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Self-Healing Resilient Distribution Systems
Based on Sectionalization Into Microgrids
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Abstract—This paper proposes a novel comprehensive operation
and self-healing strategy for a distribution system with both dis-
patchable and nondispatchable distributed generators (DGs). In
the normal operation mode, the control objective of the system
is to minimize the operation costs and maximize the revenues. A
rolling-horizon optimization method is used to schedule the out-
puts of dispatchable DGs based on forecasts. In the self-healing
mode, the on-outage portion of the distribution system will be opti-
mally sectionalized into networked self-suppliedmicrogrids (MGs)
so as to provide reliable power supply to the maximum loads con-
tinuously. The outputs of the dispatchable DGs will be resched-
uled accordingly too. In order to take into account the uncertain-
ties of DG outputs and load consumptions, we formulate the prob-
lems as a stochastic program. A scenario reduction method is ap-
plied to achieve a tradeoff between the accuracy of the solution and
the computational burden. Amodified IEEE 123-node distribution
system is used as a test system. The results of case studies demon-
strate the effectiveness of the proposed methodology.
Index Terms—Distributed power generation, microgrid (MG),

power distribution, power distribution faults, self-healing, sto-
chastic optimization.

NOMENCLATURE

A. Sets

Set of nodes in unfaulted area.
Set of nodes in on-outage area.
Set of scenarios.
Set of types of renewable energy source (RES)-based
DGs (wind and solar in this paper) .

B. Acronyms

Wind turbine.
Photovoltaic generator.
Micro turbine.
Microgrid.
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C. Parameters

Line conductance between bus and .
Line susceptance between bus and .
Active/reactive demand at node .
Nominal voltage.
Power base for the system.
Predicted active power output of a RES-based
DG at node at time .
Capacity of the inverter/converter at node .
Maximum allowed voltage deviation.
Probability of th scenario.
Generation cost of an MT ($/kW).
Redispatch cost of an MT ($/kW).
Emission cost of an MT ($/kg).
Emission factor of an MT (kg/kWh).
Price for selling electricity to consumers ($/kWh).
Price for selling/buying electricity to/from the
upstream system ($/kWh).
Charging/discharging efficiency of ES.
Capacity of energy storage.
Prediction error of output of type- DG at node
in scenario at time .
Shape parameters of beta distribution.
Optimization horizon.
Time interval.
Priority index of the load at node .

D. Variables

Voltage magnitude at node at time .
Phase difference between and .
Active/reactive power flow at bus at time .
Active/reactive power generation at node at
time .
Active power output of the energy storage at node
at time .

Charging/discharging state of ES.
State of charge of ES.
Power deficiency/surplus of distribution system
operator (DSO).
Redispatch cost of the MT at bus at time in
scenario .
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Indicator of a boundary line of an MG.
Connection status of the load at bus at time
(0-shed,1-connect).
Adjustment of in scenario .

I. INTRODUCTION

T HE automation of a smart distribution system provides
optimal control in the normal operation condition and

fast-responding self-healing capability to restore service during
an outage. Optimal energy management and self-healing are
important features of a smart distribution system. Since the
self-healing task is usually performed under emergency condi-
tions after faults, the operational and time constraints can add to
the complexity of the problem [1], [2]. With the ever-increasing
penetration levels of distributed generators (DGs), the stochas-
ticity of nondispatchable DGs and loads brings new challenges
to the operation and self-healing of distribution systems.
Many studies have been made in the literature on the intel-

