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Abstract. This paper proposes a new algorithm for optimum self-healing
restoration of a smartmicrogrid operating in islanded mode of operation. The
objective of the proposed algorithm is to optimize the topological structure of
the islanded microgrid system (IMG) via: (1) maximizing the served load after
the fault isolation; and (2) minimizing the switching operation costs. The pro-
posed algorithm takes into consideration the system operational constraints in all
operating conditions. The new algorithm accounts for droop controlled IMG
special operational characteristics. The problem is formulated as a multi-
objective optimization problem and solved using Ant Colony Optimization
Algorithm. The proposed algorithm has been implemented in MATLAB envi-
ronment and several case studies have been carried to test its effectiveness.

Keywords: Ant colony optimization algorithm � Islanded microgrid � Droop
control � Power system restoration

1 Introduction

One of the most problems in the self-healing of the distribution system is the service
restoration for a faulted area. When a fault takes place in distribution systems it affects
the system reliability and the customer’s satisfaction. As such to ensure a maximum
reduction in the system reliability, the faulted area must be detected and isolated [1].
After the fault isolation, the Distribution Network Operator (DNO) reconfigures the
distribution network to restore the outage (i.e. system restoration process) [2]. The main
objective of the system restoration is to restore the out of service loads by transferring
the power to them through alternative paths with minimum losses or to transfer these
loads to other feeders. Due to delays in the outage processing and the required time for
service crews, an outage time from minutes to several hours might be yielded [2]. This
slow response in service restoration of conventional distribution networks remarkably
affects the system reliability.

Nowadays, driven by technical, environmental and economical benefits, distribu-
tion networks are currently undergoing a profound paradigm shift towards active
networks. Such networks are characterized by multidirectional power and information
flow due to the integration of high penetration levels of distributed generation
(DG) accompanied with advanced metering, communication and control technologies.
The integration of DG units and other emerging components can have an impact on the
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practices used in distribution systems. Therefore, various operational strategies are
expected to face numerous challenges. With the high degree of complexities that is
accompanied with the transformation of distribution networks, DNO might no longer
able to detect and isolate faults and/or restore the outage loads using the human
operator’s experimental rules. This in turn necessitates the need for implementing
automated self-healing mechanisms in active distribution networks. There are many
artificial intelligence methods that have been proposed in the literature to restore radial
distribution systems [3–10].

The widespread implementation of DG units in distribution systems makes them
capable of supplying all or most of their local power demands; which initiated the
concept of microgrids. Microgrids are localized grids that are typically implemented in
local areas (e.g. cities, towns, or villages) and capable of disconnecting from the
traditional power grid to operate in island (i.e. able to operate in grid-connected and
off-grid modes) [11, 12]. Because they are able to continue operating while the main
grid is down, microgrids help mitigate grid disturbances to strengthen the grid resi-
lience and customers’ reliability [13, 14]. Further, under the smart grid paradigm,
microgrids would be able to facilitate seamless integration for high penetration and
wide variety of DGs, energy storage technologies and demand response [15, 16].
Interestingly, the concept of microgrids in energy sector is also interrelated to the recent
vision of smart cities. Where, the development and implementation of “smart”
microgrids is a key component in enhancing the livability, workability and sustain-
ability, which are identified as the pillars of smart cities. For these reasons, microgrids
can be identified as the building blocks of both smart power grids and cities.

Given the special control features and operational characteristics of islanded
microgrids (IMG), the state-of-the-art self-healing restoration of distribution networks
should be adopted to take IMG deployment into consideration. Up to the authors’
knowledge, there is no previous work that addressed the problem of self-healing
restoration in IMG. In this work, a new algorithm for self-healing restoration of IMG is
proposed. Appropriate power flow models for DGs have been incorporated in the
optimization problem to provide proper representation for microgrid components
during islanded mode of operation. Ant Colony optimization has been utilized to solve
the problem and several case studies have been conducted in order to validate the
proposed IMG restoration algorithm.

