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Abstract
With the increasing demand for electricity, power distribution utilities must provide an efficient and appropriate Service Restoration (SR) strategy to restore customers as soon as possible after power outages. The heuristic SR algorithm presented in this article is a bi-stage algorithm that initially re-energizes some loads quickly by remote-controlled switches in the first stage and then proceeds to restore the rest of the network in the second stage. In addition to solving the restoration problem in a bi-stage algorithm, determining the optimal Switching Sequences (SSs) and applying the Energy Not Supplied (EENS) as objective function included in this study. Also, taking into account the time of occurrence of the failure and the daily load curve, the position of the maintenance team, load transfer capability and the traffic conditions of the network has increased the attractiveness and practicality of the proposed method. The heuristic SR algorithm was applied on a standard IEEE 69-bus system in various scenarios. The results indicated a significant difference in the solutions of the problem and the ENS in different scenarios. Finally, it was found that using this heuristic method would lead to optimal, accurate, and applicable solutions for SR in distribution networks.
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Sets:
	Ωrcs
	Sets of remotely controlled switches.

	Ωaz
	Automatic Zones

	Ωfz
	Fault zone

	Ωt1
	switch combinations

	Ωscomb
	list of combinations that meet network constraints

	Ωseq
	list of sequences that meet the network constraints

	Ωms
	Sets of manual switches.

	Ωmz
	Manual Zones

	Ωt2
	switch combinations

	Ωat
	Automatic tie

	Ωmt
	Manual tie

	Ωbr
	Sets of branches

	Ωfc
	Sets of fault conditions

	Ωm
	Sets of switches of a solution

	Ωnfs
	Sets of not feasible solutions

	ΩLS
	Sets of load shedded



Constants:
	
	Minimum voltage limit

	
	Maximum voltage limit

	
	Minimum current limit

	
	Maximum current limit

	nb
	Number of nodes



Variables:
	
	Loads not restored

	
	time of a changing status (switching) of switches

	TLS
	Total Load Shedded

	
	Total power of load

	
	Priority coefficient of load

	
	Time to change status of a switch

	LNR
	Load Not Restored



Functions:
	ENS
	Total Energy Not Restored

	ST
	Total Switching time

	NSA
	Number of switching actions




1. Introduction
1.1. Foreword
Today, most distribution networks are in operation by radial configuration; because it has lower operation costs, simpler design, easier protection coordination, and fewer fault currents compared to other structures such as ring networks. However, radial structure distribution networks are not in the appropriate condition in terms of reliability, the occurrence of a fault at any point of the network, even for a short time, causes 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, occurring the faults in the United States MV electrical distribution network was 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]
1.2. Service restoration
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:
· 1- 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- Repair 
· 6- Return the status of the switches to the original state (before fault)
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 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. This program must have the following features:
· Restore energy to areas outside the fault zone as soon as possible.
· Network structure will change during the service restoration process. However, for reasons such as fault detection, fault isolation, and protection equipment coordination, these changes must be such that the network does not deviate from its radial state.
· Due to the change in the network configuration, the voltage of the load points and the current of the branches will change also. To maintain network stability and safety for distribution network equipment (such as transformers, lines, etc.), quality of energy delivered to customers, and compliance with the necessary standards, the buses voltage and currents passing through the network branches should not exceed their pre-defined operating limits.
· Since the time of the service restoration process is affected by the number of different switching actions, the number of switching actions should be reduced as much as possible.
· In distribution networks, sometimes loads have priority over the rest (such as hospitals, large factories, etc.). In the service restoration operation, special attention should be paid to these loads and, as far as possible, they should be restored first.
· The execution time of the service restoration program for output should be as short as possible.
· The SR algorithm must be scalable; That is, regardless of the type and size of the network, deliver the appropriate output in the shortest possible time.

1.3. Methods of solving the SR problem and previous studies
Service restoration is one of the problems that should be solved using optimization methods. Researchers mainly use two main approaches for solving the SR problem: centralized methods and decentralized methods.
In the centralized method, only one central controller receives all the information, processes them, and finally makes the appropriate decisions. While, in decentralized methods, the network is divided into several parts, and several processors are responsible for controlling the networks at the same time. Some of the most important advantages/disadvantages of centralized methods are listed in Table 1 [7].