ligent energy management of a distribution system with DGs.
The study in [3]proposed a multi-agent system (MAS)-based
scheme for the optimal dispatch of DGs to improve the voltage
profile of a distribution system. The study in [4] proposed
a power management method by classifying the DGs into
utility-owned DGs and independent power producer-owned
ones. The study in [5] presented anMAS-based energy manage-
ment system (EMS) to optimally control DGs in a distribution
system so as to guarantee the power balance as well as to
optimize the system's efficiency and economy. The study in [6]
developed a model predictive control (MPC)-based strategy to
regulate the active and reactive power of DGs to improve the
voltage and frequency profiles in a distribution system. While
the power supply to the consumers may largely rely on DGs
after the utility connection fails during an outage, the stochas-
ticity of load consumptions and outputs of nondispatchable
DGs are not fully considered in these papers. The study in [7]
proposed a stochastic approach to minimize the operation cost
of an islanded microgrid (MG). The uncertainty of loads and
DG outputs are considered in a scenario-based way. The study
in [8] investigated the impacts of various uncertainties on the
economical operation of an MG. The study in [9] proposed a
scenario tree-based method for matching stochastic supply and
demand with optimal control of energy storage systems and
minimal wind curtailment and load shedding. The control and
power management methods proposed in [3]–[9] are designed
for the normal operation condition without considering the
self-healing capability of a DG-integrated distribution system.
Self-healing refers to the capability of autonomous service

restoration after faults [1]. As an important feature of a smart
grid, self-healing has also been studied in the existing litera-
ture. The study in [10] proposed an agent-based paradigm for the
self-healing protection system with a graph theory-based expert
system. The study in [11] introduced a quantitative decision-
making model for the distribution system restoration by ranking
restoration plans with their performance indices. The intermit-
tency of nondispatchable DGs introduces new challenges to the
self-healing control. According to the IEEE Standard 1547.4,

splitting a distribution system into multiple MGs can improve
the operation and reliability of the distribution network. There
are some papers on MG-aided service restoration and optimal
operation. The study in [12] discussed the actions and conditions
for usingMGs for blackstart. The study in [2] proposed the plan-
ning framework for an optimal self-healing strategy. However,
the optimal energy management of DGs in the normal operation
condition is not considered. Moreover, the whole faulted zone
is isolated, which increases the unnecessary load shedding. The
study in [13] presented self-adequate MG construction plans to
make distribution systems more resistant to faults so as to in-
crease reliabilities. The study in [14] combined the load dispatch
and network reconfiguration to minimize the operation cost. A
bio-inspired algorithm was adopted to solve the problem. How-
ever, the paper focuses more on economic operation instead of
service restoration. Also, the uncertainties introduced by the in-
termittent DG outputs and load consumptions make it more dif-
ficult to realize optimal energy management and self-healing of
a distribution system. It can be seen that the stochastic nature of
loads and nondispatchable DGs as well as the optimal operation
and self-healing of a DG-integrated distribution system, which
are critical features of future smart grids, have not been consid-
ered simultaneously in the above existing literature.
In this paper, we present a comprehensive framework for

the optimal operation and self-healing of a distribution system.
There are two modes of the proposed framework: the normal
operation mode and the self-healing mode. In the normal op-
eration mode, the operation costs of the distribution system are
minimized by the optimal dispatch of the controllable DGs. The
system enters the self-healing mode when there exists a fault/
faults. The on-outage area will be optimally sectionalized into
networked self-adequateMGs which can autonomously provide
reliable power supply to a maximum number of affected cus-
tomers. Here, the notion of networked MGs means there are
multiple MGs connected with each other and with the distribu-
tion system, which can improve the operation and reliability of
the system [15], [16]. Self-adequacy refers to generation-load
balance within an MG. The controllable DGs in an area that
is not affected by the fault (defined as the unfaulted area in
this paper) and the sectionalized MGs will be redispatched ac-
cordingly. It is assumed that the distribution system consists
of dispatchable DGs such as micro turbines (MTs) and nondis-
patchable DGs such as wind turbines (WTs) and photovoltaic
generators (PVs). The model takes into account the uncertain-
ties of nondispatchable DG outputs by applying a stochastic
rolling-horizon optimization concept [17], [18]. Load variations
are modeled by a normal distribution. The problems are for-
mulated as two-stage stochastic optimization problems. The un-
certain load consumptions and power outputs of WTs and PVs
are described by scenarios generated from Monte Carlo simula-
tions. The simultaneous backward scenario reduction method
[19] is applied to increase the calculation speed while main-
taining the accuracy of the solution.
The remainder of this paper is organized as follows.

Section II presents the proposed self-healing strategy, the
concepts of the rolling-horizon optimization and the associated
uncertainties. Section III proposes the stochastic formula-
tions of the optimal normal operation and the self-healing
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Fig. 1. Demonstration of rolling-horizon optimization [18].

problems. In Section IV, the numerical results are provided.
Section V concludes the paper with the major findings.

