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Abstract

In recent years, due to the interconnectedness and stress on power distribution and natural gas networks, enhancing the
level of resilience against severe natural events such as storms has become crucial and vital. The presence of energy
storage systems in microgrids has transformed them into reliable resilience sources in electric energy distribution systems.
In this regard, studying the improvement of resilience in distribution networks in the presence of microgrids holds special
importance. The objective of this article is to achieve the maximum utilization of available network storage to supply
critical and non-critical electrical loads while minimizing the loss of load prior to the occurrence of severe events. To this
end, a multi-objective optimization algorithm, namely Ant Colony Optimization, has been employed for proactive
scheduling and achieving optimal decisions within consecutive time periods. Simulation results demonstrate that
increasing the number of microgrids and expanding energy storage systems in the network not only improves network
laudability but also reduces the amount of lost load by 15.27%, thereby increasing the level of resilience.
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1. Introduction

During the recent years, resilience has become one of the
main keywords in power systems researches with
widespread blackouts in all over the world after the
occurrence of low-probability and high-impact events
such as floods, storms, or earthquakes [1]. Resilience in
power systems includes resistance and ability of the
system in fast restoration from events such as tsunamis,
earthquakes, or cyber-attacks. This study seeks to
investigate the effects of hurricanes on resilience.
Resilience of a system is the ability to withstand, survive,
and rapidly recover from a severe incident. Typically, the
performance of a system is represented by a resilience
curve in the form of a trapezoid, as shown in Fig. 1, which
depicts the system's performance level during different
stages of resilience (avoidance, survival, and recovery). In
the time interval from TO to T1, the system operates in its
normal state, and predictive, preparatory, and preventive
measures can be taken during this period to mitigate
disruptions. T1 represents the occurrence time of the
event. Resilience characteristics during the survival stage
prevent an immediate decline in system performance, and
adaptive measures are taken from T2 to T3 to protect
critical loads. Finally, during the recovery stage (T3 to T4),
restorative measures are implemented to quickly restore
interrupted loads and repair or replace wvulnerable
equipment.
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Fig. 1. The system resiliency curve and its various steps

A large number of studies have been conducted on the
resilience in the distribution network and its improvement
methods. For example, [2] assessed the strategies for
improving the resilience in the distribution network
utilizing a multivariate statistical model. In addition, [3]
proposed a quantitative criterion to calculate resilience in
the network applying graph theory considering different
criteria for resilience through the index aggregation
algorithm and the weighting factor for each index. Further,
[4] focused on the role of networked microgrids (MGs) to
increase the resilience in the system against extreme
events. Furthermore, [5] presented an integrated and
coordinated optimization model for restoring unbalanced
distribution systems after large-scale power outages
created by extreme events with the presence of
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dispatchable and renewable (solar and wind units)
distributed generation resources (DGs) and ESSs. In
another study, [6] offered the planning of MGs to
strengthen the network against extreme events in order to
determine the optimal nodes for MG connection, along
with the capacity of dispatchable production units located
in MGs. An optimization model was reviewed in [7] to
allocate emergency power resources among the MGs and
sensitive loads in a distribution system before a severe
natural disaster. In addition, [8] presented a MG formation
model based on emergency operation strategy for resilient
distribution systems. Further, [9] proposed a second-order
mixed-integer programming model using supporting DGs
and reconfiguration of the distribution network to offer
minimal improved load shedding to provide the resilience
in the distribution network. Furthermore, [10] introduced
a coordinated model to improve the resilience in the
system and upgrade the operation of smart MGs in the
form of resistant islanding, in which the islanding
algorithm was utilized to increase resilience. In another
study, [11] discussed the effect of the type, location, and
optimal size of DG on the resilience in the distribution
network with the help of a new resilience index. A
qualitative assessment structure of resilience under
stormy weather conditions for the power system was
proposed in [12].