Table 1. Comparison between centralized and decentralized methods for SR
	Advantages
	Disadvantages

	Reliability: Decentralized algorithms are more reliable, and the occurrence of errors in a processor does not affect the whole system's performance.

	• Coordination between processors units requires extensive communication.


	Expandability: Because in decentralized systems, each processor does part of the main work and has smaller costs and dimensions, only the same element can be added or replaced in the event of an error or expansion.

	• Since the method requires different hardware and software equipment, the cost of implementing this method is higher compared to centralized methods.


	
	• Implementing this method requires a lot of technical and telecommunication infrastructure; As it is practically impossible to use this method in many current networks.


	
	• Data security faces many challenges in these methods.




Considering the above comparison and considering that the implementation of decentralized methods for SR in distribution networks requires telecommunication infrastructure, this article will focus on presenting a centralized SR algorithm. The most frequently used methods to solve the SR problem are:
• Heuristic methods [8-16]
• Meta-heuristic methods [7, 17-26]
• Knowledge-based systems [27-31]
• Mathematical Programming [32-42]
• Graph theory [4, 43-46]
• Hybrid methods [47-51]
A study was conducted on more than one hundred papers in the field of SR. Fig. 1 shows the result of the study. As shown, due to ease of use, about 22% of papers have used meta-heuristic methods to solve the problem. Also, due to the high accuracy of problem-solving, about 19% of studies have used mathematical programming-based methods.
	

	Fig. 1. SR problem solving methods in literatures



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 [43, 52]. 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 [43], 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 [52], besides the network currents 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 to load shedding?
C- Is it considered the possibility of transferring 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 maintenance team 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 maintenance team considered correctly?
H- For quick restoration, is 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?
J- Traffic conditions in the area are another factor influencing the final solution. Has this been considered?
Table 2 compares the previous studies with the proposed method of this paper (the list is sorted in order of year of publishing the articles). The last line expresses the considerations included in this article.
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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 other similar researches. In this heuristic algorithm, many considerations and capabilities, such as network base load, network traffic status, the position of maintenance teams, the possibility of load interruption, the possibility of load transfer, etc. have been considered. All of the above items affect the final solutions of the problem and maybe more important 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 maintenance team location on the problem solutions, the best locations for the maneuver group establishment are proposed.
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 analyzing 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. 2 show a concept of proposed SR algorithm. As is seen, after a fault or outage in the distribution network, the required data entered to the SR program; then it calculates the optimal solution. In the following, the heuristic algorithm used for SR program will be presented. At first, an example for 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.

	[image: ]

	Fig. 2. A concept of proposed SR algorithm




2.2. Objective functions of SR problem
To design an efficient SR program, it is necessary to have a suitable index for the evaluation of the solutions. Table 3 provides the most common objective functions used for the SR problem. The TLS represents the total amount of loads shedded, SL is the required power of the load L, and wL is the priority factor of the load. Ns indicates the number of switching actions, Tm is the total time of the SR operation, M represents the set of switches to SR and Tts is the time required to change the status of switch s. LNRs refers 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.



Table 3. Different objective functions for the SR problem
	Description
	Equations
	Objective Function 

	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.
	
     (1)
	Minimize load not restored

	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.
	
     (2)
	Minimize switching actions

	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 maintenance team location.
	
     (3)
	Minimize switching time

	In this objective function, the initial amount of energy not supplied equals to the energy lost immediately after the fault.
	
     (4)
	Minimize Energy Not Restored

	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.
	-
	Multi-objective



2.3. An Example for 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:
· 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).
· Fault Automatic Zone (FAZ): An AZ that includes the faulty section.
· Fault Manual Zone (FMZ): A MZ that includes the faulty section.
· Path: A set of sections providing a feeding route between two points (for example, from a distribution substation to one load point).