II. OPTIMAL SELF-HEALING STRATEGY

A. Rolling-Horizon Optimization

In analogy to MPC [20], [21], a rolling-horizon optimiza-
tion is employed to make optimal operation decisions [17], [18].
Fig. 1 is an illustration of the rolling-horizon optimization. An
optimization problem is formulated and solved to obtain op-
timal decisions over the optimization window. However, only
the decision for the first time interval in the window is imple-
mented in practice. The solutions for other time intervals will
be discarded. The above process is repeated. It is assumed that a
prediction algorithm generates estimated load consumption and
DG outputs. The prediction technique is beyond the scope of the
present paper. In practice, the prediction errors should be con-
sidered. The details on prediction errors will be discussed in the
Section II-C.

B. Strategy Concept

The proposed control strategy for a distribution system covers
the normal operation condition and the emergency reaction after
the fault as shown in Fig. 2.
In the normal operation mode, the load demand can always be

met. Hence, the operation objectives of the distribution system
are tominimize the operation costs such as the generation cost of
the dispatchable DGs and to maximize its profits such as selling
electricity to consumers and the upstream grid. The control vari-
ables are the outputs of dispatchable DGs, which are scheduled
based on forecasted loads and nondispatchable DG generations.
In order to deal with the stochasticity of loads and nondispatch-
able DGs, the stochastic rolling-horizon method discussed in
section A will be used. The optimal operation problem is for-
mulated as a two-stage stochastic program with the first level
to optimize the base generation based on the forecasted outputs
of nondispatchable DGs and load consumptions, and the second
level to adjust generation according to the variations of realized
nondispatchable DG outputs in scenarios.
When faults occur, the traditional distribution system will

enter into an isolation and service restoration process by recon-
figurations. For a smart distribution system with various types
of DGs, this paper proposes a self-healing strategy by section-
alizing the on-outage area into multiple self-adequate MGs so
as to optimally perform corrective actions to restore the system

Fig. 2. Concept of the proposed self-healing strategy.

to the best possible stage without violating any operation con-
straints.
The key point here is to guarantee the supply-demand balance

in each MG. To fulfill this goal, two steps are designed. The first
step is to sectionalize the on-outage area into networked MGs,
adjust the outputs of dispatchable DGs, and perform the nec-
essary load shedding. The objective of the first step is to con-
struct self-supplied MGs and provide reliable power supply to
as many customers as possible. The decisions are made based
on the forecasts during the fault clearance period (say one to
two hours) to make sure the solutions are feasible for all pos-
sible scenarios. The second step is to redispatch the controllable
DGs in the unfaulted area since the demand and generation con-
ditions have been changed due to the fault. In this paper, it is
assumed that the locations of the faults have already been iden-
tified. We assume the self-healing process can be smoothly per-
formed, without dynamic and transient stability issues as shown
in [1], [14], and [22]. We assume that there is a central controller
that can make decisions on network sectionalizing and DG dis-
patch. The system will go back to the normal operation mode
after all faults are cleared and continuously check whether there
is a fault. Fig. 3 demonstrates the procedures of the proposed
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Fig. 3. Flowchart of the proposed operation and self-healing strategy.

comprehensive operation and self-healing strategy. Compared
to traditional reconfigurations, sectionalizing the on-outage area
into networkedMGs has several expected benefits. It can reduce
the number and time of actions in the self-healing process since
each MG is constructed with the maximum self-adequacy. The
sectionalized networked MGs can operate autonomously with
the minimum amount of load shedding. The proposed method
can improve the reliability of the system operation. It has been
shown that cascading faults happen frequently in an extreme
weather, e.g., more than 5 times per day during an ice storm
[23]. The self-adequate networked MGs formed in the proposed
strategy are more resilient to possible cascading faults as the
power balance is met locally and those networkedMGs can sup-
port each other. It is of note that the actual proof of the above
expected benefits is still outstanding.

