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ABSTRACT The severe impact of natural disasters on distribution system (DS) infrastructure highlights
the importance of enhancing the resiliency of such systems. The loss of critical loads, one of the worst
results of these events, increases the significance of resilient restoration approaches. In addition to distributed
generators (DGs), which are common resources in restoration schemes, internal combustion engines (ICE)
cars can considerably affect DS resiliency. This article first introduces an idea for using ICE vehicle as
energy resources in a DS to enhance the system’s flexibility during restoration efforts after natural disasters.
The amount of electrical consumption of modern cars and the availability of home inverters makes this
idea practical. In addition, a novel comprehensive method is proposed based on the optimal formation
of dynamic microgrids (MGs) that satisfies operational constraints and considers the ICE vehicles and is
not based on path-based or children-parent nodes concepts. Moreover, the proposed method considers the
integration of DGs in one microgrid. The proposed method is based on two-stage stochastic mixed-integer
linear programming (MILP), and considers uncertain load consumption and demand response (DR). Finally,
the effectiveness of the proposed method is evaluated using a modified 33-bus IEEE test system. The results
show that integration of DGs leads to restoring more loads. Moreover, distribution and selection of the buses
corresponding to ICE cars affect directly on the amount of restored load. Budget limitation is also considered
in this article. Evaluation of the proposed method shows the considerable effectiveness in increasing the
resiliency of DS.

INDEX TERMS Internal combustion engine (ICE) cars, MG formation, resiliency.

NOMENCLATURE
Indices and sets
Nbus, Nmaster Set of DS buses, indexed by i,r
T Set of time indexed by t
L Set of lines indexed by l
Nmaster Set of master units
M Set of MGs indexed by m
W Set of scenario indexed by w
∂l, χl Sets of start and end points of lines
sl(l) Set of tie-switches
ICE Set of ICE cars indexed by ice
D Set of load control blocks
NDR Set of buses with load control capability

The associate editor coordinating the review of this manuscript and

approving it for publication was Salvatore Favuzza .

Parameters
Cl Load priority
πw Probability of scenario w
Tstart ,TEnd Start and end time of outage
F1,F2 Electrical parameters
Lineinitiall , Businitiali Initial status of lines and buses
BTLl,i,r binary parameters, 1 if there is a

line between bus i and r , 0
otherwise

Ppredictedi ,Qpredictedi Predicted active and reactive load
PDR,max
i ,PDG,max

i
QDG,max
i ,QDG,min

i
Max/Min active/reactive power of

DG
Pblocki,d,t Load control blocks
F line,Pmax
l ,F line,Qmax

l Maximum limits of active and
reactive power flow
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Pmax−ICE
ice Maximum limits of discharge
Fuel initial−tank,ICEice Initial fuel tank amount of

ICE
Fuelminimal−tank,ICEice Minimum fuel tank amount

of ICE
ηICEelectrical, η

ICE
thermal Electrical and thermal

efficiency
eps, bigM Epsilon and big number

Variables

ai,m The binary variable, 1 if bus
i is in MG m, 0 otherwise

bm The binary variable, 1 if bus
m is selected, 0 otherwise

`schi,d,t , `
dep
i,d,t,w The binary variable

indicating the selection of
load control block

PL,schi,m,t ,P
L,dep
i,m,t,w,Q

L,dep
i,m,t,w Scheduled and deployed

active and reactive power of
loads

PDR,schi,m,t ,PDR,depi,m,t,w Scheduled and deployed load
consumption

PDG,schi,m,t ,PDG,depi,m,t,w ,Q
DG,dep
i,m,t,w Scheduled and deployed

active/reactive power
generation of DGs

1PLCi,m,t,w Difference in scheduled and
deployed load control

Linel The binary variable, 1 if line
l is energized, otherwise 0

βl.m The binary variable, 1 if line
l is energized in MG m,
otherwise 0

Fi,r,m,l Fictitious power flow
wr,m Main bus generation of root

bus r in MG m in radiality
constraint

Ai,r Binary variable, 1 if there is
power flow between i and r

F line,Pi,m,t,w,F
line,Q
i,m,t,w Active and reactive flow

V , δ Voltage and angle of bus
I ICEice The binary variable

indicating whether the ICE is
generating energy

ICEauxice,m Binary variable, 1 if ICE ice
is in MG m, 0 otherwise

Fuel tank,schice,m,t ,Fuel
tank,dep
ice,m,t,w Scheduled and deployed fuel

tank amount of ICE cars
PICE,schice,m,t ,P

ICE,dep
ice,m,t,w,

QICE,depice,m,t,w Scheduled and deployed
active/reactive power
generation of ICE cars

Fuelusage,schice,m,t ,Fuelusage,depice,m,t,w Scheduled and deployed fuel
consumption of ICE cars

I. INTRODUCTION
Inevitable disasters have become more frequent and intense
because of recent climate changes. This phenomenon leads to
a considerable growth in the frequency and severity of power
outages. Recent power outage experiences in the world, such
as that during Hurricane Sandy, which affected 7.5 million
customers across Washington and 15 other states [1]–[3],
has motivated the introduction of a critical concept, called
resiliency, to complement other power system topics such as
reliability, risk, security, and stability in studying high-impact
low-probability (HILP) incidents [4].