Fig. 3 shows the Automatic Zones (AZ1 and AZ2) and Manual Zones (MZ1 to MZ6). The remotely controlled sectionalizing switch is named AS1, 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 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. 4, 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 maintenance team must move to its position for closing it. MS1 must also be opened before MT1 to isolate the fault zone. So, the final solution would be:
M1 = [AS1, AT1,MS1, MT1]
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	Fig. 3. A sample network for the proposed heuristic algorithm.
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	Fig. 4. Network configuration during repair operation (after MR).


2.4. Load shedding
So far, it is assumed that solution M1 complies with network operation constraints, including voltage and current constraints. If this is not the case, it is necessary to cut some of the loads so that the constraints are within the allowable ranges. To interrupt some of the loads, it is assumed that if the MS2 switch will be opened (i.e., the MZ2 manual area is added to OOS areas), the network constraints will be satisfied. To comply with the operating constraints, the load shedding switch must be opened before closing the MT1 maneuver switch). So, the new solution will be:
M2 = [AS1, AT1, MS2, MT1]

Fig. 4 shows the final network configuration after the switching actions. In this figure, the colored sections mean that those areas are re-energized. The transfer path is also marked with an arrow. In other words, the loads in the manual zones MZ4 to MZ6 have been transferred to feeder-2, and the MZ3 manual zone load has been transferred to feeder 3; so, these areas will be restored. The MZ1 area, due to its fault area, and the MZ2 area, due to load shedding, must be OOS until the repair operation is completed. After the repair, the switches return to their original statuses to keep the network in its original configuration.


2.5. Heuristic Method Procedure
In general, this algorithm consists of three main stages. Each stage contains its respective steps.
Stage Zero: Receive network data including buses 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, maintenance team 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, healthy out-of-service zones.
1-3- Detection of healthy out-of-service lines, healthy out-of-service load points.
1-4- Calculating suggested switch combinations and creating the list Ωt1.
1-5- For members of list Ωt1, apply load flow and check network operational and loading constraints.
1-6- Make a list of combinations that meet the network constraints (Ωscomb). If in this step, no combination meets the restrictions, it goes to step 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 follow:

2-1- Classification of Manual Zones (MZs), detection of routes, and final load points.
2-2- Detection of Fault Zone (FZ), fault isolator switches, healthy out-of-service zones.
2-3- Detection of healthy out-of-service lines, healthy out-of-service load points.
2-4- calculating suggested switch combinations and creating the list Ωt2.
2-5- For members of list Ωt2, apply load flow and check network operational and loading constraints.
2-6- Make a list of combinations that meet the network constraints (Ωscomb). If in this step no combination meets the restrictions, it goes to step 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 Ωscomb.
2-8- Calculate the best switching sequence and the value of the objective function for each member of the list Ωscomb.
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. 5 shows a flowchart of the proposed algorithm. Also, in Algorithm. 1 a pseudo-code for the above stages is presented.




	


	Fig. 5. Flowchart of proposed bi-level SR algorithm.








	Algorithm. 1. Pseudo-code for Proposed Bi-Stage SR Algorithm
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2.6. Load transfer
Load transfer capability is another feature that an SR program can be equipped with. Load transfer is the process by which part of the loads in a healthy primary feeder is transferred to a second feeder to create an empty capacity for the primary feeder. Then this generated open capacity is used to restore the out-of-service areas. Load transfer operations require the use of maneuvering switches with level-2 and higher. Level-1 maneuver refers to switches connected to OOS load points without any intermediary. By this definition, level-2 maneuver means tie switches that be connected to the OOS via one or more other sections. Level-3 maneuvers also mean maneuver switches connected to level-1 maneuvers through one or more additional lines. A similar definition applies to higher-level maneuvers. In this article, only level-1 and level-2 maneuver switches may be used. The reason for this is that after many times the SR problem was applied to the test networks, it was observed that there was no need for level-2, so only with level-1 and level-2 maneuver switches, it was possible to restore the OOS load points. It should also be in mind that the higher the level of maneuver, the higher the number of switching actions, the higher the time of SR operation, and also higher ENS.
Fig. 6 shows an example of restoration using level-1 and level-2 maneuvers. In Fig. 6(a) the primary configuration of the network after fault is illustrated. In Fig. 6(b), tie line-1 is used for restoration. This switch is a level-1 maneuver switch for the OOS area. In Fig. 6(c), a level-1 maneuver is performed using an adjacent feeder (feeder-2). In Fig. 6(d), by transferring part of the load from feeder-2 to feeder-3 and releasing the capacity of feeder-2, a level-2 maneuver is performed.