C. Uncertainties and Scenario Reduction
In this paper, two kinds of nondispatchable DGs are consid-

ered:WTs and PVs. The predicted load consumptions, wind and
solar power will be used. It is known that errors always exist
in prediction models. The beta function is shown to be an ap-
propriate distribution to represent prediction errors of wind and
solar power [24], [25]. For a predicted power level of the
DG at node , the beta function can be defined by two corre-
sponding parameters and [24]:

(1)

The above beta function models the occurrence of real power
values when a certain prediction value has been fore-
casted. The shape parameters of the corresponding beta func-
tion and can be calculated as [24]

(2)

(3)

The relationship between the predicted power and its error vari-
ance can be represented as [24], [26]

(4)

Using the predicted DG outputs and the (1)–(4), the parame-
ters of beta functions for the current prediction data can be cal-
culated. Meanwhile, the normal distribution is used in this paper
to represent the load forecasting errors [27]. Monte Carlo simu-
lation (MCs) is run based on the forecasted power and uncertain
prediction errors to generate scenarios for DG outputs. In order
to reduce the computation efforts, the simultaneous backward
reduction method [19]is implemented to reduce the number of
scenarios while maintaining a good approximation of the system
uncertainty.

III. PROBLEM FORMULATION

This section provides the optimization formulations for the
normal operation mode and the self-healing mode.

A. Optimization Problem for Normal Operation

The main objectives in the normal operation are to minimize
the operation costs and maximize the profits. In this paper, WTs
and PVs are considered as nondispatchable DGs, while MTs
are considered as dispatchable DGs. The general optimization
problem of a distribution system with DGs in the normal oper-
ation mode can be formulated as follows:

(5)

(6)
(7)
(8)
(9)
(10)

(11)
(12)

(13)

(14)
(15)
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(16)

(17)

(18)
(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)
(30)

In the above formulation, the objective function (5) mini-
mizes the operation costs of the distribution system during the
prediction horizon. The objective function can be divided into
two parts: the first five items represent the operation costs rel-
ative to the base generation schedule made based on the fore-
casts of load consumptions and the outputs of the nondispatch-
able DGs. The first item in (5) represents the generation costs
of all MTs in the distribution system. The operation costs of
RES-based DGs (WTs and PVs in this paper) are not included in
the objective function since they have zero fuel cost. The second
item in (5) represents the emission cost of MTs. The third item
in (5) describes the revenue of selling electricity to customers
within the distribution system. The fourth and fifth items in (5)
represent the costs of power exchange between the distribution
system and the connected upstream network. Buying electricity
from the upstream system is considered as positive cost, while
selling electricity to the upstream system is considered as neg-
ative cost.

However, the nondispatchable DG and loads are uncertain
in nature. Hence, the outputs of dispatchable DGs should be
adjusted according to the realized scenarios of nondispatchable
DG outputs and load consumptions. The last five items in (5)
represent the adjustments of the operation costs. The costs
include the generation cost of dispatchable DGs (MTs in this
paper), and the costs of buying electricity from the connected
upstream system.
Constraint (6) represents the power exchange between the

distribution system and the upstream system (i.e., if
the distribution system is buying electricity from the upstream

grid). Constraint (7) guarantees that the voltage level of each
node is within a predefined range, is usually set to be 0.05.
Constraint (8) guarantees the output of an inverter/converter is
within its capacity. Constraint (9) represents the charging/dis-
charging limits of an energy storage (ES) depending on its op-
eration mode. For example, represents the dis-
charging mode of the ES and the maximum discharging limits
are imposed. Constraint (10) guarantees that the ES works in
only one mode at a certain time. Constraint (11) represents the
state of charge (SOC) of the ES. Constraint (12) represents the
limit of SOC. Constraints (13)–(16) are power flow equations.
Constraint (17) describes that the total generation should be
equal to or larger than the total load consumption. In the for-
mulation (6)–(17), and
are the first-stage variables determined based on the forecasts.
Since WTs and PVs are non-dispatchable, a forecast is usually
used for scheduling purposes. In this paper, the stochastic nature
of prediction errors of wind power, solar power and load con-
sumptions is considered as random variables with certain dis-
tributions, e.g., the normal distribution and beta distribution are
used by previous papers to represent the prediction errors [25],
[26], [28]. The second-stage variables should be adjustable in
order to deal with the variations of loads and nondispatchable
generations [29], [30].
Constraints (18)–(30) describe the second-stage variables

