the approximate
analytical model can be used by a DSO to quickly carry
out useful preliminary planning.

Literature on this topic can be broadly cataloged
with respect to the cost function used in the optimal
automation devices allocation problem.

An overview of the main previously mentioned mis-
cellaneous cost functions suggested by literature to
model the optimal automation devices allocation prob-
lem is proposed. In [9–11], the cost to users due to long-
term interruptions is taken into consideration. In [12,
13], the cost due to short-term interruptions is added
to the cost function. The papers [14,15] directly con-
sider resilience indexes optimization (MAIFI, SAIFI,
and SAIDI) explicitly. The cost of new automation
devices is considered in [13] and [16]. In [10], the reloca-
tion cost of the existing automated SSs is also consid-
ered. Moreover, in [10], the cost of Distributed Genera-
tors, load curtailment possibility, and operational con-
straints (voltage and thermal) are also contemplated in
the cost function. Another cost function criteria used to
determine the optimal composition and placement of
automated SSs are loss minimization and load equal-
ization [9]. In [17], the authors pursue the minimiza-
tion of total expected energy not served. Most of these
approaches do not deal with the uncertainty of many
operational factors that impact grid’s reliability [18],
for this reason in [16] the uncertainties in loads, fail-
ure rates, and interruption duration have been consid-
ered (triangular fuzzy numbers). In [12], authors pur-

sue allocation optimization adding the cost of mainte-
nance to the model. In [19], researchers develop a model
with the objective of minimizing the investment, oper-
ation, maintenance, and unreliability costs. Along with
this last approach, various asset management strate-
gies in the distribution grids based on short-term, mid-
term, and long-term time scales are proposed in [20]. A
multi-objective decision-making condition-based main-
tenance model is proposed in [21]. The theory of life
cycle asset management within the cutting-edge tech-
nology in smart grid is analyzed in [22].

Another distinction among existing studies entails
the specific heuristic algorithms used in the implemen-
tation. In [23], the proposed mathematical problem
based on a multi-objective formula is solved with a
genetic algorithm. In [24], a commercial simulator is
used after the formulation as a mixed integer convex
programming problem. In [16], a fuzzy mixed integer
linear programming algorithm is applied. In [11], the
costs of allocation and energy not supplied are min-
imized using a memetic algorithm with a structured
population. In [25], authors solve the problem with
multi-objective particle swarm optimization algorithm.
In [26], a method to reach a sub-optimal solution apply-
ing an algorithm that works in polynomial time and
relies on a logarithmic approximation ratio of the max-
imum number of load zones in a feeder is proposed.
In [27], an immune algorithm optimal allocation that
chases the minimization total cost of user disservice and
cost of automation devices is used. In [28], a simulation
tool, able to assess electrical grid resilience, is recog-
nized to be particularly suited to provide sub-optimal
automation positioning, selected using heuristic strate-
gies.

Due to their complexity, DSOs are not used to apply-
ing numerical models for macro-planning to orient their
budget. Indeed, simpler cost–benefit evaluation meth-
ods are adopted. The numerical models are mostly used
to address and optimize specific interventions once the
macro-plannings have been assigned.

We strongly believe that the analytical approximated
approach, which is proposed in this work to model the
fault restoration process, gives a new useful supplemen-
tal tool for the DSO to better plan its interventions.
Indeed, it represents an optimal compromise between
the forecast precision, which can be given by a complex
numerical model and the operating simplicity proper of
a simple cost–benefit analysis mostly based on flat aver-
age values. The proposed analytical model can be thus
used by a DSO to better orient its budget when deal-
ing with strategic scenarios of long period investment
planning. At the same time, it can be used to narrow
the search space of the most accurate numerical models
which are used to program specific interventions on the
grid.

The paper is organized as follows. First, we present
an overview of the medium-voltage service restoration
process (in Sect. 2). Then, we calculate the complex-
ity of the allocation optimization problem for heuristic
approaches (in Sect. 3). Finally, we present the analyt-
ical failure impact-model derivation (in Sect. 4) and its
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operative application is discussed and compared to real
data (in Sect. 5). Concluding remarks are in Sect. 6.

2 Electrical distribution grids’ background

Most of Medium-Voltage (MV) distribution grids
present structural loops even if they are usually exerted
radially (Fig. 1). The meshed structure implies that
each SS, also referred in the following as node, can be
fed at least by two alternative ways generally powered
from two different Primary Substations (PS) (see Fig.
1). Radial operation implies that only one of the possi-
ble supply paths can be active during operation. Mean-
while, the other supply route (guaranteed by feeders
alternative to the main one, also called counterfeited
feeder) works as a back-up in case of failure on the
main feeder. The counterfeited feeder can be activated
through the closure of an appropriate switch installed
on the edge SS, which determines the endpoint between
a feeder and its counterfeited feeder (see Fig. 1).

The MV feeder topology is determined by the sta-
tus of the switches in each node. Each SS is gener-
ally equipped with at least three MV switches. Two
switches interconnect the actual node with the SS sited
upstream (in switch) and downstream (out switch). The

third one interconnects the MV busbar to the MV/LV
transformer feeding the Low-Voltage (LV) user under-
lying the SS.