Severe weather is the major cause of power outage.
According to [5], 87% of power outage cases in the United
States are short-term and a consequence of weather disasters,
and distribution systems are most vulnerable against such
events [5]. As noted in [6], power system resiliency consists
of three major parts: prevention, survivability, and recovery.
In this article, the authors attempt to introduce a new method
for increasing survivability using internal combustion engine
(ICE) vehicles and the MG formation capability in distribu-
tion systems.

A well-known approach for restoring loads is breaking
the distribution system into self-supplied MGs and supplying
customers in each MG during the power outage [7], [8].
Breaking the distribution system into small clusters (named
microgrid) was proposed in [7] in order to improve the
management of DGs in distribution system. Reference [8]
proposed a schedueling statergy for reconfugurablemicrogrid
by considering the forcast error of generated power of renew-
able energy resources. In this situation, there is no MG in
the distribution system before the event, and the distribution
system operator (DSO) configures the MGs by using smart
technologies and remote control switches. Usually, multiple
faults happen during natural disasters, a fact that has been
neglected in many researches [9], [10]. The idea of MG
formation by assuming multiple faults due to natural disas-
ters was first proposed in [11]. The suggested linear model
considered a fixed or predetermined number of MGs, and
the capabilities of different configurations were not included.
The fixed number ofMGsmeant that in eachMG, there could
be only one DG, and integration of DGs with each other was
not considered. In this condition, the number of MGs equals
the number of DGs (if the DGs can supply the connected
buses). The authors in [12] developed the algorithm presented
in [11] and reduced the computational burden. However,
the number of MGs was predetermined as in [11] and fixed.
These two papers assumed that each bus has a switch and did
not consider a limitation on the number of sectionalizers in
the grid. They also did not model the tie-switches. Moreover,
the proposed model missed the failure period and the event
time characteristic.

Other studies ([13]–[18]) have used the base model
presented in [11] in different applications such as the proac-
tive management of a distribution system [13], using elec-
tric bus in MG formation problem [14], scheduling of
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transportable energy storage system (TESSs) during out-
age [15], pre-disaster and real-time placement of mobile
DGs [16], MG management and MG formation in a distribu-
tion system via a two-layer structure [17], allocating the dis-
tributed energy resources in order to maximizing the restored
load and optimizing the restoration time [18]. In those studies,
theMG formation method was based on using a fixed number
of DGs (only one DG in each MG), and integrating DGs with
one another was not considered.

Reference [19] introduced a new method for modelling
MG formation after disasters. In the model introduced,
the integration of master and slave units were considered,
while that of master DGs was not modeled. Therefore,
the number of MGs and master units were fixed. In other
words, two master units cannot be located in one MG (one
master unit in each MG) in the presented model. The authors
of [20]–[22] used the basic idea of [19] in crew scheduling
([21], [22]) and initial mobile-DG placement ([20]). How-
ever, they did not consider the integration of DGs.

The authors in [23] proposed a linear two-stage method
that considered renewable energy and demand response pro-
grams and improved the ideas presented in [11] and [19]. The
presented model was comprehensive and proposed the inte-
gration of DGs using the master-slave concept. It was shown
in [23] that a predetermined number of MGs (with one master
DG in each MG) decreased the load restoration capability of
the proposed method and is thus not practical. The results
presented in [23] clarified the effectiveness of the model
proposed compared to other methods. However, the radi-
ality constraints in this method were based on the path-
based method, which depends on fault locations. In order
to guarantee radiality constraints, the DSO would need to
run an extra algorithm for each event, which is not practical
in a network with multiple DGs. Moreover, the model is
based on the parent-children node concept, which increase
the complexity of the problem (see [23]) and cannot be used
in some strategies that need a dynamic process.

The resiliency of other critical sources such as water
distribution system was also studied in recent works. The
planning of integrated power and water distribution system
was considered in [24]. The placement of backup generators
and hardening of lines were studied in the integrated net-
works. In addition to line hardening, the sizing of water tank
and energy storage systems of microgrid were considered
in [25], [26]

Different kinds of distributed energy sources (DERs), such
as mobile DGs, stationary/mobile energy storage systems,
and electric vehicles have been the focus of many recent
studies of resiliency improvement strategies [15], [16], [27]..
In addition to the numerous DERs that can be used after
natural disasters and be effective, there is a new energy source
that can be used temporarily after natural disasters to assist
in restoring loads. The idea of using ICE cars was first
introduced in our previous work ([28]). Nowadays, ICE cars
are capable of producing AC or DC power to supply homes
with backup generation. This capability can be used also in

distribution systems. In this article, we apply the ICE car
concept to an MG formation problem.

To summarize, there are two types of MG formation
schemes. The majority of recent works ([13]–[17], [19]),
which have adopted the first scheme, have used the basic
idea of the MG formation problem presented in [11]. In addi-
tion, only one DG can be used in each MG in their mod-
els, and they have ignored the concept of integrating the
DGs. Moreover, the time characteristic of natural disas-
ters and load uncertainty were not considered. The second
scheme, presented in [19] and [23], did consider DG inte-
gration, thereby improving the basic idea in [11]. How-
ever, the presented radiality constraint was complicated and
required running an extra algorithm before the main program,
which is not practical in real cases because of the unknown
location of faults before events. This model is also depen-
dent on the parent-children concept or path-based methods
(complicated methods).