Analysing electricity and gas multi-energy systems
(MESs) is considered as more complicated. However, the
above-mentioned systems should not be ignored due to
their interdependence because such factor may make the
whole system more vulnerable, resulting in spreading the
failure from one energy network to another. Applying
dynamic and optimal interaction between the
aforementioned energy carriers can improve the level of
resilience and maximize the amount of energy supply to
consumers due to the dispersion of dependent sources of
electricity and gas energy networks and storages [13]. The
exact method of analysing the resilience of gas networks
in power systems was assessed in [14]. To this aim, the
constraints related to gas infrastructures were evaluated
considering different thermal scenarios. The proposed
model was based on a multi-stage method which uses DC
load flow, as well as stable and transient analyses for
power systems and gas networks, respectively. Then, the
effects of electricity and gas networks on each other were
examined by offering a new criterion to measure the
provided resilience. The results indicated that the
proposed method exhibits an effective perspective on the
effects of the thermal energy network on the resilience of
MESs. An economic dispatch model was proposed as a
multi-level problem considering security constraint. The
interaction between the electric grid and natural gas was
regarded in the proposed model, along with wind power
and the convert electricity to gas unit. Therefore, utilizing
different energy carriers during the planning can increase
the resilience in energy supply systems significantly. The
expansion planning algorithm was proposed for energy
transmission systems resulting from the integration of
electric and gas networks to increase the resilience of the
network in difficult conditions [15].

In [16], the rate of frequency change has been utilized as
a new indicator to assess system resilience during severe
events. In this regard, the dispatch strategy of distributed
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generation units has been employed as an optimal solution
to mitigate sudden generator outages and prevent
frequency instability.

With the restructuring of electricity networks and motion
towards smart electric networks, microgrids will play a
significant role in ensuring network critical loads [17, 18].
MGs can play a significant role in improving resilience in
energy distribution systems. In fact, MGs can be
immediately connected to the critical buses of the network
in an island performance in the event of a disruption in the
energy supply in an electrical energy distribution system.
The significance of timing and sequence of events in the
proactive management approach can prevent delays in
emergency power supply appropriately. An optimal MG
scheduling model was offered in [19] to improve the
resilience and minimize the reduction of MG load
interruption in islanding operation. In addition, [20]
applied a two-stage stochastic programming approach to
find the optimal MG scheduling under uncertainty. DGs
in MGs maintain the continuity of feeding loads for
consumers and critical loads after extreme events, which
plays a significant role in resilience [21]. Further, [22]
investigated various topics related to MG control and
restoration with their help to strengthen network
resilience. Furthermore, [23] presented a resilience-based
approach with the help of MG to restore critical loads in a
distribution feeder after a major natural disaster. In
another study, [24] focused on the risk limitation strategy
using MGs based on a Gaussian hybrid model to express
the quantitative assessment of resilience in terms of the
probability distribution of wind turbine and photovoltaic
production to restore the load. A hierarchical blackout
decision-making model was utilized in [25] to control
multi-MGs (MMGs) intelligently in order to increase the
resilience in smart grids.

Based on the studies, the interdependence in natural gas
network infrastructure with the presence of compressors
and electricity distribution network is ignored. This study
aims to allocate the above-mentioned resources in the
system before the storm. The objective of this research is
to enhance the level of resilience based on proactive
scheduled management by incorporating microgrids as
resilient resources and utilizing the storage capacity
within them to improve resilience prior to the occurrence
of severe events in the avoidance phase, as shown in the
resilience curve in Fig. 1. During this time interval, certain
initial potential events, including warning time, gas
outages, and system islanding, are identified for a specific
distribution system. With this information, by optimizing
the defined objective functions that involve maximizing
the level of system storage devices and minimizing the
amount of lost load while ensuring critical loads, we
maximize the level of non-critical load supply. Finally,
the system resilience index is determined based on the
obtained information. Therefore, considering the
provided explanations, the objective of this article is not
optimal energy management in an islanded microgrid but
rather the maximization of energy storage levels during
the period of renewable source outage and gas
interruption by predicting the occurrence of severe events.
The proposed model is regarded as a non-linear
programming problem optimized by MOACO. The
remainder of this study is as follows. The proposed plan
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and its relationships are indicated in the second part. The
third part focuses on the proposed model which is
implemented in an integrated system including electric
and gas networks and utilized to analyze the resilience in
the network. Finally, the conclusion is reviewed.