There exist three different kinds of switches: man-
ual switches, which require the intervention on field of
a human operator in the SS to be operated; remote-
controlled switches, which can be maneuvered remotely
by an operator through a suitable telecommunication
network; and automated switches, which do not require
any human intervention to operate.

When both the in and out switches of a given SS are
closed, the actual node is fed by the upstream SS and
it feeds all the downstream nodes of the feeder until
the edge SS (represented in Fig. 1) which has its out
switch open. When a feeder’s branch failure occurs (see
Fig. 2), the appropriate opening of the switches present
in the upstream and downstream SS allows the section-
ing of the faulty part of the feeder; while the reclosure
of the out switch on the edge SS allows the repowering
of the portion of the feeder downstream of the fault.

The fault-selection process is divided into three
sequential phases: field automatic selection (0–1 s),
remote-control selection (1–15 min), and field manual
selection by Work Force Management (30–90 min).

Automatic phase can be performed by a unilateral or
a bilateral approach. When dealing with the unilateral

MVHV Low Voltage
(LV) user

Medium
Voltage
(MV) feeder

Secondary
Substations
(SSs)

Primary
Substation
(PS)

Edge SSs

Counterfeited
Medium Voltage
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PS
PS

PS

PS

Fig. 1 Medium voltage distribution grid scheme
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Fig. 2 Fault isolation
procedure by repowering
from the counterfeited
feeder

solution, a fault event on a feeder brunch determines
the tripping of the first switch upstream of the fault
(if there are no automatic switches present in the SSs
upstream of the fault, the switches in the PS will auto-
matically open). This automation is carried out on a
purely chronometric basis and does not need to estab-
lish any communication among the automated SS, and
it is able to select only the faults that occur down-
stream of a switch (by preserving the upstream por-
tion of the feeder to its disconnection). The repowering
of the portion downstream of the fault is not oper-
ated automatically and needs to go through further
phases. Otherwise, when dealing with a Bilateral solu-
tion, the switches along the feeder are enabled to com-
municate with each other, so that the automatic proce-
dure is able to repower both the portions of the feeder
upstream and downstream of the automatic switches
that select the fault. Once the automatic phase is con-
cluded, the remaining fault isolation is conducted with
a trial and error procedure aimed to repower half of
the still unpowered portion of the feeder at each step.
This procedure is usually referred to as dichotomous
procedure.

Remote-controlled phase is performed by opening
one of the switches of one of the nodes which divides
into two portions the unsupplied segment. Remotely,
an attempt to reset the tripped switch to repower the
first portion of the segment is done. If this first por-
tion remains supplied without a new trip of the switch
upstream of the feeder, it means that the fault is down-
stream of the node on which the operator has inter-
vened remotely. Otherwise, if the switch trips again, it
means that the fault is on the upstream portion of the
node on which the operator has implemented the inter-
ruption. This dichotomous search algorithm: disconnect
in the middle and look for the fault between the two
unsupplied portions (dichotomies) will continue until
the remotely controllable SSs are exhausted.

Manual phase finally operates the final reduction of
the faulty portion with complete repowering of the
users. It takes place by manually operating the switches
in the field by means of teams of operators sent to the
SSs. Also, in this case, a dichotomous procedure is oper-
ated with the only difference that the manual handling
and the movement between the SSs will require much
more time than the reduction in remote control.

3 Computational complexity analysis

To motivate the development of an analytical model, a
brief derivation of the computational complexity of a
brute force approach is presented herein. A brute force
approach (also called exhaustive search) consists in cal-
culating the results of all possible candidates for a prob-
lem solution, checking their values, and choosing the
optimal one.

The optimal allocation problem depends on the
determination of the number and location of remote
and automatic switches among the nodes. Each trans-
formation of a manual node into a remote-controlled or
automated one results in a different fault risk reduc-
tion. The objective of the problem is to maximize the
benefit obtained with those transformations in terms of
grid’s fault reduction. The risk of a branch fault can be
defined as the product between the branch fault rate
and the fault’s impact. The fault impact depends on
the distribution of the users subtended to the nodes
involved by the fault and the service restoring proce-
dures.

The above-mentioned brute force approach applied
to this case would consist in determining all the
benefits of transforming the manual switches into
automation/remote-controlled ones, for all the nodes
in a feeder (with a given budget and operational con-
straints). Then, the optimization procedure needs to be
repeated feeder by feeder.

By defining NM ,NR and NA as the total amount
of electric SSs in an electric feeder that allow man-
ual, remote-controlled, and automatic maneuvering,
respectively, an assigned set of the three variables
NAi

, NRi
, NMi

will be referred as the ith fundamental
set-up of a given feeder.

