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ABSTRACT: Power distribution utilities need to have an effective and suitable service restoration (SR)
plan to reconnect customers quickly after power outages. This article presents a heuristic bi-stage SR
algorithm that first re-energizes some of the loads fast by remote-controlled switches (RCSs) in the first
stage and then continues to restore the rest of the network in the second stage with all possible switching
actions using RCSs and manual switches (MSs). This study also includes finding the optimal Switching
Sequences (SSs) and the estimated energy not supplied (EENS) as an objective function. Moreover,
the proposed method is more attractive and practical because it considers the time of occurrence of the
failure and the daily load curve, the location of the load transfer capability, and the traffic conditions
of the network. In this method, repair crew (RC) and mobile power sources (MPSs) are also important
for the restoration process. The heuristic SR algorithm was tested on a standard IEEE 70-bus system in
different scenarios. The results showed a significant difference in the solutions to the problem and the
ENS in different scenarios. Lastly, it was concluded that this heuristic method would produce optimal,
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precise, and feasible solutions for SR in distribution networks.

Load shedding

1- Introduction

Most distribution networks operate by radial configuration
today; since it has lower costs, simpler design, easier
coordination of protection, and less fault currents than other
structures like ring networks. However, radial structure
distribution networks are not in the best condition in terms
of reliability and resiliency; so, a fault at any point of the
network even for a brief time, leads to the loss of energy of its
downstream load points [1].

According to statistics, the most common causes of faults
in distribution networks are weather conditions, improper
equipment operation, and car accidents. According to a
recorded statistic, the faults in the United States MV electrical
distribution network were the cause of 74% of Customers’
Minutes Lost (CML) equal to 20 min./cust.year. Therefore,
distribution networks are the most crucial reason for the
unavailability of electricity for customers [2, 3].

Since the rate of faults in the distribution network
is higher than other parts of the electrical grids and also
considering that most of today’s distribution networks have
radial configuration, a service restoration (SR) strategy in
post-fault conditions is one of the serious requirements of
electrical utilities [4]. Also, because conventional restoration
strategies cannot recover loads quickly enough, distribution
utilities require an advanced strategy for the resiliency of
their networks.[5]

*Corresponding author’s email: falaghi@birjand.ac.ir

After a power outage, the sooner the necessary action is
taken, the fewer power outages the customers will experience.
The following procedure is followed usually to restore power
in the event of a power outage:

* I- Accurate detection of the fault location

*  2-Isolation of faulty parts of the network

* 3- Power supply to upstream of the fault area

(upstream maneuver)
*  4- Power supply to downstream of the fault area
(downstream maneuver)

*  5- Repairing faulty equipment

*  6- Returning the status of the switches to the original

state (before fault)

In the subject of distribution systems operation, the above
set of actions is called service restoration (load restoration).

In today’s power distribution networks, after each power
outage, it usually takes a long time to find the fault location
and isolate it from the rest of the network (healthy areas).
After separating the fault area, the upstream and downstream
maneuvers also take up a lot of time. So, this process
may take up to hours on extended networks. However, in
advanced industries or critical customers, including hospitals,
water stations, traffic lights, important urban areas, and other
infrastructures related to the basic needs of human life, power
outages, even for a few seconds, can cause enormous economic
and social damages [6]. Also, due to the continuous growth
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of electrical loads and generations, the size and complexity of
distribution systems are increasing dramatically, increasing
the probability of fault and the number of customers affected
in these networks. Therefore, distribution utilities must
provide an effective service restoration program to restore
energy to customers as soon as possible and also achieve a
resilient grid.

Studies on the subject of SR have a relatively long
history. Perhaps the starting point of these studies goes back
to two studies conducted by Aoki et al. At the University of
Hiroshima, Japan, about 40 years ago [7, 8]. In these studies,
the aim was to reduce the out-of-service areas following
a fault by transferring part of the load to adjacent feeders.
In [7], referring to the disadvantages of exact optimization
methods such as time-consuming implementation, an
approximate approach to solve this problem called BLTA was
introduced. In [8], besides the network current constraints,
voltage constraints are also considered in the load restoration
solution. In this paper, two methods are introduced for small
and large networks. The second method, which is specific
to large and wide electrical networks, only achieves the
approximate optimal responses due to runtime considerations.
The principle of both techniques is integer programming.
This method was implemented on a real network and proved
to be practical.

Apart from the proposed method, researchers should pay
attention to the details of the problem and consider the aspects
affecting the problem; because considering some conditions
such as the daily network load curve or the time of fault
occurrence, affects the final solution of the problem. Here,
the aim is to make a comparison between some previous
studies and this article. Many considerations are effective in
solving the SR problem. The most important ones have been
selected and used for the method introduced in this article.
These considerations are:

A- Is it considered the possibility to restore only part
of the network loads (partial restoration) in severe loading
conditions?