	

	


	(a)
	(b)

	

	


	(c)
	(d)

	Fig. 6. Service Restoration example via different tie switches. (a) before restoration, (b) restoration via Tie Line 1 as level 1 maneuver, (c) restoration via Tie Line 2 as level 1 maneuver, (d) restoration via Tie Line 1 as level 2 maneuver.




To solve the SR problem by considering the load transfer, the example introduced at the beginning of the section is reviewed again. It was stated that if a fault occurs in the MZ1 manual zone, the AZ2 area can be restored using the remotely controlled maneuver switch during the automatic restoration stage. There was an assumption that the AT1 maneuvering point could supply the AZ2 zone.

Now suppose that this maneuver point does not have sufficient capacity. Therefore, the load transfer capability should be used. This concept is depicted in Fig. 7 by extending Fig. 3. First, part of the loads in feeder-2 is transferred to feeder-6. It can be done using the AT2 remote control maneuver switch. So, at the first, the AS3 remote control disconnector must be opened to satisfy the radiality constraint of the network, and then the AT2 maneuver switch must be closed. Then the AS1 switch should be opened, and finally, the AT2 switch should be closed to supply the AZ2 off zone.
Therefore, the new answer to the SR problem in the remote restoration stage will be as follows:
M1 = [AS1, AS3, AT2, AT1]


	


	Fig. 7. Load transfer to the adjacent feeder 




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 high-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 for 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, others [50] 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 maintenance team, the effect of the position of the maintenance team on the SR solutions will be investigated. In addition to the above studies, it should be noted that in the electrical networks, mostly there may be some priority customers so that sustainable electricity supply is very 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.
3.1. The Study Network
To implement the proposed method, a 70-bus distribution network has been used [30]. This network has two sub-transmission stations (busses 1 and 70), 4 MV feeders, 68 sections, eight maneuver switches, and 68 load points. Fig. 8 illustrates the daily load curve of the network. Fig. 9 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-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. 10 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).

Fig. 8. Daily Load Curve of Network
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	Fig. 9. The Default configuration of the study network 
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	Fig. 10. Automatic/Manual zones of study network



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 (high-loading condition).
3.2.1 Study-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 AM is selected for this case. According to the daily load curve of the network (Fig. 9), in this case, the amount of total load is 0.494 p.u.
Fig. 11 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. 11(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 AZ1 is the fault zone, and AZ2 is the healthy zone. Fig. 11(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. 11(c) shows the manual zones of the network before performing the manual restoration.
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	(b)
	(a)
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	(d)
	(c)

	Fig. 11. Network configurations changes after different switching actions



According to Fig. 11(c), it is clear that the manual zones of MZ2 to MZ6 are healthy zones that should be energized. The fault zone is also MZ1. Fig. 11(d) shows the network configuration after restoring the MZ2 to MZ6 zones via the 9-38 switch.
Fig. 12 shows the trend of variations of 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 expected two minutes (1 minute due to opening the remotely controlled switch 4-10 and one minute due to closing the switch 15-67), the remote zone AZ1 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 after 18 minutes from the start of the outage (2 minutes due to the previous switching operation, 2 minutes to move the maintenance team from their location to the switch 2-3 and 14 minutes to move the maintenance team 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. 12 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.
	


	Fig. 12.  Changes in the Loads Not Restored (kW) during different switches







Table 4 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 is expected to be performed in 18 minutes. Fig. 13 also shows the network configuration after manual restoration (restoration completion). Fig. 13(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.




Table 4. Service Restoration results for low-loading condition
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding 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
	-
	-
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	(d)
	 (c)

	Fig. 13. Final configuration of the network after SR in low-loading condition. (a) – (d) are related to faults 1, 2, 3, and 4, respectively.