By defining NTOT = NM + NR + NA, the total
amount of SSs in the feeder, the number of fundamental
set-up for a feeder NFS can be calculated as

NFS =
(NTOT + 2) (NTOT + 1)

2
. (1)

Equation (1) can be easily understood considering
the Gauss sum of the first NTOT + 1 fundamental set-
ups. In Fig. 3 part (a), all the fundamental set-ups
of a feeder having 4 SSs are shown in the (NR, NA)
plane. The total number of set-ups can be obtained by
adding NTOT + 1 rows having a length ranging from 1
to NTOT + 1.
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Fig. 3 Example of fundamental set-up: a representation for NTOT = 4 → NFS = 15; b enumeration of all the 12
configurations of the fundamental set-up M2R1A1

The ith NFS fundamental set-ups will be described
with the following notation: MNMi RNRi ANAi . For
example, a feeder with 6 nodes of which 2 are remote-
controlled and 1 is automated will be described as
M3R2A1.

For the ith fundamental set-up, the NAi
+ NRi

+
NMi

= NTOT SSs can be distributed along the feeder
in different orders. Each possible order will be referred
as a configuration. The number of possible configura-
tions ncnf

i for the ith fundamental set-up is a permu-
tation with repetitions and can be calculated using the
multinomial coefficient

ncnf
i =

(
NTOT

NAi
, NRi

, NMi

)
=

NTOT!
NAi

!NRi
!NMi

!
. (2)

Finally, using the multinomial theorem, it can be
shown that the total number of possible configurations
in a feeder having NTOT SS is

NFS∑
i=1

ncnf
i =

NFS∑
i=1

(
NTOT

NAi
, NRi

, NMi

)
= 3NTOT . (3)

The complexity of the whole grid can be calculated
by adding the complexity of each feeder given by (3)
for all the feeders in the grid.

As an example, the 15 fundamental set-ups obtained
for NTOT = 4 are represented as the black dots in Fig.
3 part (a).

For each dot is shown in yellow text the number of
configurations associated with the corresponding funda-
mental set-up calculated according with (2). It is easy
to verify that the sum of the 15 values written in the
black dots yields the value 81 = 34 as stated by (3).
As an example in part (b) of Fig. 3 are enumerated the
4!/(2!1!1!)=12 configurations associated with the fun-
damental set-up M2R1A1.

It is interesting to note that, apart from the eleventh
one, none of the 12 configurations enumerated in Fig.
3 part (b) has particular symmetries. The symmetry
of the eleventh configuration makes it particularly effi-
cient. Indeed, the number of operations necessary to
select a fault for this symmetrical configuration is inde-
pendent of the branch on which the fault occurs. It can
be understood that this is equivalent to saying that this
symmetry minimizes the average number of manouvres
necessary to select a fault on any branch of the feeder.

In Sect. 4, it will be shown how this special symmetry
can be used to derive a useful analytical model.

Given a fundamental set-up for each configuration,
it is necessary to calculate the total risk given by the
sum of all feeder’s branch risks and choose the configu-
ration with the lowest risk. The risk associated with
a single component is calculated by multiplying the
impact related to the failure of the component in terms
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RR AA A RR AR R

Fig. 4 Graphical representation of the model assumptions. Automatic, remote-controlled, and manual SSs are represented
in blue, yellow, and green, respectively

of total minutes of disconnection suffered by the users
(and/or in terms of disconnected users) by the failure
rate of the component itself. For each of the fundamen-
tal set-ups, there is one configuration that minimizes
the associated risk. By choosing the minimum value
among the risks underlying the optimal configuration
for each fundamental set-up, it is possible to design the
optimal automation conjunction in terms of underlying
risk reduction. Based on the previous discussion, it is
possible to understand that this configuration capable
of minimizing the risk is connected to the symmetry
of the feeder as mentioned in the previous part of this
section.

Once the previous risk calculation has been
addressed, it is simple to build the optimal sizing and
location problem by simply introducing the installa-
tion and maintenance cost of automatic and remote-
controlled switches that reduce the risk of a given
feeder.

In accordance with previous arguments, the compu-
tational complexity of the brute force approach to the
stated problem solution increases exponentially with
growing dimension of the grid. It is therefore useful to
adopt complexity reduction strategies.

In this work, an analytical model, capable of exploit-
ing the positive characteristics of the symmetries of the
feeders, is developed.

4 Derivation of the proposed model

4.1 General definitions

To introduce the failure’s impact-analytical calculation
model, all the assumptions needed to derive the model
are first stated. In this work, it is assumed that all the
constitutive variables are uniformly distributed along
the feeder. More precisely, it is supposed that each
SS of the feeder has the same amount of users USS,
the NA automated SSs are uniformly distributed along
the feeder and theNR remote-controlled and theNM

manual SSs are dichotomously distributed between two
adjacent automated SSs. The previous assumptions
allow simplifying the peculiar topological structure of
each feeder. These hypotheses take for granted that all
portions of a feeder with a given number of nodes have
the same behavior in terms of fault isolation. It is also
assumed that each branch has the same failure rate.
Although these assumptions seem restrictive, it should
be noted that a well-designed feeder must tend to a uni-
form distribution of all the presented quantities along
the feeder. In this way, a modelled feeder tends to rep-

resent the ideal case. The previously presented assump-
tions are resumed in Fig. 4.