B- Is it considered the possibility of load shedding?

C- Is it considered the possibility to transfer part of the
load from healthy areas to other feeders (Load transferring)?

D- Is the sequence of different switching actions precisely
considered? This switching also includes the Circuit Breaker
at the beginning of the feeder (i.e., upstream restoration).

E- Considering the real expected switching time (EST)
is one of the factors affecting the objective function value
and has a significant impact on the final solution. Is the EST,
which includes the time of displacement of the repair crew
from one point to another, considered?

F- Is it considered the time of occurrence of the fault and
its effect on the network loading conditions?

G- Is the position of the repair crew considered correctly?

H- For quick restoration, are priority customers
considered?

I- The presence of manual switches (MS) and remotely
controlled switches (RCS) is a requirement of today’s
networks. Are both of these suitably considered?
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J- Traffic conditions in the area are another factor
influencing the final solution. Has this been considered?

K- Did the research consider the Mobile Power Sources?

Table 1 compares the previous studies with the proposed
method of this paper (the list is sorted in order of the year
of publishing the articles). The last line expresses the
considerations included in this article.

In this paper, we present a new algorithm for efficient
service restoration in distribution networks. As compared
in Table 2, this algorithm has many advantages over many
other similar researches. In this heuristic algorithm, many
considerations and capabilities, such as network base
load, network traffic status, the position of repair crew,
the possibility of load interruption, the possibility of load
transfer, etc. have been considered. All of the above items
affect the final solutions to the problem and maybe more
importantly its applicability. In this paper, the concept of
expected switching time (ENS) is introduced to estimate the
time required to perform a service restoration operation and
calculate the amount of ENS. Also, we have introduced a two-
stage method for performing service restoration operations.
This enables utilities to supply a significant portion of the
loads in the fastest possible time after fault occurrence using
remotely controlled sectionalizing switches. In the last study,
after evaluating the impact of repair crew location on the
problem solutions, the best locations for the maneuver group
establishment are proposed. The main contributions of this
article can be summarized as:

*  Proposing a two-stage algorithm to recover part of

critical de-energized customers as quickly as possible.

»  Estimating the value of EENS by taking into account

the switching time.

*  Proposing the required switching action sequences.

*  Improving restoration process with repair crew and

mobile power sources.

* Reducing the dimensions and solution time of the

problem using a simplification method.

The rest of the article consists of the following sections:
Section II introduces the proposed method. In this section, in
addition to providing a flowchart and pseudo-code to explain
the proposed method, examples are used to further understand.
In section III, numerical studies and analysis of the results
obtained with the proposed algorithm are discussed. Section
IV and section V deal with conclusions and further studies,
respectively.

2- The Proposed Algorithm for SR

As mentioned in the previous section, the proposed
heuristic SR algorithm of this article is a bi-stage process that
restores part of loads in the first stage using RCSs, and all the
switches (RCS and MS) in the network are used to perform
a complete SR operation in the second stage. Fig. 1 shows
a concept of the proposed SR algorithm. As is seen, after a
fault or outage in the distribution network, the required data
is entered into the SR program; then it calculates the optimal
solution. In the following, the heuristic algorithm used for
the SR program will be presented. At first, an example of
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Table 1. Comparison between different research in the field of SR

A C D E F G H I J K
[9] v v
[10] v v v
[11] v
[12] v v
[13] v v v v
[14] v
[15]
[16] v
[]7] v v
[18] v
[19] v v v
[20] v v
[21] v
[22] v v v
[23] v v v v
gthuiZy v v v v v v v v v Y

Table 2. Different objective functions for the SR problem

Objective Function

Equations

Description

Minimize load not restored
[13,14,20]

Minimize switching
actions [10,21]

Minimize switching time
[12]

Minimize Energy Not
Restored [20,24]

Multi-objective [13,14]

min (TLS)=Z:IEQ S Xw, (1)

min (NS4)

min (ST)= Y. T5, @)

seQ),

min (ENS)= Y Ly, x Ty,
seQ),

“4)

This function only is useful when some loads need
to be shedded. Hence, a priority coefficient is
defined for each load, and the aim is to minimize
the amount of load interruption by considering the
priorities.

The aim is to minimize the number of switching
actions. Depending on the study, there may be
differences between the manual and the remotely
controlled switches.

The value of the objective function is the time
required to change the status of each switch.
Restoration time can be a function of switch type,
area traffic conditions, and repair crew location.

In this objective function, the initial amount of
energy not supplied equals to the energy lost
immediately after the fault.