3.2.2 Study-B: Fault in high-loading condition
In this section, it is assumed that the fault occurred at 7 PM. Therefore, the base load is 0.873 p.u. Table 5 and Fig. 14 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 are fully restored in the second stage (MR).

Table 5. Service Restoration results for high-loading condition
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding Switch

	1
	1-2
	4-10→62-65→22-67→67-15
	2-3→4-5→9-38
	0.906
	20
	4507
	3, 4
	4-5

	2
	17-23
	
	17-23→16-1→62-65→22-67→27-28→29-64
	0.926
	13
	5270
	24, 25, 26, 27
	27-28

	3
	34-35
	36-35→38-9
	35-47→34-35→30-70→48-49→50-9
	0.914
	39
	26575
	47, 48
	48-49

	4
	61-62
	62-65→22-67
	62-63→61-62→70-51→64-29
	0.925
	28
	18769
	-
	-



	[image: ]
	[image: ]

	(b)
	 (a)

	[image: ]
	[image: ]

	(d)
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	Fig. 14. Final configuration of the network after SR in high-loading condition. (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 base load
One of the most potentially serious parameters affecting the solutions of the SR problem is the amount of load in different parts of the network. This part discusses the importance of how to include this parameter in the problem. The fault is assumed to occur at 2 PM. Three different modes are considered for the base load of SR problem calculations. In the first case, according to many previous works, the network peak load is the basis of problem calculations. In the latter case, the daily load curve is included in the calculations, i.e., the amount of load at the time of fault occurrence is considered as the basis. In the third case, the peak load of the repairing period is considered as the base load of calculations. For example, if the repairing time is predicted to be four hours, the maximum load of these four hours will be considered as the basis for the calculations. Fig. 15 shows values in two cases of daily load curves and repairing peak as base loads for the calculations.


	

	Fig. 15. Base load for SR solution calculations (daily load curve & repairing peak)



3.3.1 Study-A: Network peak load
According to the daily load curve (Fig. 8), although the fault occurred when the network was in an off-peak condition (2 PM), the calculations are based on the peak load. The service restoration results for this case are given in Table 6. According to the table, it can be seen that except for fault case 4, in other cases, due to the lack of ability of the network in restoring all of the loads, some load points need to be shedded. The final structure of the network is shown in Fig. 16. Figures (a-d) belong to fault cases 1, 2, 3, and 4, respectively.
Table 6. SR results in case of considering peak load as the base of calculations
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding Switch

	1
	1-2
	-
	4-10→65-66→22-67→15-67→6-7→9-38
	0.905
	59
	1936
	3, 4, 5, 6
	6-7

	2
	17-23
	-
	17-23→1-16→62-65→67-22→27-28→29-64
	0.914
	13
	6097
	24, 25, 26, 27
	27-28

	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
	-
	-






	[image: ]
	[image: ]

	(b)
	(a)

	[image: ]
	[image: ]

	(d)
	(c)

	Fig. 16. SR  results in case of considering peak load as the base of calculations




3.3.2. Study-B: Daily load curve
In this case, the network load at the time of fault occurrence (2 PM) is equal to 0.169 p.u. The results for this case are given in Table 7. It can be seen that in this case, since that the network is in low-loading condition and the amount of load base of the calculations is 0.169 p.u., in all of the fault cases, there is no need to load shedding. The final structure of the network after performing the switching actions is depicted in Fig. 17. Figures (a-d) belong to fault cases 1, 2, 3, and 4, respectively.
Table 7. SR results in case of considering daily load curve as the base of calculations
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding Switch

	1
	1-2
	4-10→15-67
	2-3→9-50
	0.962
	16
	710
	-
	-

	2
	17-23
	27-28→29-64
	17-23→24-25→27-28→1-16
	0.972
	10
	1076
	-
	-

	3
	34-35
	35-36→9-38
	35-47→34-35→30-70→9-50
	0.98
	38
	5813
	-
	-

	4
	61-62
	62-65→22-67
	62-63→61-62→51-70→29-64
	0.986
	28
	3633
	-
	-
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	(d)
	(c)