Obviously, these assumptions are necessary to derive
an analytic closed form of the model and introduce
consistent approximations of reality. However, most of
those are also DSO’s drivers used to design and oper-
ate on the feeders. To have a first measure of the
impact introduced by these approximations, paragraph
5.2 shows a comparison between the fault impact pre-
dicted by the model and the real impact cumulated in
a set of real fault occurred in 2020 on areti grid.

According to Fig. 4, the number of branches Bisl
R+M

that belong to the automation island (i.e., the por-
tion of the feeder to be repowered after the end of
the automatic selection phase using remote and manual
maneuvers—see yellow/green boxes in Fig. 4) is

Bisl
R+M =

NTOT

NA
. (4)

Assuming that all the automated SSs have automatic
switches in both the input and output side of the feeder,
the users of each automated SS will be always auto-
matically repowered and the number of SSs N isl

R+M

that belongs to the remote and manual island (see yel-
low/green boxes in Fig. 4) is

N isl
R+M = Bisl

R+M − 1. (5)

Similarly, considering that an automated SS can be
also remote-controlled, the number of branches Bisl

M
that belongs to the manual island (i.e., the set of
branches to be repowered in the manual selection
phase—see green rectangle in Fig. 4) is

Bisl
M =

NTOT

NR + NA
. (6)

Assuming that all the remote-controlled SSs have
remote-controlled switches in both the input and out-
put sides of the feeder, the users of each remote-
controlled SS will be always repowered during the
remote-control phase, implying that the number of SSs
N isl

M that belong to the manual is

N isl
M = Bisl

M − 1. (7)

If all the manual SSs have manual switches in both
the input and output sides of the feeder, the users of
each manual SS will be always repowered during the
manual phase, implying the complete selection at the
fault.
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Fig. 5 Dichotomous
structure scaling with
incremental complexity

The derivation for an ideal bilateral automated feeder
fault-selection is first presented. Then, the unilateral
automated feeder case is derived by adding an extra
term to the bilateral case. Finally, the non-ideal cases
that consider the non-dichotomous structure of a feeder
and the non-ideal effectiveness of the automatic and
remote-control technologies are briefly discussed and
will be extended in future works.

In the proposed model, the edge SS of each given
feeder is assumed to be automated (i.e., NA>=1).
This requirement is needed to keep the symmetry of
the feeder given by the presence of the PS automatic
breaker, which fed the first SS. It should be noted that
NA =1 implies that in case of bilateral automation the
automatic SS will just repower its own users (by com-
mutating both its automatic upstream and downstream
switches); while in the case of unilateral automation the
last SS, cannot operate automatically, and it will work
as a remote-controlled one.

To evaluate the number of steps needed to repower
the whole feeder, we assume, after the end of the auto-
matic phase, the use of a dichotomous fault-selection
procedure that at each step halves the number of dis-
connected branches in a hierarchical way using remote-
control and manual maneuvers. The application of the
dichotomous procedure requires the feeder to have a
special structure that can be derived using the recur-
sive procedure described in Fig. 5.

According to the dichotomous structure shown in
Fig. 5, the number of steps sR+M needed to repower
the entire feeder using remote-controlled and manual
maneuvers is equal to

sR+M = log2(B
isl
R+M ) → Bisl

R+M = 2sR+M . (8)

Similarly, the number of manual steps needed to
repower the manual island after the remote-control
phase depends on the number of branches Bisl

M as

sM = log2
(
Bisl

M

) → Bisl
M = 2sM . (9)

The number of remote-controlled steps can be calcu-
lated as

sR = sR+M − sM . (10)

Using (8) and (9), the following relation can be found:

Bisl
R+M

Bisl
M

=
2sR+M

2sM
= 2sR → Bisl

R+M = 2sRBisl
M .

(11)

It is important to remark that the duration of each
step must be understood in the medium sense, since
during the application of the dichotomous procedure, it
may happen that a circuit breaker is closed on failure.
In this case, it is necessary to retrace one’s steps and
isolate the other half of the feeder, effectively lengthen-
ing the halving of the disconnected section.

The number of SSs Nout
i disconnected during the ith

step of the dichotomous procedure is

Nout
i =

Bisl
R+M

2i−1
− 1 for i = 1, ..., sR+M . (12)
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It is possible to derive Sout
R+M as the cumulated

number of the SS interruptions needed to completely
repower the entire automated island by means of the
dichotomous procedure during the remote and manual
selection phase

Sout
R+M =

sR+M∑
i=1

Nout
i =

sR+M∑
i=1

(
Bisl

R+M

2i−1
− 1

)

=
sR+M−1∑

j=0

(
Bisl

R+M

2j
− 1

)
. (13)

Considering (10) and the geometric series summa-
tion, (13) becomes

Sout
R+M = 2Bisl

R+M

(
1 − 1

2sR+M

)
− sR+M

= 2 (2sR2sM − 1) − sR − sM . (14)

Similarly, it is possible to deriveSout
M as the cumu-

lated number of the SS interruptions needed to com-
pletely repower the manual island during the manual
selection phase

Sout
M =

sR+M∑
i=sR+1

Nout
i =

sM−1∑
j=0

(
Bisl

R+M

2j2sR
− 1

)

=
sM−1∑
j=0

(
Bisl

M

2j
− 1

)
= 2 (2sM − 1) − sM .