and which
are adjusted with the realization of scenarios. Constraint (18)
represents the adjustable power exchange between the distribu-
tion system and upstream grid in the th scenario. Constraint
(19) guarantees the voltage level at each node is within the
permissible range after the generation is adjusted. Constraint
(20) guarantees the power output of each inverter/converter
is within the permissible range after the generation is ad-
justed. Constraints (21)–(23) are second-stage constraints for
an ES. Constraints (24)–(27) are the adjustable power flow
equations for the th scenario. Constraint (28) describes that
the total generation should be equal to or larger than the total
load. Constraints (29) and (30) describe the redispatch costs
which represent the generation adjustment between the base
generation and the generation in the realized scenarios. We
can guarantee the redispatch cost of an MT is positive by
representing it in the form of constraints (29) and (30) [e.g., if

, which indicates a generation increase, constraint
(30) becomes redundant and the redispatch cost becomes
equal to ].
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B. Optimization Problem for Self-Healing

When a fault or multiple faults happen, the system enters the
self-healing stage. In the self-healing mode, the on-outage area
will be sectionalized into the networked MGs, the dispatchable
DGs in the unfaulted area will be redispatched according to the
formulation in (5)–(30) since the load and generation conditions
have been changed. For the on-outage area, the highest priority
is to maintain a reliable power supply to the affected customers
instead of earning economic benefits. The optimization problem
for the on-outage area can be formulated as follows:

(31)
(32)

(33)

(34)

(35)

(36)
(37)

(38)
(39)

(40)
(41)

(42)

(43)

The objective function (31) is to optimally partition the
on-outage area into networked MGs based on the forecasted
load consumptions and DG outputs so that the maximum load
within eachMG can be supplied with reliable power generation.
The first item in (31) represents the voltage deviations from the
nominal voltage. The second and third items in (31) describe
the power flow in the lines of each MG. means the line
between the buses and is a candidate of boundary lines be-
tween two self-adequate MGs with minimized generation-load
imbalance. In other words, does not mean the line
will be cut, but means the power flow on the line could be zero
without affecting the operation of the MGs. The last item in
(31) is the penalty function for load shedding according to their

Fig. 4. Modified IEEE 123-bus test system.

importance. Constraint (32) guarantees that the voltage level of
each node is within a permissible range. Constraints (33)–(36)
are the power flow equations. Constraint (37) describes the
output of an inverter/converter should be within its capacity.
Constraints (38)–(41) are for energy storage systems. In con-
straints (42) and (43), the total generation should be equal to or
larger than the total load in all scenarios. The control variables
are the boundary line indicator , the outputs of dispatchable
DGs and the load shedding indicator .
In sum, the problem formulated in (5)–(30) is for the normal

operation mode and the problem formulated in (31)–(43) is
for the self-healing mode. Both are mix-integer non-linear
programming (MINLP) problems and can be solved by com-
mercial solvers, such as DICOPT [31].

IV. NUMERICAL RESULTS

The proposed method has been examined on a modified IEEE
123-bus distribution system as shown in Fig. 4. Details about the
test system can be found in [32]. Table I summarizes the types,
locations and capacities of the DGs integrated in the system.
Table II shows the parameters used in the case study, which are
obtained from [33]. All the costs and electricity prices are pre-
sented in U.S. dollars. It is assumed that the predicted loads and
nondispatchable DG outputs are products of the basic compo-
nents and the multipliers. The values of basic load components
can be found in [32]. The basic components for DGs are as-
sumed to be the corresponding capacities. The assumed mul-
tipliers, as shown in Figs. 5 and 6, are used to make the load
profiles and predicted DG outputs change with time. For illus-
tration, we assume that the multipliers of all nodes are the same.
In practice, loads and DG outputs at different nodes may change
with different profiles. The proposed method can still be applied
by assigning various profiles to different nodes. The operator
can change the multipliers according to the available system in-
formation. The probabilistic distributions of forecast errors can
be estimated using the method described in Section III-C.
For illustration, we set the prediction horizon to be 2 h and

the time step to be 30 min. The operators can change these
settings according to their preference and operation conditions.
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Fig. 5. Load profile multipliers.