2. The Proposed Methodology

A proactive scheduled management program is aimed at
delaying or reducing the system's vulnerability prior to the
occurrence of an event. Considering that it is possible to
predict a severe event such as a storm several hours before
its occurrence, this paper considers the possibility of
predicting the accessible energy storage capacity in a
microgrid prior to an event as a preventive principle. This
approach aims to maximize the energy storage capacity
and increase the network's resilience level. Fig. 2
illustrates the flowchart of the proposed plan,
demonstrating the three stages of the overall process of
implementing the active scheduling management
approach.

Step 1

Input data electric
network

Input data gas
network

Collect the information from the overall
structure of the proposed system

Input data load
profile

Identify vulnerable

components

Step 2

Modeling the impact of
worst event (hurricane)

No
Do we have a loss of load or not

(AC load flow)

Yes

Using operation oriented preventive measure
Stage 1: removal the productive units based on wind and solar
Stage2: Gas interruption
Stage 3: islanding -using the CVR method -using the support
capacity

Step 3

Three scenario to evaluate the resilience
Senl: without MG
Sen2: Adding a MG
Sen3: Addition of two MG

]

Solving the optimization problem of multi-objectuve functions
with the help of Ant colony algorithm

1) the maximum total of electric-thermal storage
Device and critical and noncritical load supply

2) Evaluative of resilience index minimum loss of load

Fig. 2.The flowchart of the proposed scheme
A very important point in this research is the time interval
considered for evaluating the system's behavior.
According to Fig.1, the time interval from TO to T1
represents the phase of providing an appropriate
scheduling plan to achieve the maximum energy storage
level before the occurrence of a severe event at time T1.
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In practice, within the time interval from TO to T1,
according to the provided schedule, the outage of
renewable sources and gas interruption occurs. At time
T1, the modeling phase of vulnerable elements such as
feeders and transformers based on the occurrence of a
severe event takes place. The candidate equipment for
potential damages in the face of severe events such as
storms are feeders, transformers, and renewable sources
like wind and solar. In the proactive scheduling plan,
initially, the sources are disconnected from the network at
the time of the initial alert announcement. The next step
is to select the worst weather condition based on.
statistically predicted data aligned with the wind speed in
the geographical area.

3. Formulating the Problem

The characteristics of the interconnected electricity and
natural gas distribution network are formulated based on
several scenarios considering MGs.

3.1 Electric network equations

3.1.1 electric power flow
Equations (1-4) are related to AC power flow.

Ge es+,e es—.e cI e
Z Pn,t - Z (Pa,tJr P ) it
neQ) ne® (]_)
s,ncl,e inj
-Ry =R
Z Q cI e _Qs ncl.e anj (2)
neQl
where Pfte and fo indicate the variables of active

and reactive electric and boiler power and P{;™ and
Pes t

at
of electric storages, respectively.

represent the charging and discharging capacities

PY = (2v; ¢ 1)G(, 9

Ne_bus 3)
+ > (G(yi,j)(v“ +Vi, -1+ B(| t)( ¥ —9“))

i(j=i)

QY =—(2v;, -DB,

Ne_pus (4)
+ X (—B(yiyj)(\/i't +Vj, 1)+G(|t)( L —Hj't))

(i)
The variables P Jalnd QIt are regarded as the active and
reactive powers injected in each bus and the parameters

cY and BY are considered as the real and imaginary
parts of the admittance matrix, respectively. The limit of
power exchange with the upstream network is as follows.