(15)

4.2 Ideal case impact model

Using the previous definitions, it is now possible to
derive the model of the three impact Key Performance
Indicators (KPI) T , U and D describing the total time
needed to complete the service restoration, the total
number of disconnected users during the fault, and the
cumulated duration of all users disconnection. U KPI is
the base for the calculation of SAIFI index, whereas the
D KPI is the base for the calculation of SAIDI index.

An analytical derivation of the three KPIs for both
the bilateral and the unilateral case is described in the

following. As shown in Fig. 6 when a fault occurs in the
ith automation island of a feeder having the bilateral
automation the automatic switches suddenly commu-
tate to select the nodes sited between the closer auto-
matic SSs located upstream and downstream the fault
respectively.

In this case, the TBil impact defined in terms of total
time spent to completely restore the users of the feeder
depends on the set-up times t0R and t0M and the spe-
cific inter-maneuvering time tR and tM associated with
the remote-controlled and manual phases, respectively,
as

TBil = (t0R + tRsR) + (t0M + tMsM ). (16)

Similarly, the UBil impact defined in terms of the
total number of users disconnected by the fault can be
obtained as

UBil = USSN
isl
R+M = USS(2sR2sM − 1). (17)

The DBil impact defined in terms of the sum of
all user interruption durations can be now derived by
adding the corresponding set-up and inter-maneuvering
impacts for both remote-controlled and manual phases.
The calculation of set-up impact is elementary, while for
the inter-maneuvering impact, we can consider the sum
of the SSs interruption calculated (13) and (15) applied
to both the remote-controlled and manual phases each
one multiplied by its own inter-maneuvering time

DBil = USS

(
t0R N isl

R+M + tR
(
Sout
R+M − Sout

M

)
+t0M N isl

M + tMSout
M

)
= USS (t0R (2sR2sM − 1) + t0M (2sM − 1)

+tR (2 (2sR − 1) 2sM − sR)
+tM (2 (2sM − 1) − sM )) . (18)

As shown in Fig. 7, the unilateral automation
instantly reduces the fault, so that the interruption is
limited to the branches downstream the first automated
SS that is found upstream the fault.

This means that the fault will be in the automation
island located between the automated SS, which reacts
to the fault, and the next one.

Oppositely to the bilateral scenario, in the unilateral
case, the remote-control room should isolate the island

1st aut islandith aut islandNA
th aut island

Users repowered by automation

Open by 
automation

A AA A A AA A

Users repowered by automation

Open by 
automation

Close by 
automation

Fig. 6 Fault isolation in a bilateral automation scenario
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1st aut islandith aut islandNA
th aut island

Users who suffer extra disconnection time before dichotomous
procedure on the ith automation island can start

Users repowered by automation
without any extra time

Open by 
automation

Open by 
remote 
control

Close by 
remote 
control

A A AA A AA A

Fig. 7 Fault isolation in a unilateral automation scenario

affected by the fault, by repowering all the users down-
stream of the automation island affected by the fault
before the dichotomous procedure can start.

According to the previous arguments, the TUni impact
of the unilateral configuration can be calculated by
adding to the TBil impact the inter-maneuvering time
tR needed to operate remotely the counterfeited SS, as
shown in Fig. 7

TUni = TBil + tR. (19)

The number of users involved in the extra remote-
control step when a fault happens on the ith automa-
tion island is

U ext
i = USS

(
i
(
N isl

R+M + 1
))

= USSiB
isl
R+M . (20)

In this case, the fault impact in terms of the num-
ber of SSs involved in the extra remote-controlled step
depends on the location of the automation island where
the fault occurs. Indeed, when the fault occurs on the
ith automation island, there will be i automated islands
and i automated SSs involved in the extra remote-
controlled step (see Fig. 7).

This consideration leads to assuming the U impact
of the unilateral automation as the average of the regis-
tered impact of all the possible fault scenarios (this can
be done, because it has been assumed a uniform fault
rate among the different fault scenarios).

The UUni KPI for the unilateral automation is

UUni =
1

NA

NA∑
i=1

U ext
i =

1
NA

NA∑
i=1

USSiB
isl
R+M

= USS

Bisl
R+M

NA

NA∑
i=1

i

= USS

Bisl
R+M

NA

(NA + 1) NA

2

= USS2SR+M
(NA + 1)

2
= (UBil + USS)

(NA + 1)
2

. (21)

The latter term of (21) shows that the unilateral
automation behaves mostly as the bilateral one when
NA =1 (i.e., when the edge SS is the only automated SS
in the feeder). The additional term USS represents the
users of the edge SS who must be remotely repowered
from the operating control room.