In the current paper, the authors improve the method pre-
sented in [23] and introduce a comprehensive framework
for the MG formation problem in DS. They also revise the
radiality constraints ([19]) to be used in the master-slave
concept. The proposed method is not path-based and has
low complexity compared to other methods presented in the
MG formation scheme. Moreover, they also demonstrate the
effect of ICE cars on DS resiliency, which has not been
considered in any of the reviewed papers. Therefore, in this
article, a novel stochastic two-stage framework based on
mixed integer linear programming and considering the ICE
cars effect is introduced in order to address the shortcoming
of previous studies. A comparison of recent works to the pro-
posed method is illustrated in Table 1. In summary, the main
contributions of this article are as follows:
• A novel linear two stage stochastic method is pro-
posed that introduces a comprehensive formulation for
modelling the master-slave concept and topological
constraints of distribution systems. This technique is
not based on children and parent nodes concept or
path-based methods such as the one presented in [23].

• A radiality constraint presented in [19] is adopted and
improved to be used in the MG formation problem to
model the integration of more than one master unit in
one MG.

• The ICE car is introduced as an emergency backup
source during the disaster.

• Internal combustion engine cars are modeled and their
effect on improving the resiliency of distribution sys-
tems is considered.

• MG formation considering ICE cars is considered.
To be noted that the proposed method is based on avail-

ability of ICE cars in distribution system after the disaster
occurrence and having a contract with their owner before the
disaster. Therefore, the proposed method is not proper for
type of disasters such as earthquakewhich are not predictable.

The rest of this article is organized as follows: In
section II, ICE cars are introduced as new resources during
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TABLE 1. Comparison of recent papers to the proposed method.

outage. In Section III, a novel MG formation formulation is
presented. Section IV presents the simulations and discusses
the results. Finally, the conclusions are drawn in Section V.

II. INTERNAL COMBUSTION ENGINE (ICE) CARS
Nowadays, ICE cars are popular around the world. Although
the popularity of electric vehicles (EVs) is considerably
increased, there will still be a large number of ICE cars in
future, and they are not expected to disappear until the far
future [29]. ICE cars are those operate only with petrol. The
electricity consumed in this kind of vehicle is produced by a
small generator known as the alternator. In this case, a car’s
gas engine spins the wheels under the hood and cranks a
wheel on the alternator to generate energy. The alternator and
its location in the engine are depicted in Figs. 1 ([30]).

FIGURE 1. The location of an alternator in internal combustion
engine [30].

The generated energy is used for the on-board elec-
trical network in the cars. Because of new electricity
demands in cars, such as entertainment and telecommunica-
tion, the energy consumption of the on-board electric network
in the car is increasing [29], [31]–[33].

Modern cars have a consumption range of approximately
2 kW to 5 kW. Therefore, the alternators have to supply
this amount of power continuously. This increased range of
the alternator gives the power system an opportunity to use
this available source in emergency situations. The alternator
converts the mechanical energy provided from petrol ignition
to electrical energy and saves it in the battery. Then, when-
ever needed, the saved energy is used for on-board electrical
consumption. If the car is running, continuous consumption
cannot deplete the battery because it is continuously charged
by the alternator.

The electrical energy is available via AC outlets (especially
in modern cars) or inverters. If the car does not have a proper
outlet, the inverter can be utilized instead. These inverters are
now being used as backup generators for supplying houses
and camps. There are numerous inverter brands available for
supplying homes with batteries. These inverters are known
as home inverters. Fig. 2 depicts one brand of such inverters
that has a 2kW power exchange capability. Commercial home
inverters often have a capacity between 100 W and 5 kW.
Home inverters are commonly employed for supplying some
low-load facilities in the home in emergency situations. If it
is assumed that the ICE car is running until when its petrol
tank is emptied, the home-inverter/car-inverter can provide
considerable energy (about 5 kW) to contribute to resiliency
improvement and can act as a diesel generator in emergency
situations. The home inverter power (100-5kW) is compara-
ble to EVs level 2 charger power (3.3kW-11kW).

FIGURE 2. A type of home inverter.

As previously explained, the new technology in modern
cars provides a better opportunity for using higher-power
alternators inverters, making this concept more rational, con-
trary to the past, due to the low range of alternators. Usually,
environmental concerns are not considered due to the short
periods of outage, and these cars do not have any irreparable
effects on the environment. It should be noted that in this
article, the authors’ sole focus was on the impact of ICE cars
on DS after natural disasters and not on comparing them to
other energy sources, such as mobile generators or electric
buses. ICE cars represent a new energy resource that can
be an effective solution in addition to other available energy
resources.
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FIGURE 3. Vehicle electrical load versus years ([29]–[31]).

The proposed conceptual framework of the participation
of ICE cars in supplying power to the grid is shown in Fig. 4.
As is depicted, the battery management system controls the
alternator, inverter, and the switch that would be on during the
use of ICE cars as a generator. At the same time, the alternator
supplies the electrical loads of the car. The amount of loads
is low when the car is stationary and not used. This amount
is neglected in this article. The comment of participating ICE
cars is sent from DSO to the car’s computer center.