	Fig. 17. SR  results in case of considering daily load curve as the base of calculations



3.3.3. Study-C: The peak load of the repairing period
Here, considering that the fault occurred at 14:00 and the peak load of the repairing period must be considered in the calculations if repair time is estimated four hours, the base load for the calculations will be equal to 0.895 p.u. The results for this case are given in Table 8. In this study, in two fault cases, it is necessary to load shedding. The final structure of the network after all of the switching action is shown in Fig. 18. Figures (a-d) belong to fault cases 1, 2, 3, and 4, respectively. 
Table 8. SR results in case of considering maintenance peak load as the base of calculations
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding Switch

	1
	1-2
	4-10→62-65→67-22→67-15
	2-3→7-8→55-61→29-64→22-67→62-65→4-10→9-38
	0.933
	74
	1089
	-
	-

	2
	17-23
	-
	23-17→16-1→27-28→65-62→22-67→29-64
	0.924
	13
	5403
	24, 25, 26, 27
	27-28

	3
	34-35
	35-36→9-38
	35-47→34-35→30-70→49-48→9-50
	0.912
	39
	27245
	47, 48
	49-48

	4
	61-62
	62-65→22-67
	62-63→62-61→70-51→29-64
	0.923
	28
	19242
	-
	-
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	(d)
	(c)

	Fig.18. Network Configuration after SR  in case of considering Maintenance peak load as the base of calculations



Comparing Tables 6-8, it can be concluded that there is a significant difference in the answers obtained for cases 1-4 in Studies A, B, and C. Therefore, the base load of the calculations must be considered correctly to obtain the optimal and precise solutions. Since the SR operation is aimed to restore loads at the same time as repairing, the selected switches should be such that, firstly, it restores as many out-of-service loads as possible. Also, the solution provided by the program technically meets the network constraints. Therefore, the peak load of the repairing period is the most suitable option to include in the calculations.
Fig. 19 and Fig. 20 show the expected switching time (EST) and ENS for fault cases1-4 in different base loads. As expected, it is clear that how the loads are considered has a large impact on the solutions of the problem. The important point is that the SR program should pay attention to this important point. The algorithm presented in this paper uses the repairing peak load as the base value of the calculations.
	

	Fig.19. Expected switching time (minutes) for fault cases 1-4 in three different base loads

	

	Fig.20. ENS (kWh) for fault cases 1-4 in three different base loads



3.4. The effect of the maintenance team location (MTL)
Knowing that switching sequence (SS) has a critical effect on ENS value, one of the factors that may affect the SS is the maintenance team location, i.e., the starting point of the switching operation. To examine the importance of the MTL, a study will be conducted in two modes. In the first mode, it is assumed that the MTL is in bus number-1 (upper substation in Fig. 9). All previous studies in this article were based on this assumption. In the second mode, it will be assumed that the MTL is at bus number 70. Table 9 and Fig. 21 show the results of the service restoration program for the first mode (MTL=1). Table 10 and Fig. 22 also show the results of the service restoration program for the second mode (MTL=70). Figures (a-d) belong to fault cases 1, 2, 3, and 4, respectively. By comparing Tables 9 and 10, it can be said that the MTL affects the solutions of the service restoration problem. This is important from two perspectives. First, the MTL must be properly incorporated in the service restoration program to achieve the most appropriate (optimal) switching sequence with the lowest ENS value. Second, due to the importance of the MTL on the service restoration process by reducing or increasing the amount of ENS, an optimal location for the establishment of the maintenance team should be selected. So, it can be said that considering the location of the maintenance team according to the method of this article is effective on the solution of service restoration problem and leads to finding a much suitable solution than the studies don't consider the MTL.