The objective function can be a combination of the
above functions. This problem can be solved by
weighting the target functions or by using the
Pareto front.
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Fig. 1. A concept of the proposed SR algorithm

SR operation will be performed to provide an overview of
the used method. The proposed method will be described
later. This method includes several steps, the most important
of which are finding the proper switching combinations to
SR and finding the best switching sequence (SS). Before
beginning to introduce the proposed method, at the beginning
of the section, a comparison will be made between the various
objective functions in the SR problem.

2- 1- Objective functions

To design an efficient SR program, it is necessary to have
a suitable index for the evaluation of the solutions. Table 2
provides the most common objective functions used for the
SR problem. The TLS represents the total amount of loads
shedded, S, is the required power of the load L, and w, is
the priority factor of the load. N_indicates the number of
switching actions, T _1is the total time of the SR operation, M
represents the set of switches to SR and T *is the time required
to change the status of switch s. L® refer to the amount of
not restored load before changing the switch’s status (s is a
member of the solution M).

Among the various objective functions introduced, ENS
is more in line with SR objectives; because it is a combination
of both the Load Not Restored (LNR) and the Switching
Time (ST). In addition, this function considers the sequences
of switching actions. So, in this paper, the objective function
of the energy not supplied (ENS) is used.
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2- 2- An example for the heuristic method

In this section, the proposed SR algorithm will be
introduced by an example. In this method, according to the
location of the RCSs and MSs, Automatic Zones (AZ) and
Manual Zones (MZ) are defined as follows:

e Zone: A set including one or more load points and
lines surrounded by switches. The presence of a
switch inside the set (Zone) violates its definition.

* Automatic Zone (AZ): An area where all of its
surrounding switches are RCS.

* Manual Zone (MZ): An area where all of its
surrounding switches necessarily are not RCS (may
be RCS or MS).

e Fault Automatic Zone (FAZ): An AZ that includes
the faulty section.

e Fault Manual Zone (FMZ): A MZ that includes the
faulty section.

e Path: A set of sections providing a feeding route
between two points (for example, from a distribution
substation to one load point).

Fig. 2 shows the Automatic Zones (AZ1 and AZ2) and
Manual Zones (MZ1 to MZ6). The remotely controlled
sectionalizing switch is named ASI1, and the remotely
controlled maneuver switch is marked as AT1. The manual
sectionalizing switches are also shown by MS1 to MS4 and
the manual maneuver switch by MT1. The Cloudy area
includes the rest of the network feeders. Now assume that
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Fig. 2. A sample network for the proposed heuristic algorithm.

a fault occurs in the manual zone MZ1, i.e., the beginning
of the feeder. Therefore, AZ1 is the Automatic Fault Zone,
and MZ1 is the Manual Fault Zone. Following this fault, all
manual zones downstream of the FMZ, i.e., MZ2 to MZ6, or
the AZ2 automatic zone, will be without power. As mentioned
in the proposed algorithm, the restoration process is done in
two stages. In the first stage, remote restoration should be
completed using remotely controlled sectionalizing switches
and maneuver switches. At this stage, the aim is to restore
some customers as soon as possible. In the next stage, the
restoration should be completed manually. This stage may be
done using all sectionalizing and maneuver switches of the
network (either manual or remotely controlled types). So, in
the first stage, the AZ2 automatic zone is early restored using
the AT1 remotely controlled maneuver switch. However, to
isolate the fault zone, the AS1 switch is opened first, and
then the AT1 maneuver switch is closed. These two switching
operations are performed remotely by the utility operators.
Here the first stage of restoration (remote restoration) ends.

The second stage is manual restoration. At this stage, the
rest of the healthy areas of the network must be restored by
other available switches. Here, Manual zones are considered.
According to Fig. 3, there is only one other maneuver switch
in the network (MT1). Now it is possible to use the MT1
switch to restore the rest of the areas, i.e., MZ1 to MZ3. Since
the MT1 switch is manual, the repair crew must move to its
position to close it. MS1 must also be opened before MT1 to
isolate the fault zone. So, the final solution would be:

M1 =[AS1, AT1,MS1, MT1]

2- 3- Heuristic method procedure

In general, this algorithm consists of three main stages.
Each stage contains its respective steps.

Stage Zero: Receive network data including network
load points information, priority customers, lines, protection
equipment (circuit breakers, fuses, etc.), switching equipment

(maneuver and sectionalizing switches), fault location, daily
load curve, fault time, estimated repair time, repair crew
location, network operational and loading constraints.

Stage One: Remote Restoration (RR). In this stage, only
remotely controlled switches (RCSs) should be used to restore
a portion of the out-of-service loads in a very short time. This
stage consists of several steps as follows:

1-1- Classification of Automatic Zones (AZs), detection
of routes, and final load points.