III. MICROGRID FORMATION PROBLEM
When a distribution system operator faces multiple faults
after natural disasters and isolates parts of the DS into
some unsupplied islands, as mentioned before, the approved
method in this condition is to divide a distribution system
into some self-supplied MGs. In this article, a two-stage
mixed integer linear stochastic programming model is pro-
posed which considers the topological and electrical speci-
fication of the distribution system. The uncertainties of load
consumption and demand response (DR) programs are also
considered. The proposed model follows the master-slave
control framework, whichmeans that in each configuredMG,
only one DG controls the voltage and frequency of the MG,
and the other DGs act as slave units ([19], [23]). In the first

stage, the scheduling of DERs (etc. DGs and ICE cars) and
topological situations of each MG are considered. The first
variables are topological variables (the status of the lines and
buses and the configuration of each MG), electrical variables
(scheduling amount of DERs), and the selected number of
ICE cars at each bus. In the proposed model, the forced
outage of loads in each MG is performed only with the
DR program. In the second stage, the real-time operation of
DERs is determined. The flowchart of the proposed scheme
is depicted in Fig. 5. It must be noted that modeling the
uncertainty of load consumption is implied by the scenario-
based approach. Accordingly, by using the historical data
or utilizing the probability function, numerous scenarios are
generated. Then, by using a reduction method, the num-
ber of scenarios is reduced to decrease the computational
burden [34]–[36].

A. OBJECTIVE FUNCTION
The objective of the proposed method is to restore loads
according to their priority. As shown in (1), the objec-
tive function maximizes the average supplied loads of the
scenarios.

Objective = Max

∑
t∈T

∑
i∈Nbus

(
Cl ×

∑
m∈M

[
PL,schi,m,t

−

∑
w∈W

πw ×1PLCi,m,t,w

])}
(1)

B. TOPOLOGICAL CONSTRAINTS
Graph theory is used to consider the topological constraints
ofMG formation and to carry out switching operations, select
master and slave DGs, and determine the configuration of
the DS.

As the first step, a network graph must be extracted in
which the edges are represented by lines (L) and the buses
(Nbus) by nodes. In the proposed method, the tie lines are con-
sidered and are represented by the edges of the network graph.

FIGURE 4. Conceptual framework of ICE cars’ participation in resiliency improvement scheme.
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FIGURE 5. Flowchart of the proposed scheme.

Thus, the network includes some loops. In contrast to similar
works by [19], [23], the formulation presented in this section
does not need running an algorithm for detecting paths and
the connected sub-graph, which considerably reduces the
modeling complexity. This feature is the main difference
of the proposed model from others. As mentioned, in each
configured MG, there must be a DER, named the master unit
that can control voltage and frequency. When several DGs
in an MG have this capability, one of them acts as a master
unit and the others act as slave units. The set of nodes that
can work as master units is denoted by Nmaster, and the set
of nodes that are connected to DGs is shown by NDG. In the
proposed model, we can ultimately have Nmaster MGs, and
the m-th member of Nmaster corresponds to the m-th MG.
Thus, if the m-th member of Nmaster is chosen as the master
unit for arranging the MG, the MG label will be m, and the
corresponding node is chosen as a root bus for thatMG. Other
constraints of the MG will be analyzed with respect to this
bus.

Each node of the network can belong to one of the con-
figured MGs or none of them. Therefore, (2) models this
concept.

Nmaster∑
m=1

ai,m ≤ 1 ∀i ∈ Nbus (2)

The variable ai,mshows that if node i belongs to MG m,
ai,mwill be 1 and the m-th member of Nmaster is chosen as the
master unit.

Node i can be connected to MG m if only the root bus of
MG m is the m-th member of Nmaster (r = Nmaster (m) ) and
ar,m equals 1. r is the root bus and the connected node to the
master unit m. This constraint is shown as follows:

Nmaster∑
m=1

ai,m ≤ ar,m,r = Nmaster (m) ∀i ∈ Nbus, ∀m ∈ M

(3)

During the formation of the MGs, if the two sides of
a line do not belong to the same MG, the binary variable
shows that the status of the line (Linel) must be set to zero.
To consider the mentioned constraint, equations (4) to (7)
must be employed.

Linel =
∑
m

βl,m, ∀l ∈ L (4)

βl,m ≤
∑
i∈∂(l)

ai,m, ∀m ∈ M ,∀i ∈ Nbus (5)

βl,m ≤
∑
i∈χ (l)

ai,m, ∀m ∈ M , ∀i ∈ Nbus (6)
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βl.m ≥
∑
i∈χl

ai,m +
∑
i∈∂l

ai,m − 1 ∀m ∈ M , ∀i ∈ Nbus (7)

In typical distribution systems, not all lines of the sys-
tem have sectionalizers. Also, it is not logical from an eco-
nomic prospective to install them on all lines. Therefore, it is
required to model the fact that there are no switches on some
lines in the DS, as shown in (8) to (10). Moreover, in the case
of damage to a line or a node, the relevant line must have an
inactive status.

Linel ≤ Lineinitiall , ∀l ∈ L (8)

ai,m ≤ Businitiali , ∀i ∈ Nbus,∀m ∈ M (9)

ai,m = ar,m, ∀m ∈ M , ∀i, r ∈ Nbus,

∀l ∈ L, l /∈ sl(l) and BTLl,i,r = 1 (10)

C. MODELING THE RADIALITY CONSTRAINT
In this section, the radiality method introduced in [19], [37] is
adopted and improved for use in the MG formation problem
by considering themaster-slave concept and the integration of
master DGs. Theoretically, as explained in [38], the necessary
and sufficient conditions for radiality constraints in each MG
are that (a) the number of lines (closed lines) must be equal
to the number of nodes (buses) minus one, and (b) each
MG must fulfill the connectivity constraint. Compared to
the method introduced in [19], the method proposed in this
article does not need to detect the number of sub-graphs.
Moreover, it is not a path-based method, as that presented
in [23]. The presented method is adopted from [19], [37] and
is revised to be used in the master-slave concept. Therefore,
the complexity of finding the number of sub-graphs and
paths because of unknown fault locations is eliminated in the
proposed method. To achieve the first conditions, the number
of lines is set equal the number of buses in each MG minus
1(if the MG is formatted), and equations (11) to (13) are
employed.∑

l

βl,m =
∑
i

ai,m − bm ∀m ∈ M (11)∑
i

ai,m ≤ bigM × bm, ∀m ∈ M (12)

bm ≤ bigM ×
∑
i

ai,m, ∀m ∈ M (13)