2 Operation Mechanism of Islanded Microgrids

The majority of DG units forming microgrids are interfaced via dc-ac power electronic
inverter systems. In islanded mode, droop control that enables active and reactive
power sharing through the introduction of droop characteristics to the output voltage
frequency and magnitude of dispatchable DG units is usually applied. In this section, a
review for droop-based control scheme in IMG is presented.
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2.1 Transmission Line Power Transfer Theory

The active and reactive power transfer in transmission lines is based on the operation
characteristics of synchronous generators, where it depends on the voltage and the
phase angel at both sending and receiving bus sides. The active power and reactive
power flowing into the transmission line at the sending end can be given as follows:

Si ¼ Pi þ jQi ¼ uiI� ¼ ui
ui � uje�jc

jX

� ��
ð1Þ

Pi ¼ uiuj
X

sinc� ð2Þ

Qi ¼
uiðui � ujcoscÞ

X
ð3Þ

where; Pi is the active power at line i, Qi is the reactive power at line i, Si is the total
complex power at line i, ui is the voltage at sending side, uj is the voltage at receiving
side, I is the current flow in the line, c is the power angle, and X is the line inductance.
In transmission lines, the power angle is very small, therefore it can be assumed that
sinc ¼ c and cosc ¼ 1. Accordingly, one can observe that the active power is strongly
dependent on the power angle, while the reactive power is strongly dependent on the
voltage of the sending and receiving ends. Therefore the frequency droop can regulate
the active power and the voltage droop can regulate the reactive power. From the above
discussion, the inverters in IMG are controlled to imitate the behaviors of synchronous
machines by applying the following droop equations:

F� F0 ¼ �Kp P� P0ð Þ ð4Þ

u� u0 ¼ �KqðQ� Q0Þ ð5Þ

where, F is the system Frequency, u is the voltage magnitude, F0 is the nominal system
frequency, u0 is the nominal voltage magnitude, P is the inverter output of active
power, Q is the inverter output of reactive power, P0 is the momentary set point for the
active power of the inverter, Q0 is the momentary set point for the reactive power of the
inverter, Kp is the frequency droop coefficient, and Kq is the voltage droop coefficient.

2.2 Voltage and Frequency Control

Figure 1(a, b) shows the power sharing of two inverters based on droop control. Let’s
assume that the frequency droop coefficients of the two inverters are kP1 and kP2, and
the output active power of the two inverters are P10 and P20 at the nominal frequency of
the grid f0, respectively. When the load increases, the two inverters change their output
power and the system frequency is changed from its nominal frequency to f1. Such
change in active power can be formulated mathematically as follows:
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DP1 ¼ P11 � P10 ¼ � 1
Kp1

ðf1 � f0Þ ð6Þ

DP2 ¼ P21 � P20 ¼ � 1
Kp2

ðf1 � f0Þ ð7Þ

Similar to (6) and (7), the two inverters share the reactive power demand. As shown
in Fig. 1, the active and reactive power sharing is mainly governed by the static droop
coefficients of active and reactive power, where

DP1

DP2
¼ kP2

kP1
ð8Þ

DQ1

DQ2
¼ kq2

kq1
ð9Þ

Equations (8) and (9) are used as virtual communication mediums among the
inverters in order to represent the active and reactive power sharing between the DGs.
For n droop-controlled DG units, (10) and (11) below are met

DP1:kP1 ¼ DP2:kP2 ¼ � � � ¼ DPn:kPn ð10Þ

DQ1:kq1 ¼ DQ2:kq2 ¼ � � � ¼ DQn:kqn ð11Þ
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Fig. 1. (a): Power sharing in droop control: (P−f) characteristics (b): Power sharing in droop
control: (Q−U) characteristics
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Here it is noteworthy that the aforementioned analysis is under the strong
assumption that the DG units are highly inductive due to the coupling inductor used in
the DG interface. If the system is resistive, however, the equation will be given by
(P−f) and (Q−U) instead.