To derive the D impact for the unilateral scenario,
it should be understood that all the users involved in
the extra remote-control step suffer an additional inter-
maneuvering time tR before the feeder is brought back
to the conditions of the bilateral automation scenario.
Consequently, the unilateral D KPI can be obtained by
adding the bilateral one with an extra term

DUni = DBil + UUnitR

= DBil + USS2sR2sM
(NA + 1)

2
tR.

(22)

4.3 Non-ideal case discussion

The exact dichotomous structure, assumed in this paper
for simplicity of derivation, is infrequent in real grids,
although they are usually designed to approximate the
ideal structure (it can be intuitively understood that
it is the best choice to optimize the partitioning of the
fault-selection problem).

It can be understood that each pair (sR, sM ) is biuni-
vocally related to a dichotomic feeder, as shown in Fig.
8, where the case NTOT = 8 is depicted.

Indeed, it can be realized that a fault on a branch
of a generic feeder having the same number of SS that
can be isolated using sR remote-controlled steps and
sM manual steps is locally equivalent to the dichotomic
feeder associated with the pair (sR, sM ).

The previous arguments can be used to show that
the impact of a non-dichotomic feeder having the same
number of SS can be calculated as the weighted average
of dichotomous feeders by choosing for each branch the
impact associated with the locally equivalent dichoto-
mous feeder.

Figure 9 illustrates an example of a non-dichotomic
feeder having 4 branches described by the dichotomic
feeder associated with the pair (2,1) and the remaining
4 branches described by the dichotomic feeder associ-
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sM

sR1

1

2
A

A

A

A A

A

A

A

MMMMMMM

MMMRMMM

MRMRMRM

RRRRRRR
30

0

2

3 (sR , sM)

(0 , 0)

(1 , 0)

(0 , 1)

(2 , 0)

(1 , 1)

(0 , 2)

(3 , 0)

(2 , 1)

(1 , 2)

(0 , 3)

A AMMMMMM A

A ARRRRRR A

A AMMMM AA A

A ARRRR AA A

A AAA A AAAA

A AMRMMRM A

No dichotomy needed

Pure remote-control dichotomy

Mixed remote-control manual dichotomy

Pure manual dichotomy

M0R0A8

M0R4A4

M4R0A4

M0R6A2

M4R2A2

M6R0A2

M0R7A1

M4R3A1

M6R1A1

M7R0A1

Fig. 8 Biunivocal relation between (sR, sM ) pairs and dichotomic feeder

A

A A

A

MMMRMMM

MRMRMMNon-dichotomic

(1 , 2)

M

A AMRMRMRM(2 , 1)

Fig. 9 Non-dichotomic feeder as weighted average of
dichotomous feeders

ated with the pair (1,2) resulting in an impact equal to
the mean of the two associated feeders impacts.

It is interesting to note that similar considerations
can be made to study the effectiveness of technologies
installed on a feeder. Indeed, it can be easily realized
that the example shown in Fig. 9 can be also inter-
preted as not working remote-controlled SS of the (2,1)
dichotomic feeder downgrading to a manual one. Alter-
natively, the failure of automated or remote-controlled
SSs can be roughly modelled with a simple variable
change: NA → ηANA ; NR → ηRNR where ηA and
ηR represent the efficiency of Automatic and Remote-
control SSs, respectively. The efficiencies are defined as
the percentage of automatic and remote-controlled SSs
correctly operating during a selection with respect to
the total number of NA and NR present on the feeder.

5 Application of the model

5.1 Application to a realistic scenario

In this section, an illustration of the model applied by
areti spa to the feeders of the electrical grid of Rome—
to make considerations about the planning of remote-

controlled and automatic switches installation—is illus-
trated.

The proposed scenario presents a feeder having 8 SSs
and a realistic set of parameters values obtained by
means of suitable statistics on historical real data and
summarized in Table 1.

The impact DBil given by (18) is calculated for each
of the 10 possible dichotomous configurations existing
for NTOT =8 (see Fig. 8) and listed in Table 2 as a func-
tion of the remote-controlled and manual steps needed
to repower the feeder during the dichotomous proce-
dure.

It is crucial to remark that the proposed model allows
to focusing on 10 configurations only instead of using
the 38 =6.561 possible configuration existing for an 8
CS long feeder.

Finally, the DBil impact normalized by its max value
(i.e. when all the SS are manually maneuvered) and
plotted as a function of the number of remote-controlled
and manual steps needed to completely repower the
feeder is shown in Fig. 10.

It should be noted that the plotted function presents
an exact value only for integer values of sR and sM .
Those points are highlighted in Fig. 10 with small
ellipses on the surface and labelled with the value
assumed by the function in that points.