The spanning tree method, which is a common method
for radial-system connectivity constraints [39], is no longer
practical for guaranteeing the connectivity constraint because
of the existence of more than one DG and tie-switches. More-
over, loop-based or path-based methods require an algorithm
to be implied before MG formation for detecting the network
loops or certain paths [39]. First, the defect in the spanning
tree method is explained. The general formulation in the
spanning tree method to guarantee connectivity constraints
is as follows:

Ai,r + Ai,r = Linel, ∀i, r ∈ Nbus, ∀l ∈ L (14)

∑
r∈Nbus
r /∈Nmaster

Ai,r = 1, ∀i ∈ Nbus (15)

Ai,r = 0, ∀r ∈ Nbus, ∀i ∈ Nmaster (16)

As shown in (14)-(16), if node r is a parent node of i, Ai,r
equals 1. According to (15), each node in the system has
one parent node, and (16) shows that the master unit has no
parent node. As depicted in Fig. 6, because of the existence
of one slave unit in a loop, which is made by closing the tie-
switch, equations (11)-(16) are guaranteed, but the network
is not radial. Hence, this method is not practical any more
in MG formation based on the master-slave concept. A new
radiality method is proposed based on the single commodity
flow method [19], [37] and improves it according to the MG
formation problem. In the proposed method, the connectivity
constraints are guaranteed by a fictitious network. In the
network, each MG has one energy source and all other buses
are load buses with 1 p.u demand. The fictitious network has
the same topology as the original distribution network; thus,
if a node is supplied, there must be a connection or path to
the main source (see Fig. 7). The formulation for modeling
the connectivity is as follows:∑

l

∑
i∈χ (l)

Fr,i,m,l × BTLl,i,r −
∑
l

∑
i∈∂(l)

Fi,r,m,l × BTLl,i,r


= −ar,m ∀r ∈ Nbus, ∀m ∈ M ,∀r /∈ Nmaster (17)

[
∑
l

∑
i∈χ(l)

Fr,i,m,l × BTLl,i,r −
∑
l

∑
i∈∂(l)

Fi,r,m,l × BTLl,i,r ]

= wr,m − ar,m ∀r ∈ Nmaster , ∀m ∈ M (18)

1 ≤ wr,m ≤ bigM × ar,m, ∀r ∈ Nmaster , ∀m ∈ M (19)

−bigM × βl,m × BTLl,i,r ≤ Fi,r,m,l
Fi,r,m,l ≤ bigM × βl,m × BTLl,i,r

∀i, r ∈ Nbus, ∀m ∈ M , ∀l ∈ L (20)

FIGURE 6. Connectivity constraints based on spanning tree method.

Therefore, the required formulations for guaranteeing the
radiality constraint are (11)-(13) and (17)-(20).

D. ELECTRICAL CONSTRAINT OF MG FORMATION
In this section, the electrical constraints of MG formation
are explained. As mentioned earlier, the proposed method is
based on a stochastic two-stage framework which includes
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FIGURE 7. Connectivity constraints based on the proposed method.

scheduling and operation stages. In each stage, the electrical
constraints of MG formation are explained.

1) SCHEDULING STAGE
In the proposed method, it is assumed that the distribution
system operator (DSO) can directly control some of the loads
by using DR contracts. Equations (21) and (22) describe the
scheduled active power at the first stage in each bus with or
without DR capabilities.

PL,schi,m,t = ai,m × P
predicted
i,t − PDR,schi,m,t ,

∀i ∈ NDR, ∀m ∈ M , ∀t ∈ T (21)

PL,schi,m,t = ai,m × P
predicted
i,t ∀i ∈ Nbus

∀i /∈ NDR, ∀m ∈ M , ∀t ∈ T (22)

In the DR program, it is assumed that the program follows
some load control steps. The control capabilities of the loads
are explained as follows:

PDR,schi,m,t ≤ ai,m × P
DR,max
i,t ,

∀i ∈ NDR, ∀m ∈ M , ∀t ∈ T (23)∑
m

PDR,schi,m,t =

D∑
d=1

`schi,d,t × P
block
i,d,t , ∀i ∈ NDR, ∀t ∈ T (24)

D∑
d=1

`schi,d,t ≤ 1, ∀i ∈ NDR, ∀t ∈ T (25)

The active power limits on the output of DGs in the first
stage are shown in (26).

PDG,schi,m,t ≤ ai,m × P
DG,max
i , ∀i ∈ NDG, ∀m ∈ M , ∀t ∈ T

(26)

Equation (27) ensures the active power balance in the first
stage at time t in each MG. ∑
i∈NDG

PDG,schi,m,t +
∑

ice∈ICE

PICE,schice,m,t

−

∑
i∈Nbus

PL,schi,m,t

 = 0 ∀m ∈ M , ∀t ∈ T (27)

2) OPERATING STAGE
In the operating stage, the required electrical constraints for
each scenario are described. Equations (28) to (29) describe
the active and reactive amount of load in scenario w at time t
in MG m.