1-2- Detection of Fault Zone (FZ), fault isolator switches,
and healthy out-of-service zones.

1-3- Detection of healthy out-of-service lines, and healthy
out-of-service load points.

1-4- Calculating suggested switch combinations and
creating the list Q..

1-5- For members of list Q,, apply load flow and check
network operational and loading constraints.

1-6- Make a list of combinations that meet the network
constraints (Q__ ). If in this step, no combination meets the
restrictions, it goes to steps 1-7; otherwise, it goes to 1-8.

1-7- Determining Load Shedding and creating a switching
list by considering load shedding and updating the list .

1-8- Sort the list in ascending order based on the objective
function (ENS).

1-9- Select the first member of the list to perform the
Stage-1 Restoration (RR).

Stage Two: Manual Restoration (MR). At this stage, all
possible switches, including RCSs and MSs, are used to
perform a complete SR. This stage is similar to Stage One
plus one more step as follows:

2-1- Classification of Manual Zones (MZs), detection of
routes, and final load points.

2-2- Detection of Fault Zone (FZ), fault isolator switches,
and healthy out-of-service zones.

2-3- Detection of healthy out-of-service lines, and healthy
out-of-service load points.

273



Q. Asadi et al., AUT J. Electr. Eng., 56(2) (2024) 269-290, DOI: 10.22060/eej.2024.22559.5549

@ —
MZ1 MZ2 MZ Mz4 MZ5 MZ6 ATT
@- L ] L L ] L ] 8- - - *—8—8—8—80—8—0—8 I: To Feeder? '|
Ms1 MS2 A MS3 Msa .
MT1 )
o~ A!
( To Feeder3 |

Fig. 3. Network configuration during repair operation (after MR).

2-4- calculating suggested switch combinations and
creating the list Q.

2-5- For members of list Q_, apply load flow and check
network operational and loading constraints.

2-6- Make a list of combinations that meet the network
constraints (Q__ ). If in this step no combination meets the
restrictions, it goes to steps 2-7; otherwise, it goes to 2-8.

2-7- Determining Load Shedding and creating a switching
list by considering load shedding and updating the list Q___ .

2-8- Calculate the best switching sequence and the value
of the objective function for each member of the list Q__ .

2-9- Sort the list in ascending order based on the objective
function (ENS).

2-10- Select the first member of the list to perform the
Stage-2 Restoration (MR).

Fig. 4 shows a flowchart of the proposed algorithm.
Also, in Algorithm. 1 a pseudo-code for the above stages is
presented.

2- 4- Simplification method

The calculation run time for the SR program may not be
tolerable in practice due to the introduction of a huge number
of variables. Moreover, the increasing the size of the networks
may deteriorate this situation; So, so the application of the
model may be limited in real applications. It is necessary to
use an equivalent simplification of the network for variable
reduction. Before describing the simplification methods,
some definition needs to be given [26,27].

«Zone: A group of loads/lines surrounded by switching
equipment. The presence of a switch inside the zone violates
its definition.

eAutomatic Zone (AZ): An area where all of its
surrounding switching equipment is RCS.

*Manual Zone (MZ): An area where all of its surrounding
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switching equipment is not RCS (may be RCS or MS)
necessarily.

Therefore, in stage A, the SR of the main grid (Fig. 5-a) is
performed only by including the automatic zones (Fig. 5-b),
and in the second stage (B) by including the manual zones
(Fig. 5-c) is summarized and fed into the problem solution.

3- Numerical Studies

In the previous section, the heuristic algorithm for solving
the SR problem in distribution networks was described in
detail. Using the algorithm introduced in the last section,
the service restoration problem will be applied to a sample
network. This study will be performed in multiple cases with
different considerations. First, the algorithm will be used for
the low-loading and heavy-loading conditions of the network.
Then a study will be conducted on the effect of the considered
base load on the solutions of the problem. As mentioned earlier
in this article, load transferring is another feature of SR. Many
electrical utilities prefer to use this option for transferring
loads from some healthy areas to other areas to deliver more
energy to the out-of-service areas; However, other [20] are
reluctant to use it; so their policy is based on not disturbing
healthy areas. Hence, this item will also be investigated in
this section. Next, considering that in different electrical
networks, distribution utilities consider different locations for
the establishment of the repair crew, the effect of the position
of the repair crew on the SR solutions will be investigated.
In addition to the above studies, it should be noted that in the
electrical networks, there may be some priority customers so
that sustainable electricity supply is essential to them, this is
also included in the proposed algorithm. The SR algorithm
should be such that load shedding, if necessary, involves no
priority customers; unless it is the last option.
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Fig. 4. Flowchart of proposed bi-level SR algorithm.
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3- 1- The study network

To implement the proposed method, a 70-bus distribution
network has been used [28]. This network has two sub-
transmission stations (busses 1 and 70), 4 MV feeders, 68
sections, eight maneuver switches, and 68 load points. Fig.
6 illustrates the daily load curve of the network. Fig. 7 also
shows the base configuration of the network, including the
position of the switches.