Table 9. SR results in the case of MTL=1
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding 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
	0.915
	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 10. SR results in the case of MTL=70
	Case
	Fault Location
	Remote SR Sequence
	Manual SR Sequence
	Min. Voltage (p.u.)
	EST (Min.)
	ENS
(kWh)
	Load Shedding
	Load Shedding Switch

	1
	1-2
	4-10→15-46
	2-3→9-38
	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
	-
	-
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	(d)
	(c)

	Fig. 21. Network Configuration after SR in the case of MTL=1
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	(d)
	(c) 

	Fig. 22. Network Configuration after SR in the case of MTL=70



3.5. Optimal placement of the maintenance team
In the previous sections, the effect of the maintenance team location on the solution to the SR problem, and the value of ENS as the objective function of the problem, was investigated. Due to the significant impact of the MTL on the ENS, in this section, the goal is to find the best place for the maintenance team base. In this study, all network buses are candidates for maintenance team location. For this purpose, objective functions should be defined as follows:
	

	(5)

	

	(6)

	s.t.
	

	

	(7)

	

	(8)

	

	(9)

	

	(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 technically and safely constraint 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. 23. 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. Fig.24 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.
Fig. 25 shows the heatmap of the network sections in terms of the passage of the maintenance team. For example, the route from bus 4 to bus 15 has the highest number of references for switching operations. Examining these results can also be helpful for better planning the placement of the maintenance team.
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	Fig. 23. ENS and switching time (ST) values for different maintenance team candidate locations
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	Fig. 24. Heatmap diagram of the candidate points based on the objective functions of the minimum ENS (a) and the minimum EST (b).
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	Fig. 25 Heatmap of the network sections based on passage of the maintenance team



4. Conclusion
In this paper, an innovative heuristic algorithm for solving the service restoration SR problem in electrical networks was presented. The proposed algorithm was applied to a sample network. At first, the importance of considering the time of fault occurrence was studied. Due to the differences in the solution in two different cases, including low-loading and high-loading conditions, the necessity of considering this item in the SR program was proved. In the second study, the impact of base load on the final solution of the SR problem was proved. In the third study, the impact of the difference in maintenance team location (MTL) on SR solution was investigated. In the last study, by examining the different candidate points for the establishment of the maintenance team, optimal locations were suggested. Considering the energy not restored (ENS) as the objective function in the proposed algorithm and the use of the Bi-Stage SR method to reduce ENS, the proposed SR algorithm can achieve optimal and practical solutions satisfying network operation constraints.
5. Future works
In this section, some suggestions for future studies in this field are provided as follows:
1. Nowadays, the presence of distributed energy resources (DERs) in distribution networks has become very prevalent. So, the expansion of these resources in different types of wind, solar, geothermal, etc., is increasing day by day. The presence of these resources in distribution networks has brought many advantages and, of course, challenges. The issue of service restoration may be affected by these resources. Since this issue has not been addressed in this article, it is suggested that the service restoration problem with distributed generation sources be considered more effective.
1. 2. In this paper, it was assumed that only one maintenance team perform service restoration switching actions. Some companies may use multiple maintenance teams simultaneously for different switching actions for various reasons, including restoring faster loads after faults. Coordination between these groups, in turn, is a significant issue that, if addressed properly and effectively, may reduce ENS value.
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Algorithm 1. Pseudo-Code for Proposed SR Algorithm

o a mow o

R

Data: buses data; priority customers; lines; protection equipment; switching equipment; fault
location; daily load curve; fault time; estimated repair time; maintenance team location;
network operational and loading constraints;
Results: Set of switches of optimal solution (Qw); ENS; Switching Time (ST);
Stage I:
Find Qo:; Qui
For t £ Qu do Load Flow & check Constraints;
If (t meet Constraints); Then Qucomy < 1 ;
If (Qucoms = ©); Then Load Shedding & update Qucomn
Ascending sort Qucoms based on ENS values;
Qu 4= QL 5 // best switching sequence for stage I;
Stage IT:
Find Qs ; Qo
For t £ Q2 do Load Flow & check Constraint;
If (t meet Constraint); Then Qucoms 4~ 13
If (Qucoms = ©); Then Load Shedding & update Qucomn
For comb € Qucomn
Queq — find best sequence;
Ascending sort Queq based on ENS values;
Qu 4 0l ; // best switching sequence for stage II;
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