PL,depi,m,t,w = PL,schi,m,t,w −1P
LC
i,m,t,w, ∀i ∈ NDR,

∀m ∈ M , ∀t ∈ T , ∀w ∈ W (28)

QL,depi,m,t,w = ai,m × Q
predicted
i,t − tan(∂i)× P

L,dep
i,m,t,w,

∀i ∈ NDR, ∀m ∈ M , ∀t ∈ T , ∀w ∈ W (29)

The load control model for DR-capable buses in the second
stage are as follows:

PDR,depi,m,t,w ≤ ai,m × P
DR,max
i,t

∀i ∈ NDR, ∀m ∈ M , ∀t ∈ T ,∀w ∈ W

(30)∑
m

PDR,depi,m,t,w =

D∑
d=1

`
dep
i,d,t,w × P

block
i,d,t

∀i ∈ NDR, ∀t ∈ T ,∀w ∈ W (31)
D∑
d=1

`
dep
i,d,t,w ≤ 1, ∀i ∈ NDR, ∀t ∈ T , ∀w ∈ W (32)

The difference in load control programs is shown as follows:

1PLCi,m,t,w = PDR,depi,m,t,w − P
DR,sch
i,m,t

∀i ∈ NDR, ∀m ∈ M , ∀t ∈ T , ∀w ∈ W (33)

The active and reactive power balance in each node in
the second stage is according to (34)-(35). Hice,i is a parame-
ter that shows the connection of car ice to bus i.∑
m∈M

[
QDG,depi,m,t,w

∣∣∣
i∈NDG

+ QICE,depice,m,t,w × Hice,i − QL,depi,m,t,w

∣∣∣
i∈Nbus

]
=

∑
l∈L

F line,Ql,t,w ∀w ∈ W , ∀t ∈ T (34)∑
m∈M

[
PDG,depi,m,t,w

∣∣∣i∈NDG + PICE,depice,m,t,w × Hice,i − P
L,dep
i,m,t,w

]
−

∑
l∈L

F line,Pl,t,w = 0 ∀w ∈ W , ∀t ∈ T (35)

If master unit m is selected for arranging the MG, the volt-
age angle of the node that master unit m is connected to is
set to zero, and its voltage magnitude is set to the controlled
value (1 p.u). Equations (36)-(37) model the mentioned
explanation.

Vi,m,t,w = ai,m × V set
m ,

∀m ∈ M , ∀i ∈ Nmaster , ∀t ∈ T , ∀w ∈ W (36)

−(1− ai,m)× δmin

≤ δi,m,t,w ≤ (1− ai,m)× δmax,

∀m ∈ M , ∀i ∈ Nmaster ,∀t ∈ T , ∀w ∈ W (37)

The active power and reactive power constraints in the sec-
ond stage, line flow limits, and node voltage and angle limits
are also modeled (refer to [23]).
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The linear distribution power flow method introduced
in [40] is used for calculating the load flow in the distribution
system. The proposed method employs linear approximation
for voltage and angle calculation and also considers the reac-
tive power of the lines.

E. ICE CARS
ICE cars are a new concept in the distribution system oper-
ation. The number of these vehicles is very large, and we
can assume that they can be accessible at each bus. ICE car
owners who have home inverters/AC outlets can take part
in the resiliency improvement scheme (according to Fig. 4).
Due to the very large number of these vehicles, it is not
practical to use all of them when a fewer number of them
are useful. To be noted that, in this article for simplification,
aggregator concept is not considered. Before the occurrence
of disasters, the DSO signs contracts with a number of ICE
car owners in specified buses for them to participate in the
program and be available during the power outage (this con-
cept will be considered in future research). These specified
buses are named a bus group in this article. In the proposed
scheme, it is assumed that the ICE cars participating in the
proposed scheme are available during the outage and are
already connected when the outage starts. Therefore, the fuel
tank state of all ICE cars and the availability of the ICE
cars are known, but the exact number (on/off states) and the
amount of energy that they generate are determined after
running the proposed scheme. As explained before, because
of the concept of disaster and the conceptual framework
of ICE cars, these cars do not follow a stochastic behavior
and their presence and fuel tank conditions are determined
upon the onset of a disaster. The power of ICE cars can be
adjusted, but they cannot be on or off during the outage (the
difference with other energy resources); hence, their status
must be fixed during the power outage. The formulation
presented in this section represents the modeling of ICE cars
and determines their number. The thermal and electrical effi-
ciencies of ICE cars are considered in the presented model.
Equations (38)-(44) model the scheduling stage, and
(45)-(50) model the operating stage. The number 9 represents
the equivalent kWh energy of 1 liter of fuel according to [41].