As mentioned, the proposed method for solving the
service restoration problem in this article is based on a bi-
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stage method. The first stage, called remote restoration (RR),
aims to restore loads as quickly as possible using remotely
controlled switches (RCS). In the second stage, called manual
restoration (MR), the goal is to restore all healthy out-of-
service areas using all available network switches (RCSs and
MSs). Fig. 8 shows the automatic zones (AZ) and manual
zones (MZ) of the studied network that may be used in the
first and second stages of SR, respectively. As can be seen,
the network has nine automatic zones (AZ1 to AZ9) and 37
manual zones (MZ1 to MZ37).
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3- 2- Time of fault occurrence (TFO)

One of the parameters affecting the SR problem is the
time of fault occurrence (TFO). In most previous studies on
SR, no attention was paid to the TFO. In this section, the aim
is to show the importance of this item. Hence, two different
studies have been conducted for SR. In the first study, it was
assumed that the fault occurred during the network low-
loading condition, and in the latter study, the same analysis
was performed for network peak hours (heavy-loading
condition).

A: Fault in low-loading condition

In this case, it is assumed that the fault occurred during
network low-loading hours. The time 9:00 a.m. is selected for
this case. According to the daily load curve of the network
(Fig. 6), in this case, the amount of total load is 0.494 p.u.

Fig. 9 shows the process of changing the network
configuration after performing the switching action for the
occurrence of a fault in line 1-2. In Fig. 9(a) the network
configuration after the fault occurrence in line 1-2 is shown.
The location of the fault is indicated by the intersection lines.
Given that the remote restoration (RR) stage is performed
first, it is necessary to identify the automatic zones (AZ).
These zones are marked with the letters AZ1 and AZ2. Zone
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AZ1 is the fault zone, and AZ2 is the healthy zone. Fig. 9(b)
shows the network configuration after restoring the AZ2 zone
by closing the remotely controlled maneuver switch 67-15.
As shown, the loads in the AZ2 area have been transferred
to feeder 4. The restored zones are marked in a different
color (green) in the figure. This is where the first stage of
restoration (RR) ends, and the manual restoration stage must
begin. Fig. 9(c) shows the manual zones of the network
before performing the manual restoration.

According to Fig. 9(c), it is clear that the manual zones
of MZ2 to MZ6 are healthy zones that should be energized.
The fault zone is also MZI1. Fig. 9(d) shows the network
configuration after restoring the MZ2 to MZ6 zones via the
9-38 switch.

Fig. 10 shows the trend of variations in the amount of
loads not restored (LNR) of the network after performing
switching actions for the SR. As mentioned, after the fault
occurs, the manual zones of MZ1 to MZ9 are without
electricity. The total load of these zones is 416 kW, and they
should be without electricity until the first switching action.
First, the restoration is performed remotely. After closing
the 15-67 switch, after the expected two minutes (1 minute
due to opening the remotely controlled switch 4-10 and one
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Table 3. Service Restoration results for low-loading conditions
Case Fault Remote SR Manual SR Sequence Min. EST (Min.) ENS Load Load
Location Sequence Voltage (kWh) Shedding Shedding

(p.u.) Switch

1 1-2 4-10—15-67 2-3-9-38 0.926 18 1286 - -

2 17-23 27-28—29-64 17-23—24-25—27-28—1-16 0.915 10 3148 - -

3 34-35 9-38—35-36 35-47—34-35—30-70—9-50 0.938 38 16994 - -

4 61-62 22-67—62-65  62-63—61-62—70-51—29-64 0.959 28 10621 - -

minute due to closing the switch 15-67), the remote zone
AZ]1 is restored, and the LNR value is reduced to 289 kW.
At this stage, it is the turn of manual restoration, and the 9-38
switch will be closed 18 minutes from the start of the outage
(2 minutes due to the previous switching operation, 2 minutes
to move the repair crew from their location to the switch 2-3
and 14 minutes to move the repair crew from switch 2-3 to
switch 9-38 location). So, manual zones MZ1 to MZ6 are
restored. Now, The LNR value of the network decreases to
49 kW after these switching actions. This value is equal to
the MZ1 zone load. This area should be out of service until
the repair operation is completed. Also, Fig. 10 shows three
different values for the ENS: the ENS value before closing
switch 15-67, the ENS value from previous switching action
15-67 until closing switch 9-38, and the ENS value from the
closing 9-38 until the repair is completed (after 240 minutes).
The total ENS value of the network for this fault condition is
equal to the sum of the three mentioned ENS values.