3 Problem Formulation of Service Restoration in IMG

The problem of self-healing restoration in IMG is formulated in this section as an
optimization problem as follows:

3.1 Objective Functions

The main objective functions in the restoration are maximizing the restored load (12)
and minimizing the number of switching operations (13).

max
X

x2D LX � jX ð12Þ

min
X

X2D SWX ð13Þ

where;

LX: The load at bus no. X, jX: The binary decision whether the load at bus X is restored
(jX = 1: resorted, jX = 0: not restored), D: The set of all de-energized loads, SWX :
Representation of the switching operation in bus X (XX = 1: the switch state is changed,
XX = 0: no change occurs in the switch state).

3.2 Constraints of the IMG Service Restoration Problem

In the self-healing restoration process for the IMG system, the constraints can be
represented as follow:

(1) The Voltage level: for every bus load at the distribution system the voltage level
must be maintained to be within range of ± 5 % from the p.u. value.

umin � uX � umax ð14Þ

where; umin And umax: Minimum and maximum voltage levels at bus X respectively
(95–105 %), uX : The voltage level at bus X

(2) Power Balance Equations: The Active and reactive power balance between
supply and demand.
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Pi uij j; uj
�� ��; @i; @j;w� �� PGiðwÞþPLið uij j;wÞ ffi 0 ð15Þ

where; PGi: The total active power from supply, PLi: The total active power demanded
at the load, Pi: The total active power at bus i, @i: Phase angle at bus i, @j: Phase angle
at bus j.

Qi uij j; uj
�� ��; @i; @j;w� �� QGið uij jÞ þQLið uij j;wÞ ffi 0 ð16Þ

where; QGi: The total Reactive power from supply, QLi: The total Reactive power
demanded at the load, Qi: The total Reactive power at bus i

(3) Droop-controlled DG units constrains: The capacity of DG units and the limits
of the droop parameters (Kp, Kq, w*, u*)

PGi � SGi;max ð17Þ

QGi �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSGi;max � ðPGiÞ2

q
ð18Þ

0�Kpi ð19Þ

0�Kqi ð20Þ

59:5HZ�w*i � 60:5HZðwmaxÞ ð21Þ

where; PGi: Generated active power from DG i, QGi: Generated Reactive power from
DG i, SGi;max: MVA rating of DG i, Kp and Kq are the droop control setting for the DG
i, w*i is the requested frequency for the DG to reach it’s sharing level (same as the
system frequency), finally the voltage level for the DG bus is the same as (14)

(4) Feeder line current limits should be also taken into consideration as follows:

Imin � Ij � Imax ð22Þ

where; Imin and Imax are the minimum and maximum current level of the line respec-
tively, Ij is the current level of line j.

4 IMG Self-healing Restoration Based on ACO

The ant colony optimization is a stochastic population based heuristic algorithm which
is equivalent to the behavior of the ant or bee in there colony in the real life [17]. ACO
is widely used in solving the problem of self-healing restoration in active distribution
networks. ACO can also be used to solve the problem of self-healing restoration in
IMG, where the outage buses findits own feeder bus as follows [7]:
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Pij ¼
ðsijÞaðgijÞbP

s 2 allowed k ðsisÞaðgisÞb
ð23Þ

where; Pij: The probability of the ant to move from point i to j, sij: The quantity of
remnant pheromone on the trail from i toj, gij: The desirability of the trail which is
1=dis tan ce; b: The parameters that control the relative importance of the trail pher-
omone versus the desirability of the trail. When all ants have completed a tour, the
pheromone trails are globally updated using the global pheromone-updating rule (24).
The aim of the pheromone update is to increase the pheromone values associated with
good or promising solutions, and to decrease those that are associated with bad ones
based on (25).

sij ¼ 1� qð Þsij þDsij: ð24Þ

where, q is the evaporation of trail pheromone between i and j and Dsij is the pher-
omone left on trail ij by current optimal solution given as follows:

start

Population size  and mutation for 
the used ACOA

Data obtained for the bus, 
line, switch location

Calculation of the power loss and 
the voltage drop and the number of 

switching operation for each 
solution

Calculation of the fitness value for 
each solution

Selection of the solution of the 
largest fitness value

Check the fitness value if 
repeated between the solutions

No

Yes

End

Optimal setting of the DG 
parameters (kp,kq,w*,u*)

Fig. 2. Flowchart for the proposed self-healing restoration process in IMG
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Dsij ¼ Q=LS ð25Þ

where, Q is a constant and LS is the tour length of the ant s to the whole trip. The
optimum solution is obtained; after a number of iterations, comparing the probability of
each path with each other, and by choosing the one with the highest probability. Where
the total self-healing restoration process can be represented as shown in Fig. 2.