ICEauxice,m =
∑
i∈Nbus
Hice,j=1

ai,m,∀ice ∈ ICE,∀m ∈ M (38)

Fuel tank,schice,,m,t =

[
Fuel tank,schice,m,t−1 − Fuel

usage,sch
ice,m,t

)
∀t ∈ (Tstart ,TEnd ] ,∀ice ∈ ICE,∀m ∈ M

(39)

Fuelltank,s chice,m,t = [ Fuell initial−tankice − Fuel usage,s chice,m,t

]
∀t = Tstart ,∀ice ∈ ICE,∀m ∈ M (40)

Fuellusage,schic,,m,t = PICE,schice,m,t /
(
ηICEthermal × η

ICE
electical × 9

)
∀t ∈ [Tstart ,TEnd ] ,∀ice ∈ ICE,∀m ∈ M

(41)

Fuell tank,schice,m,t ≥ [ Fuel minimal−tankice × ICEauxice,m

]
∀t = [Tstart ,TEnd ] ,∀ice ∈ ICE,∀m ∈ M

(42)

Fuelusage,schice,m,t ≤ bigM × ICEauxice,m

∀t ∈ [Tstart ,TEnd ] ,∀m ∈ M ,∀ice ∈ ICE

(43)

PlCE,schice,m,t ≤ Pmax−lCE
ice × ICEauxice,m (44)

PICE,schice,m,t ≤ Pmax−ICE
ice × I ICEice

∀t ∈ [Tstart ,TEnd ] ,∀m ∈ M ,∀ice ∈ ICE

Fuell tank,depice,m,t = [ Fuel tank,depice,m,t−1,w − Fuel
usage,sch
ice,m,t,w

]
∀t ∈ (Tstart ,TEnd ] ,∀ice ∈ ICE,

∀m ∈ M ,∀w ∈ W (45)

Fuell tank,depice,m,t,w = [ Fuell initial−tank,ICEice − Fuel usage,schice,m,t,w

]
∀t = Tstart ,∀ice ∈ ICE,∀m = M ,

∀w = W (46)

Fuellusage,depice,m,t,w = PICE,depice,m,t,w/
(
ηICEthermal × η

ICE
electical × 9

)
∀t ∈ [Tstart ,TEnd ] ,∀ice ∈ ICE,

∀m ∈ M ,∀w ∈ W (47)

Fuelltank,depic,m,t,w ≥ [ Fuel minimal-tank,ICEice × ICEauxice,m

]
∀t = [Tstart ,TEnd ] ,∀ice ∈ ICE,

∀m ∈ M ,∀w ∈ W (48)

Fuellusage,depice,m,t,w ≤ bigM × ICEaπαice,m∀t ∈ [Tstart ,TEnd ] ,

∀w ∈ W ,∀ice ∈ ICE,∀m ∈ M (49)

PICE,depice,m,t,w ≤ Pmax−ICE
ice × ICEauxice,m

PICE,depice,m,t,w ≤ Pmax−ICE
ice × I ICEice

∀t ∈ [Tstart ,TEnd ],∀m ∈ M ,

∀ice ∈ ICE,∀w ∈ W (50)

IV. NUMERICAL RESULTS
In this section, the performance of the proposed method is
tested on a modified IEEE 33-bus test system. The proposed
model is implemented using GAMS 2010 and solved by
Cplex solver. The test is done on a computer with a Core i5
2.5 GHz processor and 8 GB of RAM. The simulation takes
about 4 seconds and is efficient computationally.

The modified 33-bus test system is adopted from the stan-
dard IEEE 33-bus test system [42]. In the test system, there
are 5 DGs in which 4 of them are assumed master units.
DG 5 is a slave unit. The specification of DGs and their bus
number are shown in Table 2.

The load scenarios are depicted in Fig. 8. Buses 4, 7, 8,
14, 24, 25, 29, 30, 31, and 32 are capable of controlling
their loads. These buses can only perform load shedding.
The load control blocks are assumed to be 100 kW. The
maximum number of blocks is five. In the last block, if the
load falls below 100 kW, it will be disconnected completely.
It is assumed that ICE cars at a limited number of buses
can generate power. These buses act as slave units. ICE cars
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TABLE 2. Generation resources.

FIGURE 8. Load scenarios.

are distributed uniformly in the selected buses. Because of
budget limitation, logically, not all of them can be used in the
proposed scheme. The maximum power of home inverters is
10 kW (it is reasonable because of the increasing trend in the
alternator power of recent cars), and their fuel tank capacity
is assumed to be 40 liters. The maximum number of MGs is
5 and each MG label is shown in Table 3. The load scenarios
are uploaded in [43].

TABLE 3. MGs and their master units.

In order to take into account different conditions, two
events with moderate and severe conditions are considered.
In the first event, four faults happen after the natural disaster
in the distribution system. Lines (1,2), (2,3), (33,18), and
(32,33) become faulty, and the DS is disconnected from
the main grid. In the second event, in addition to the faults
in event 1, lines (13,14) and (25, 29) also become broken,
representing a more severe situation. The modified 33-bus
test system with fault lines in case 1 is shown in Fig. 9.
It is to be noted that each load has the same priority and
the supplied load amount is selected as a resiliency index for
validating the proposedmethod. To explain the effect of using
ICE cars on the proposed methods, 4 cases are assumed as
follows:
• Case 1: DS with no ICE cars
• Case 2: DS with 45 ICE cars and bus group 1
• Case 3: DS with 45 ICE cars and bus group 2
• Case 4: DS with 60 ICE cars and bus group 3
In order to demonstrate the capability of the proposed

method compared to previous methods, case 1 is chosen as

FIGURE 9. Formatted MGs in the proposed method (case 1).

a benchmark where no ICE cars are used. Case 2 and case 3
show the effect of using ICE cars in the proposed method.
The number of the ICE cars and buses are the same in both
cases. The buses selected in case 3 is different from those in
case 2. Case 4 represents the distribution of buses and their
effect on the proposed method. It is to be noted that in all case
studies, the DR program is employed. The bus groups are
1) [5,9,15,17,20,23,26,29,32], 2) [5,9,15,17,20,23,26,27,32],
and 3) [5,9,12,15,17,20,23,24,26,27,29,32]. These bus
groups and DGs’ locations are selected based on feasibility
studies or expert viewpoints. These studies are out of the
scope of this article and will be considered in future works.
Budget limitation is also considered in this article. The price
of DG output, demand response, discharge of ICEs cars are
assumed 2, 10 and 3 $/kWh. The presence of ICE cars costs
50 $/each car. The budget limitation is assumed 10000 to
100000 $. The performance of the proposed method in each
case study is explained below.