Table 3 shows the results of the SR program in different
fault cases. According to the table, it can be seen that for fault
case-1, after switching and restoration, the minimum voltage
in the network will be equal to 0.926 p.u. All switching

operations are expected to be performed in 18 minutes.
Fig. 11 also shows the network configuration after manual
restoration (restoration completion). Fig. 11(a-d) belong to
faults number 1, 2, 3, and 4, respectively. In the table, the
sequence of the switching is indicated by an arrow.

B: Fault in heavy-loading condition

In this section, it is assumed that the fault occurred at 7
P.M. Therefore, the base load is 0.873 p.u. Table 4 and Fig. 12
show the results of the SR program for this study. Figures (a-
d) belong to fault cases 1, 2, 3, and 4, respectively. Compared
with the results of the first case (low-loading condition), it
is observed that in this case, because the network is in peak
hours, it is necessary to shed (cut off) some loads during the
manual restoration stage. Also, for fault case 2 in the first
stage (RR), it is not possible to restore any load. Only some
loads are provided in the manual restoration stage, and the rest
of the load points (24, 25, 26, and 27) must be disconnected.
However, for the same fault case in the first study (low-
loading condition), first, part of the loads is restored in the
first stage of restoration, and the rest is fully restored in the
second stage (MR).
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Fig. 11. Final configuration of the network after SR in low-loading conditions. (a) — (d) are related to faults
1,2, 3, and 4, respectively.

According to what was studied here, it is necessary to
consider the time of fault occurrence (TFC) and include
it in the SR calculations; because the program’s output
solutions must be both optimally and technically possible.
This means that network load points should be provided as
much as possible and also be feasible following constraints
like line loading and voltage. For example, if an error occurs
during off-peak hours, but the peak-hour load is included
in the calculations, the program output will lead to a non-
optimal solution; because many loads may be interrupted
due to miscalculations. The second point is when the fault
occurred during peak hours, but the low-loading condition
was included in the calculations. In this case, the program
will provide an output that is not technically feasible (due to
non-compliance with voltage and current constraints).

3- 3- The effect of the repair crew location (RCL)

Knowing that the switching sequence (SS) has a critical
effect on ENS value, one of the factors that may affect the
SS is the repair crew location, i.e., the starting point of the
switching operation. To examine the importance of the RCL,
a study will be conducted in two modes. In the first mode, it is
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assumed that the RCL is in bus number 1. All previous studies
in this article were based on this assumption. In the second
mode, it will be assumed that the RCL is at bus number 70.
Table 5 and Fig. 13 show the results of the service restoration
program for the first mode (RCL=1). Table 5 and Fig. 14 also
show the results of the service restoration program for the
second mode (RCL=70). Figures (a-d) belong to fault cases
1, 2, 3, and 4, respectively. By comparing Tables 5 and 6, it
can be said that the RCL affects the solutions of the service
restoration problem. This is important from two perspectives.
First, the RCL must be properly incorporated into the service
restoration program to achieve the most appropriate (optimal)
switching sequence with the lowest ENS value. Second, due to
the importance of the RCL on the service restoration process
by reducing or increasing the amount of ENS, an optimal
location for the establishment of the repair crew should be
selected. So, it can be said that considering the location of the
repair crew according to the method of this article is effective
in the solution of the service restoration problem and leads to
finding a much more suitable solution than the studies that
don’t consider the RCL.
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Table 4. Service Restoration results for heavy-loading condition

Case Fault Remote SR Manual SR Sequence Min. EST (Min.) ENS Load Load
Location Sequence Voltage (kWh) Shedding Shedding

(p-u.) Switch

1 1-2 4-10—62- 2-3—4-5—-9-38 0.906 20 4507 3,4 4-5

65—22-
67—67-15
2 17-23 17-23—16-1—62-65—22- 0.926 13 5270 24,25, 27-28
67—27-28—29-64 26,27
3 34-35 36-35—38-9 35-47—34-35—30-70—48- 0914 39 26575 47,48 48-49
49—50-9
4 61-62 62-65—522-67  62-63—61-62—70-51564-29 0.925 28 18769 - -