5 Simulation and Results

The 33-bus distribution test system shown in Fig. 3 has been used in this work to test the
effectiveness of the proposed self-healing restoration algorithm in IMGs. As shown in
the figure, four dispatchable DGs are installed. According to the droop settings of DG
units, two base case studies have been carried out during the normal operation of IMG.
In the first case study, a capacity-basedpower sharing of DG units has been implemnted.
In this case, the staticdroop coeffecients of the DG units are calculated in proportion to
the capacities of DG units. Table 1 shows the droop settings in the first case study. In the
second case study, the droop settings of the DG units are optimally selected to minimize
the total system losses of the IMG. Table 2 shows the droop settings for optimal power
sharing during the normal operation of the IMG (i.e. no fault). Table 3 presents the total
system losses and the minimum voltage level in the two case studies. Figure 4 shows the
voltage magnitude in per unit for the system buses in the base case studies. The results

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

19 20 21 22

23 24 25

26 27 28 29 30 31 32 33
DG

DG

DG

DG
Tie 1

Tie 2

Tie 3

Tie 4

Tie 5

Fig. 3. The 33 IEEE-bus system represented as a microgrid in islanded mode of operation

Table 1. Droop settings for case study #1: capacity-based sharing

DG# Bus location Rating MVA kP kq u�

(p.u.)
w�

(p.u.)

1 10 2 0.0027/2 0.05/2 1.01 1
2 29 2 0.0027/2 0.05/2 1.01 1
3 23 2 0.0027/2 0.05/2 1.01 1
4 19 2 0.0027/2 0.05/2 1.01 1
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show that optimal power sharing of droop-controlled DG units reduces the system losses
and enhances the voltage profile significantly.

The above case studies have been repeated in the self-healing restoration process. It
is assumed that a fault occurs between bus 10 and bus 11, where the loads from bus 11
to the downstream is out of service and need to be restored. According to the topology
of the studied system, it can be noticed that Tie 2, 3 and 4 are only the candidate paths
in order to restore the faulted area, where only one switching operation of them can be
used to satisfy the restoration problem. However, when the losses minimization is taken
into account, there might be several required switching actions. To determine the
optimal switching actions for maximizing the load restoration, minimization the system
losses, minimizing the switching operation and satisfying the operation constraints, the
proposed ACO needs to be executed.

After the occurrence of the faulted area, the restoration process is carried by the
ACO to choose from different switching actions to restore the faulted area, which can

Table 2. Droop settings for case study #2: optimal power sharing

DG# Bus location Rating MVA kP kq u�

(p.u.)
w�

(p.u.)

1 10 2 0.0014/2 0.025/2 0.9856 1.0044
2 29 2 0.0014/2 0.025/2 1.01 1.0001
3 23 2 0.0019/2 0.032/2 0.9895 1.0073
4 19 2 0.0016/2 0.029/2 0.9956 1.0067

Table 3. Steady state system losses and voltage in normal operation

Steady state Case study 1 Case study 2

Total system losses 0.111MVA 0.106MVA
Min. voltage level 0.951 p.u. 0.951 p.u.

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

1 6 11 16 21 26 31 36

Case 1 

Case 2

Bus no.

Volt (p.u)

Fig. 4. Voltage profile of the islanded microgrid during normal operation
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help the microgrid operator to take appropriate decision. The challenge in the
self-healing restoration is thus prevailing in taking an optimal decision that is a trade-off
between the minimum losses and the number of switching operations, where as the
number of switching operation increases the total cost of the restoration process is also
increased. In this work a limit of 3 switching operations has been assumed in order to
study the impacts of the number of switching operations on the solution of the opti-
mization problem. Here it is noteworthy that in the 2nd case study, the restoration
process is also achieved by using ACO while in this case the new droop setting for the
DGs that can optimize the system operation is applied (i.e. For each candidate solution
(i.e. configuration), a nonlinear optimization problem is solved to determine the droop
settings of DG units).