As illustrated in Fig. 9, the number of MGs in case 1 is
one, and MGs cannot be formed in other areas because of
insufficient generation. It must be noted that the DGs at bus
11 and 30 cannot configure MGs because of insufficient gen-
eration and insufficient load shedding capability. In this case,
the DERs are responsible for supplying the loads. There are
two units with the capability of being master units in the con-
figured MG, and the DG located in bus 24 acts as the master
unit. In this case, there are no ICE cars, and only DGs supply
the loads. In order to compare the proposed method to other
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FIGURE 10. Formatted MGs based on [13].

methods, simulation are performed based on the methods
proposed in [11] and [19]. As illustrated in Fig. 10, if we do
not use tie-switches and limit eachMG to oneDG, the number
of MGs and supplied loads are reduced according to the
method proposed in [11]. Without considering tie-switches,
the control scheme does not have enough flexibility to supply
more loads. Fig. 11 shows that guaranteeing one master unit
for each MG (according to [19]) leads to a decrease in the
supplied loads because the cooperation of multi-master units
results in more generated energy (see Fig. 9). A comparison
between different methods is done in Table 4. As can be
seen, the proposed method shows better performance in the
more severe event (event 2). In event 2, the load reduction
between events 1 and 2 in the proposed method is about 0%,
but this value for the methods in [11] and [19] are 0 and
14 %, respectively (see Fig. 12). By deploying ICEs cars in
DS as depicted in Fig. 13, theMG configuration changes, and
more areas are covered. The DSO can determine the number
of deployed ICE cars according to the condition of the DS.
Fig.13 shows the MG formation in case 3 with 25 ICE cars.
The number of ICE cars in each bus is shown in Table. 5.
It is shown that the focus is on buses 5, 9, 19, 20 and 23,
respectively.

To show the influence of the bus selection on resiliency
improvement, two bus group are deployed with a maximum
number of 45 ICE cars. As depicted in Fig. 14, resiliency

FIGURE 11. Formatted MGs based on [21].

TABLE 4. Comparison between different methods.

FIGURE 12. Load supplied (objective function) in different methods and
load reduction percentages between event 1 and 2.

improvement in case 2 is carried out with more ICE cars.
However, in case 3, it can be accomplished with fewer cars.
Case 2 and case 3 are different from each other only by
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FIGURE 13. Formatted MGs by considering ICE cars (case3).

TABLE 5. Number of ICE cars at each bus in event 1 in case 3 (25 number).

FIGURE 14. Objective value in different case studies.

one bus (bus 29 in bus group 1 and bus 27 in bus group 2).
Therefore, it can be seen that selecting the buses correspond-
ing to ICE cars affects the resiliency improvement process
considerably.

FIGURE 15. Objective value in different budget limits.

The buses corresponding to ICE cars in case 4 aremore dis-
tributed, and the maximum number of ICE cars are increased
to 60 (Fig. 14). The results showed that when the buses
corresponding to ICE cars are more distributed in the system
(case 4), better performance is achieved for the same number
of ICE cars as in cases 2 and 3. The results also revealed
that even if we used fewer ICE cars in case 4 (compared to
cases 2 and 3), better performance than in cases 2 and 3 is
obtained with the appropriate distribution of the ICE buses.

In order to consider the budget limitation in the proposed
method, a comparison is done in Fig. 15. Three case studies
are considered in this figure: case 1, case 2 with 25 ICE
cars and the presented method in [19]. As shown in Fig. 15,
the proposed method has same performance in in low budget
(below 30000 $). Then above 30000 $, the effectiveness of
the proposed method appears. Moreover, ICE cars affect the
resiliency improvement in budget above 50000 $.

V. CONCLUSION
In this article, a novel model for MG formation after natural
disasters is proposed. The model is based on the stochastic
two-stage mixed-integer linear programming (MILP). The
proposed method presents a comprehensive model of MG
formation which fulfils the gaps of previous works. The
results of the simulation model show the effectiveness of the
proposed model compared to previous studies. The proposed
method increases the supplied load by about 75% and 50%
under moderate conditions (event 1) compared to the previ-
ous studies [11] and [19], respectively. It also increases the
supplied load by about 75% in severe conditions (event 2)
compared to both previous studies ([11] and [19]) by integrat-
ing master units and selecting the optimal number of MGs.

ICE cars are also introduced as new energy resources, and
the ability of this type of car in supplying energy in future
power grids during a power outage due to a natural disaster is
explained. In addition, the required formulation for modeling
these resources is presented.

Using ICEs cars increases the supplied loads considerably
because of the larger flexibility they provide. It is shown
that using ICE cars increases the area covered by DGs. It is
also shown that the choice of number and locations of buses

VOLUME 9, 2021 4627



A. Abessi et al.: New Model for a Resilient DS After Natural Disasters Using Microgrid Formation and Considering ICE Cars

corresponding to ICE cars in the distribution system can influ-
ence the load that can be supplied during a natural disaster.
Moreover, in the budget limitation condition, the proposed
method shows the better performance.
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