-
1

R

@ (b)
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I .
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Fig. 12. Final configuration of the network after SR in heavy-loading conditions. (a) — (d) are related to faults 1, 2, 3,
and 4 respectively.
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Table 5. SR results in the case of RCL=1
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Case Fault Remote SR Manual SR Sequence Min. EST (Min.) ENS Load Load
Location Sequence Voltage (kWh) Shedding Shedding
(p.u.) Switch
1 1-2 4-10—15-67 2-3—9-38 0.926 18 1286 - -
2 17-23 27-28—29-64 23-17—25-24—27-28—1-16 0915 10 3148 - -
3 34-35 35-36—9-38 35-47—34-35—30-70—9-50 0.938 38 16994 - -
4 61-62 62-65—67-22  62-63—62-61—51-70—29-64 0.959 28 10621 - -
Table 6. SR results in the case of RCL=70
Case Fault Remote SR Manual SR Sequence Min. EST (Min.) ENS Load Load
Location Sequence Voltage (kWh) Shedding Shedding
(p.u.) Switch
1 1-2 4-10—15-46 2-3—59-38 0.922 49 8744 - -
2 17-23 27-28—29-64 24-25—27-28—23-17—1-16 0.915 36 9920 - -
3 34-35 35-36—9-38 34-35—30-70—35-47—9-50 0.938 23 8272 - -
4 61-62 62-65—22-67  62-61—51-70—62-63—29-64 0.959 18 6022 - -

1
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(d)

Fig. 13. Network Configuration after SR in the case of RCL=1
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Fig. 14. Network Configuration after SR in the case of RCL=70

3- 4- Optimal placement of the repair crew

In the previous sections, the effect of the repair crew
location on the solution to the SR problem, and the value
of ENS as the objective function of the problem, were
investigated. Due to the significant impact of the RCL on
the ENS, in this section, the goal is to find the best place
for the repair crew base. In this study, all network buses
are candidates for repair crew locations. For this purpose,
objective functions should be defined as follows [29]:

min (ENS) = min {zbeﬁ)br Z/en,i zseﬂm L x Ty } (%)

min (ST) = min {zbsBZfeFCz:sM TZS}

(6)
s.t.
vn,min < vn < Vn,max (7)
11, (8)

M=n,—1 ©9)

SeQ,, (10)

Objective functions (5) and (6), respectively, are the
minimum value of ENS and the minimum switching time,
constraints (7) and (8) are related to voltage and current
limitations, respectively. constraint (9) is related to the
radiality constraint of the distribution network and (10) is
selected so that the solution meets the technical and safety
constraints of the network.

By implementing the objective functions and constraints
mentioned above in the SR program, ENS and expected
switching time (EST) values for each candidate point were
calculated and compared with each other. These results are
shown in Fig. 15. It can be seen that the best candidate point in
terms of the objective function (minimum ENS) is bus number
15 with a value of 195613.1 kWh and the worst candidate
point is bus number 69 with a value of 302619 kWh. Also,
considering the objective function as the minimum EST, bus
67 with 839 minutes and bus 69 with 1154 minutes are the
best and worst candidate points, respectively.
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Bus No. 1 2 3 4 5 6 7
ENS (kWh) 245279 244612
ST (Minutes) 986 981

15 16
ENS (kWh) 237485 228508 225749
ST (Minutes) 945 942 933

29 30 3 32
ENS (kWh) 240343 232451 229046
ST (Minutes) 997 973 931

43 44 45 46

8 9 10 11 12 13 14

ENS (kWh) 228064 228453 241500 246597 237064 230489 225470 223788 245585
ST (Minutes) 949 963 1005 1005 997 967 953 942 1013

57 58 59 60 61 62 63

ENS (kWh) 235804 229167 221394 243477 224030 219561 235522 248089

ST (Minutes) 987 963 925 1005 943 923 984

64 65 66 67 68 69 70

21121 246299
1029

1038

Fig. 15. ENS and switching time (ST) values for different repair crew candidate locations
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(b)

Fig. 16. Heatmap diagram of the candidate points based on the objective functions of the minimum ENS
(a) and the minimum EST (b).

Fig. 16 shows the heatmap diagram of the candidate points
based on the objective functions of the minimum ENS and the
minimum EST. By comparing the two figures, a meaningful
relationship is observed between the ENS objective functions
and the minimum EST.
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3- 5- Mobile Power Sources

In this section, we will examine the importance of Mobile
power sources (MPSs) presence in the network. For this
purpose, two different studies will be conducted. In the first
study, the network is low-loading, and in the second, the
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Table 7. Service Restoration results in low-loading conditions.