Table 4 shows the results of the proposed self-healing restoration process in the two
case studies with different switching operation. Figures 5 and 6 show the total system
losses and the voltage profile in the two case studies with different switching operation.
As shown in the results, the optimal power sharing among the droop-controlled DG

units in IMG will enhance the system losses. Further, as depicted in the results, the
voltage profile for the buses has been significantly improved.

As shown in Fig. 5, the minimum voltage occurred in all switching scenarios in
case study 2 is within the range of the voltage constrains. However, in some switching
operation scenarios, in the 1st case study, the voltage magnitude violated its lower
bound, which is a critical state for the total system. The DNO can use the obtained
results to compromise between the total losses and the cost of the switching operation.

A key factor that needs to be taken into account in the self-healing restoration
process is the time of execution. Where, it is critical to restore the faulted loads as quick
as possible. In the proposed algorithm, the number of iterations that has been taken in
this process to restore the loads was found to be 9 iterations for the ACO to take the

Table 4. Results of the proposed self-healing restoration process in IMG

Comparison points 1 Switching
Operations

2 Switching
Operations

3 Switching Operations

Total
system
losses

1st Case 0.1139
MVA

0.1139 MVA 0.11253 MVA

2nd Case 0.109713
MVA

0.1089 MVA 0.1089 MVA

Min.
voltage
level

1st Case 0.951 p.u. 0.949 p.u. 0.948 p.u.
2nd Case 0.9708 p.u. 0.9696 p.u. 0.9675 p.u.

Switching
action

1st Case Close Tie 3 Close Tie 3, Open
Tie between bus 3
and 23

Close Tie 3 & Tie 1,
Open Tie between bus
28 and 29

2nd Case Close Tie 3 Close Tie 3, Open
Tie between bus 3
and 23

Close Tie 3 & Tie 1,
Open Tie between bus
26 and 27
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decision in all possible switching actions, and 3 to 12 iterations for the power flow for
every nominated configuration for the system. The processor used to conduct the
simulation was Intel® Core ™2 Duo CPU P8700 @ 2.53 GHz with system type of
32-bit operating system and the installed memory was 4.00 GB. Where at this specs the
duration time taken from the ACO to propose the suitable configuration was 115.25 s.
The obtained execution time of the proposed self-healing restoration process is
acceptable to the microgrid operator in order to do the switching actions in the system.

6 Conclusion

In this paper a new algorithm has been proposed for the optimum self-healing
restoration of a microgrid operating in islanded mode. The proposed algorithm aims to
maximize the capacity of the restored load. In addition, the proposed algorithm aims to
choose the optimum configuration that compromises the trade-off of between two
objective functions; namely number of switching and the system losses. Two different
operational control schemes (without and with optimal power sharing) have been
implemented in the proposed algorithm to account for the impacts of the selection of

0.94
0.95
0.96
0.97
0.98
0.99

1
1.01

1 6 11 16 21 26 31 36

1SW Case1 2SW Case1
3SW Case1 1 SW Case2
2SW Case 2 3SW Case2

Bus no.

Volt (p.u.)

Fig. 5. Voltage profile for all restoration scenarios

0.107

0.108

0.109

0.11

0.111

0.112

0.113

0.114

1 2 3

Switching 
Operation

Equal Sharing

Optimal sharing

MVA Losses

Fig. 6. Pareto optimal front for the total system losses
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the droop parameters on the enhancement of the IMG restoration process. The problem
has been formulated as a mixed integer nonlinear optimization. The ACO has been
utilized to solve the optimization problem. To handle the trade-off between the two
objectives, the Pareto optimal configuration for each operational scenario has been
determined. The results show that optimizing the IMG power sharing would enhance
its restoration process.
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