Fig. 6. Predicted wind and solar power multipliers.

TABLE I
LOCATIONS AND SIZES OF DGS

TABLE II
PARAMETERS FOR CALCULATING CORRESPONDING COSTS

TABLE III
GENERATION DISPATCHES (kW) OF MTS IN THE NORMAL OPERATION MODE

This means for every 30 min, the system predicts the DG out-
puts for the next 2 h and makes optimal decisions. The max-
imum SOC is set to be 0.9 for all ES, themaximum charging/dis-
charging rate is set to be of the ES size, and are set to
be 0.95 for all ES. One thousand scenarios are generated using
the Monte Carlo simulation to represent the prediction errors in
the prediction horizon. As discussed in the previous section, the
scenario reduction is applied to reduce the computation efforts
while maintaining the solution accuracy. The 1000 generated
scenarios are reduced to 15 scenarios in this case. All the above
settings are for illustration and can be changed according to the
availability of forecasted data.

A. Normal Operation Mode
This case demonstrates how the proposed comprehensive op-

eration and self-healing strategy works in the normal operation
mode. The objective in this mode is to maximize the revenues.
Based on the forecasted loads and DG outputs as well as the
rolling-horizon formulation of (5)–(30), the optimal dispatch of
MTs can be achieved. For illustration, the optimal dispatch be-
tween 14:00 to 15:30 is shown in Table III. Table IV shows the
outputs of ES systems. Table V shows the costs and revenues of
the distribution system during this period.
In order to investigate the impacts of various prediction hori-

zons and time steps on the dispatch results, a sensitivity analysis
has been performed. The time step is set to be 15, 30, and 45min;
the prediction horizon is set to be 1, 2, and 3 h. For illustration,
Table VI shows the generation schedule of MT13 with different
time steps and prediction horizons at 14:00.
For the particular problem and data in this paper, it can be

seen that the MT output increases as the prediction horizon be-
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TABLE IV
ES DISPATCHES (kW) IN THE NORMAL OPERATION MODE

TABLE V
REVENUES AND COSTS (IN US DOLLARS) IN THE NORMAL OPERATION MODE

TABLE VI
GENERATION DISPATCHES (kW) OF MT13 WITH DIFFERENT TIME STEPS AND

PREDICTION HORIZONS AT 14:00

comes longer. The reason is that more uncertainties are involved
in the decision-making process with a longer prediction horizon.
Thus, the algorithm will make a more conservative decision by
increasing the outputs of controllable DGs. Fig. 7 shows the
total generation costs with different prediction horizons from
14:00 to 15:30. We assume the time step is 30 min, and the pre-
diction horizons are set to be 1, 2, and 3 h. It can be seen that
the generation costs increase as the prediction horizon becomes
longer, which is due to the increased MT outputs.

B. Self-Healing Mode for a Single Fault

This case shows the performance of the proposed method in
the self-healingmode. It is assumed that a single permanent fault
happens in the line 60–160 at 15:30, the fault clearance time is
one hour and a half [1]. This means the optimal self-healing
strategy should be planned for the time period between 15:30 to
17:00. The objective of the self-healing mode is to optimally
sectionalize the on-outage area into the networked MGs and
redispatch MTs so as to provide reliable power supply to the
affected loads and minimize the load shedding. The optimum
system partitioning results are shown in Fig. 4. The on-outage
area has been sectionalized into six MGs which are named as
MG1 to MG6.

Fig. 7. Generation costs with different prediction horizons.

Fig. 8. Lowest voltage level in each MG in a single fault (Case B).