Based on Fig. 10, it can be realized that the sim-
ple upgrading from manual to remote-controlled of the

Table 1 Realistic parameter set adopted for the calcula-
tions

NTOT t0R t0M tR tM

8 1 45 4 10
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Table 2 DBil of the 10 dichotomous configurations obtained for NTOT = 8: (a) absolute, (b) normalized by max, and (c)
fundamental set-up

3%00132343 M7R0A1

sM
2 178 210

sM
2 41% 49%

sM
2 M6R0A2 M6R1A1

1 56 70 102 1 13% 16% 24% 1 M4R0A4 M4R2A2 M4R3A1

0 0 5 19 51 0 0% 1% 4% 12% 0 M0R0A8 M0R4A4 M0R6A2 M0R7A1

0 1 2 3 0 1 2 3 0 1 2 3
sR sR sR

)c()b()a(

Fig. 10 Normalized DBil

for an 8 SS long feeder

0,49

0,41

0,13

0,16

0,24

0,12

0,04
0,010,00

middle SS will result in a 51% reduction of the DBil

impact with respect to the pure manual configuration,
whereas the automation of the same SS will result in a
benefit of 59%.

Moreover, the result of automating three of the seven
manual SSs (benefit 87%) is approximately the same
as remote-controlling all the seven manual SS (benefit
88%).

Finally, alternating remote-controlled and automated
SSs along with the feeder results in only 99% of DBil

impact reduction.
The previous statements are summarized in Table 3

where the benefit of upgrading a specified number of
manual SSs in remote-controlled and automatic ones is
listed.

To choose the best upgrade intervention, it is impor-
tant to consider together with the benefit the cost of the
intervention. This cost can be considered linear with the
number of transformed manual SS taking care to con-
sider that the cost of an automated SS is higher than
that of a remote-controlled.

Finally, the objective function F (sR, sm) to minimize
can be obtained by adding the cost of the penalties
associated with the impact of a given feeder with the
cost of the technological intervention used to mitigate
the impact as follows:

F (sR, sM ) = πDDBil (sR, sM ) + πRNR (sR, sM )
+πANA (sR, sM ) , (23)

where πD, πR, and πA represent the cost of a minute
of impact, the cost of the transformation of a manual
SS in a remote-controlled one, and the cost of the trans-
formation of a manual SS in a remote-controlled one,
respectively. The dependence on the variables (sR, sM )
of the number NR and NA can be obtained using (4),
(6), (8), and (9).

The solution of the stated problem is obtained by
finding the pair (sR, sM ) which minimizes (23) among
the 10 dichotomic configurations listed in Fig. 8.

5.2 Real fault–impact versus model-forecast.

To validate the analytical approach proposed, a com-
parison among the fault impact predicted by the model
and the real-impact registered during the faults that
occurred upon the areti grid during year 2020 and
already certified to the authority is presented.

The comparison has been proposed for the UUni and
DUni impact indicators of the unilateral automation
only. This is because the bilateral automation is a new
technology still being installed on areti’s grid and there
are not yet historical fault-impact values available for
the comparison. However, we guess that the prediction
accuracy of the unilateral model is an underestima-
tion of the accuracy reachable by the bilateral model.
Indeed, unlike the bilateral automation model (which
is exact under the given assumptions), the unilateral
model estimates an average of all the possible impacts
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Table 3 Benefit obtained from the upgrading of manual SSs in remote controlled and automated ones

Before upgrade After upgrade MAN→REM MAN→AUT benefit %

FS (sR, sM ) Dbil% FS (sR, sM ) Dbil%

M7R0A1 (0,3) 100% M6R1A1 (1,2) 49% 1 0 51%
M6R0A2 (0,2) 41% 0 1 49%
M4R3A1 (2,1) 24% 3 0 66%
M4R0A4 (0,1) 13% 0 3 87%
M0R7A1 (3,0) 12% 7 0 88%
M0R4A4 (1,0) 1% 3 4 99%

Fig. 11 Comparison between impact-model forecast and real data: a Uuni b Duni

scenarios, which depend on the position of each fault
along the feeder.

To perform the comparison, a set of feeders has been
selected according to the following requirements. Each
selected feeder must present at least one fault that
occurred during the year 2020 and the fault must not
present events non-predictable by the model (e.g., con-
temporary multiple faults on a feeder).

According to the previous criteria, the comparison
has been performed considering 145 real feeders belong-
ing to areti grid, which represents around 10% of the
entire grid. It should be noted that in about 60% of
the 145 feeders, there was more than one fault in 2020.
In these cases, the average of the KPI of all the faults
that occurred on the same feeder has been considered
for comparison.

In Fig. 11 part (a) and (b) are shown the real fault
impact average of the selected feeders (blue line) versus
the model prediction (red line) for UUni and DUni KPIs,
respectively. Feeders are ordered for descending UUni

impact calculated by the model. The impact variables
are normalized by the maximum impact calculated by
the model.

The Pearson’s correlation and the average error
between the real data and the model prediction for UUni

are 92% and 16,5%, respectively; whereas the Pearson’s
correlation and the average error between the real data
and the model prediction for DUni are 74% and 35,5%,
respectively

As expected, the prediction is more accurate for UUni

than for DUni impact. Indeed, the duration impact
strongly depends on uncertain variables related to the
restoration sequence (e.g. traffic, human operator reac-
tion time, etc.)