Case Fault Remote SR Manual SR Mobile Min. EST ENS Load
Location  Sequence Sequence Resource Voltage  (min.) (kWh)  Shedding
(p.u.)
1 1-2 4-10—15-67 2-3—9-38 0.926 18 1286 -
2 17-23 27-28—29-64 17-23—24-25—-27- 0915 10 3148 -
28—1-16
3 34-35 9-38—35-36 35-47—34-35—30- 0.938 38 16994 -
70—9-50
Table 8. Service Restoration results for heavy-loading condition.
Case Fault Remote SR Manual SR Mobile MG Min. EST ENS Load
Location Sequence Sequence Resource  Buses Voltage  (min.) (kWh)  Sheddi
(p-u.) ng
1 1-2 4-10—62- 2-3—4-5—9-38 - - 0.906 20 4507 3,4
65—22-
67—67-15
2 17-23 - 17-23—16- 26 25, 26, 0.926 13 4150 -
1—-62-65—22- 27
67—27-28—29-
64
3 34-35 36-35—38-9  35-47—-34- 48 47,48 0914 39 25875 -
35—30-70—48-
49—50-9

network is heavy-loading. We will see that in heavy-loading
situations when the network is facing a huge amount of load
demand, the presence of MPSs can greatly help restore the
service.

A-Low-loading conditions

Fig. 17 illustrates the load restoration process for the first
case as listed in table 7. (Fig. 17-a) shows the state of the
network after fault occurrence. It is comprehensible that in
this situation, the load points 2-15 and 68-69 are without
service. The highlighted parts show the restored loads. In
(Fig. 17-b), using remote control switches 4-10 and 15-
67, most of the outaged loads are recovered. In (Fig. 17-c),
first, the maneuver repair crew dispatched to switch 2-3 and
changed its position to open and then referred to switch 38-9
and closed it. At this stage, other outaged load points are also
restored. Only load number 2 remains without electricity
service because it is located in the faulty area. As mentioned
in Table 7, this process takes 18 minutes to complete and the
amount of ENS will be equal to 1286 kWh.

B-Heavy-loading conditions

In the following study, we assumed that the fault occurred
when the grid was in heavy-loading hours. The results of this
study are presented in Table 7 and Fig. 18. According to Table
8, in fault case 1, loads 3 and 4 should be interrupted so that
it is possible to recover the rest of the loads. In fault case 2,
loads 25-27 have been supplied by a mobile power source
(MPS) and forming a microgrid. The rest of the loads have
been supplied through the main grid. In fault case 3, the MPS
is connected to bus 48 and supplies a microgrid including
loads 47 and 48. The rest of the loads will be recovered from
the main network after 39 minutes. Fig. 18 shows the ultimate
configuration of the network after the service restoration
operation for each of the fault cases. The each of highlighted
areas connected is served from the same substation.

In Fig. 19 profiles of voltage for fault case 1 in four
different situations are depicted. It is clear that in all fault
cases, the voltage values in all buses of the network remained
within the allowed range (for example here 0.9-1.05 p.u.);
except the interrupted buses (with voltage =0).
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(a): fault case 1; (b): fault case 2; (c): fault case 3.

IS

. [ B
* =
» p !
Feeder 3 Bus 70 Feeder 4

286

(c)

Bus 70 Feeder 4

Feeder 2 Bus 1

16 o
17 ¢

Feeder 4



0. Asadi et al., AUT J. Electr. Eng., 56(2) (2024) 269-290, DOI: 10.22060/eej.2024.22559.5549

1.01

0.99

0.97

0.95

0.93

0.91

0.89

0.87

0.85

A

1 35 7 9111315171921232527293133353739414345474951535557596163656769

e | 0w |0ading & before fault

High loading & before fault

e | oW |0ading & after restoration

e High loading & after restoration

Fig. 19. Profile of voltage (p.u.) for fault case 1 in different scenarios

4- Conclusion and Future Works

This paper introduced a novel heuristic algorithm for the
service restoration (SR) problem in electrical networks. The
algorithm was tested on an IEEE benchmark distribution
network. The first study investigated the impact of the time of
fault occurrence on the solution. It showed that this factor was
essential for the SR program, as it led to different solutions in
low-loading and heavy-loading scenarios. The second study
evaluated various potential locations for the repair crew and
recommended optimal ones. The proposed algorithm used
the energy not supplied (ENS) as the objective function
and the Bi-Stage SR method to lower ENS. It could obtain
optimal and feasible solutions that met the network operation
constraints.

The following are some possible future research directions
in this area:

1-  Distributed energy resources (DERs) are widely
used in distribution networks nowadays. The use of these
resources in various forms, such as wind, solar, geothermal,
etc., is growing rapidly. These resources have many benefits
and challenges for distribution networks. They may influence
the service restoration issue. This paper did not address this
issue, so it is advised that the SR problem with distributed
generation sources be studied more effectively.

2-  This paper assumed that only one repair crew
carried out the service restoration switching actions. Some
companies may employ multiple repair crews at the same
time for different switching actions for various reasons, such
as restoring loads faster after faults. The coordination among
these crews is an important issue that may reduce ENS value
if handled properly and efficiently.
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