Table VII shows the generation dispatches of MTs and the
load shedding in each MG in a single fault (Case B). Since the
power balance within each MG is critical, it can be seen that
MG1, MG3, MG5, and MG6 are self-adequate without any load
shedding while MG2 and MG4 become self-sufficient through
the minimum load shedding (node 70). The ES dispatches are
shown in Table VIII. It can be seen that all ESs are working
in the discharging mode to guarantee the generation-demand
balance within each MG. The security and stability of the
networked MGs is another major concern in the self-healing
strategy. Fig. 8 shows the lowest voltage of each MG during
the fault clearance period. It can be seen that the lowest voltage
levels are always within the safe range [34]. The highest
recorded voltage in the simulation is 1.01 p.u. which is also
within the safe range.
Since the load and generation conditions are changed due to

the fault, it is necessary to redispatch the MTs in the unfaulted
area for the optimal operation. The operational goal of the un-
faulted area is still to maximize the profit. Table IX shows the
redispatch results. Take the dispatch at 15:30 as an example, the
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TABLE VII
GENERATION DISPATCHES (kW) AND LOAD SHEDDING (NODE NUMBER) IN

THE SELF-HEALING MODE FOR CASE B

TABLE VIII
ES DISPATCHES (kW) IN THE SELF-HEALING MODE FOR CASE B

TABLE IX
GENERATION DISPATCHES (kW) OF MTS IN THE UNFAULTED AREA

MT outputs in Table IX are smaller than those in Table III. This
is because parts of the loads are supplied by the networkedMGs.

C. Self-Healing Mode for Multiple Faults
This case tests the performance of the proposed method with

multiple simultaneous faults. It is assumed that two permanent
faults happen in the system, one is in the line 18–135 and the

Fig. 9. Modified IEEE 123-bus test system with multiple faults.

Fig. 10. Lowest voltage level in each MG in multiple faults (Case C).

TABLE X
GENERATION DISPATCHES (kW) AND LOAD SHEDDING (NODE NUMBER) IN

THE SELF-HEALING MODE FOR CASE C

other is in the line 60–160 at 15:30, the fault clearance time is
one hour and a half. The optimum system partitioning results are
shown in Fig. 9. The on-outage area has been sectionalized into
nine MGs which are named as MG1 to MG9. The redispatch
and load shedding results from MG1 to MG6 are the same as
shown in Table VI. The results for MG 7 to MG9 are shown in
Table X. Fig. 10 shows the lowest voltage of each MG during
the fault clearance period. It can be seen that the lowest voltage
levels are within the safe range .
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In order to demonstrate the advantages of the proposed
method over the traditional service restoration methods such as
the one introduced in [35]we consider the following example:
a fault occurs on line section 60-160 and then a cascading fault
occurs on line section 67-72. For the proposed self-healing
method based on networked MGs, the on-fault area will be
sectionalized into networked MGs as shown in Fig. 4 when
the first fault on line 60–160 happened. After a cascading fault
happened, the on-fault MG will be further sectionalized and
the operation of other MGs will be not affected. However,
according to the method in [35], both the tie-switches 151–300
and 54–94 need to be closed in response to the cascading
faults. It can be seen that the traditional methods depend on the
availability and functionality of tie-switches and it also needs
more actions to restore the service.

V. CONCLUSION

This paper provides a novel methodology for the optimal
operation and self-healing of a DG-integrated distribution
system. The proposed approach minimizes the operation costs
in the normal operation mode and guarantees the reliable
power supply to consumers during the faults by: the two-stage
stochastic and rolling-horizon formulation to optimize the oper-
ation costs and profits by scheduling the outputs of controllable
DGs and ESs, the on-outage area is optimally sectionalized
into networked self-supplied MGs to provide power supply to
the affected customers and increase the operational flexibility
and reliability, and the controllable DGs are redispatched
accordingly in the sectionalized networked MGs to support the
reliable operation as well as in the unfaulted area to maintain
its economic operation. The proposed method is the further
development and application of networked MGs. Case studies
on the modified IEEE 123-bus system show that the proposed
comprehensive operation and self-healing technique can assist
the construction of a smart and resilient distribution system.
The future research needs include quantifying the resilience

of a distribution grid with the proposed self-healing strategy,
developing a set of extreme scenarios to determine their effects
on distribution grids, designing distribution grids considering
self-healing strategies in extreme events, and developing op-
timal restoration actions by taking advantage of the sectional-
ized networked MGs.
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