As already discussed, we believe that the analytical
models are complementary to the more complex and
precise numerical ones; indeed, the lack of accuracy is
compensated by their simplicity and can help the DSO
in its preliminary strategic planning.

6 Conclusion

The incoming challenge of the energy transition will
strongly involve the Distribution System Operators
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(DSO), especially when dealing with an urban con-
text. In this context, optimal sizing and positioning of
both automatic and remote-controlled switches and the
knowledge of the effect of operational variables on the
grid will become crucial, to assure the resilience of the
entire urban system.

We strongly believe that the analytical approximated
approach, which is proposed in this work to model the
fault restoration process, gives a new useful supplemen-
tal tool for the DSO to better plan its interventions.

In this work, we have presented a new approach to
the evaluation of the impact due to a fault in terms
of: total time T needed to complete the service restora-
tion, total number of disconnected users U, and sum of
all user-interruption durations D (where U and D are
at the base of the SAIFI and SAIDI indexes). These
KPIs for the impact reduction have been derived for the
bilateral automation case and they have been extended
to the unilateral automation one. To obtain an ana-
lytical model, the idealistic hypothesis of the dichoto-
mous structure of the feeder has been assumed. Nev-
ertheless, the way to extend the obtained results from
the dichotomous feeder structure into a more general
uniform distribution of remote and automated SSs has
been discussed. Moreover, the model has been extended
to the case of non-ideal effectiveness of automated and
remote-controlled switches. The model offers a way to
analyze the variation of the KPI impact as a function
of input variables, enabling to drive operational, main-
tenance, and grid development interventions. Finally, a
simple application of how the model can be used for grid
development planning and to drive investment planning
is discussed.
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18. J. Nahman, D. Perić, Distribution system performance
evaluation accounting for data uncertainty. IEEE Trans.
Power Del. 18, 694–700 (2003)

19. O.K. Siirto, A. Safdarian, M. Lehtonen, M. Fotuhi-
Firuzabad, Optimal distribution network automation
considering earth fault events. IEEE Trans. Smart Grid
19(2), 1010–1018 (2015)

20. R.P.Y. Mehairjan, D. Djairam, Q. Zhuang, J.J. Smit,
A.M. van Voorden, Statistical life data analysis for elec-
tricity distribution cable assets—an asset management
approach. In: IET and IAM Asset Management Confer-
ence (2011)

21. H. Wang, D. Lin, J. Qiu, L. Ao, Z. Du, B. He, Research
on multiobjective group decision-making in condition-
based maintenance for transmission and transformation
equipment based on D-S evidence theory. IEEE Trans.
Smart Grid 6(2), 1035–1045 (2015)

22. M. Cheng, Y. Zeng, R. Niu, Y. Chen, Study on the
model of advanced asset management in smart grid.
In: 4th International Conference on Electric Utility
Deregulation and Restructuring and Power Technolo-
gies (DRPT) (2011)

23. H. Zaki, R.A. Swief, T.S. Abdel-Salam, M. Mostafa, A
new distribution system performance approach to the
switch allocation problem under smart grid framework.
In: E3S Web of Conferences (2018)

24. S. Lei, J. Wang, Y. Hou, Remote-controlled switch allo-
cation enabling prompt restoration of distribution sys-
tems. IEEE Trans. Power Syst. 33, 3129–3142 (2018)

25. A. Zeinalzadeh, A. Estebsari, A. Bahmanyar, Multi-
objective optimal placement of recloser and sectionalizer
in electricity distribution feeders. In: IEEE International
Conference on Environment and Electrical Engineering
and 2019 IEEE Industrial and Commercial Power Sys-
tems Europe (EEEIC / I&CPS Europe), pp. 1–4 (2019)

26. Y. Xu, C.-C. Liu, K.P. Schneider, D.T. Ton, Placement
of remote-controlled switches to enhance distribution
system restoration capability. IEEE Trans. Power Syst.
31(2), 1139–1150 (2016)

27. C.-H. Lin, H.-J. Chuang, C.-S. Li, M.-Y. Huang, C.-W.
Huang, Optimal placement of line switches for distribu-
tion automation systems using immune algorithm. IEEE
Trans. Power Syst. 21, 1209–1217 (2006)

28. A. Tofani, G. D’Agostino, A. Di Pietro, S. Giovinazzi,
M. Pollino, V. Rosato, S. Alessandroni, Operational
resilience metrics for complex inter-dependent. Appl.
Sci. 11(13), 1–28 (2021)

123


	Analytical fault impact-model for the electrical grid
	1 Introduction
	2 Electrical distribution grids' background
	3 Computational complexity analysis
	4 Derivation of the proposed model
	4.1 General definitions
	4.2 Ideal case impact model
	4.3 Non-ideal case discussion

	5 Application of the model
	5.1 Application to a realistic scenario
	5.2 Real fault–impact versus model-forecast.

	6 Conclusion
	Author contribution statement
	References
	References