(Rgrid)2+(thrid)2S(Utgridsrg]rai)((i)z (5)
Where Sg:;i indicates the apparent power of the
substation, P and P represent the active and

reactive power of the substation, U?”d and demonstrates

the connection status of the MES system. Zero means the
connection is regarded as island and one indicates the
connection to the network. The upper and lower limits or
limits of the voltage are as follows:
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yi<mt_v. I # substation —bus (6)
UV +@-uy, <v,, <u v, -

_ ’ 7
+@L-U2")WV, i = substation —bus
The aforementioned equations indicate the limit of the
maximum active and reactive production power in each
DG [26]. In addition, Equation (10) is considered to limit
the active production power of the sources during the fault
period because some DGs may face obstacles in supplying
their fuel after an extreme event.

G DG, max
SQZE:cni.R1

®)
kek
DG,min DG, max
22, Q™ < <D Oy ©)
kek kek
Z Z PtDG < EDG,totaI (10)
teT meM
The limits of reducing electrical loads are as follows.
0< Pi’st,ncl,e < I:)i‘st,ncl,e (11)
anl .e*
Qs ncl.e _anl (Pncl _Psncle) ( |n::| E*) (12)
it
Where P5™° and Q™ indicate the active and

reactive power of non-critical electrical demand,
respectively.The limit of line power distribution is
displayed in Equations (13) and (14).

P('ﬂ‘;‘ N G(' o~ Vi =V - B(Ii,t)(gi,t —6;¢) (13)
fl.e fl.e —loss

Fiie + Rt <Py (14)

Where F’(,'Dt is considered as the active power flow of

line, P(i]t) is regarded as the active power loss of feeder,

and the parameters G' and B' indicate conductance and
susceptance of the line, respectively. The line current limit
is applied to the thermal capacity of the feeder in Equation
(14). Therefore, the total active loads flow in two
directions is related to the losses of the feeder. The MES
network is connected to the upstream network at the point
of common coupling (PCC), where two types of DGs are
considered, one with natural gas fuel and the other with
dual fuel (diesel). The dual fuel DGs burn natural gas due
to the environmental and economic advantages of natural
gas compared to diesel. The limitations of operator DGs
are as follows.

—G.e
a, Pn ;/nSP <antPn n (15)
Ge —G.e
an,tgn ’n= Qnt = n,th ”n (16)

where the variable " indicates the state status of DGs.
Accordingly, this value is equal to one when DGs are in
service and otherwise they are zero. The natural gas fuel
sources exit from the circuit and the units of dual fuel DGs
work with gasoline when the natural gas is interrupted.
The above-mentioned process is observed in Equation

(17), where o, and U™ represent the state of DGs
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dependent on fuel and condition of natural gas,
respectively. In fact, the available gas equals to one and
the interrupted one equals to zero.

gas
Gne = Yt
' 1

3.1.2 Electric load model

An appropriate electric load model is necessary condition
to utilize the conservative voltage regulation (CVR)
method. CVR controls distribution voltage levels in the
range lower than the limit to reduce peak demand and
energy consumption, especially in emergency situations
[27] . Thus, CVR provides a proven energy source to
improve the resilience of MGs during island operations.
To this aim, the range of CVR is considered between 0.95-
1.05. A polynomial load model known as the ZIP is
applied to describe the dependence of the load on the
voltage value [28].

L gl PZ ©2 Pl * PP
P =R (Ki" (Vi Vi) + K (Vi 1V ) +Ki )

nel’

nea

(17

(18)

Q =Q (K (v /) + K (v /) + KT (19)

where KiPz indicates the contribution coefficients of

impedance, while KF' and KFP represent the current
and constant power in the active power load, respectively.
In addition, KiQZ is considered as the contribution

coefficients of impedance, while K and K are

regarded as the current and constant power in the active
power load, respectively. Equation (2) shows the
constraints related to the amount of production and the
minimum time of microturbines being on or off.

Pmm < P < Pmax (20)

where KiQP indicates the power produced by the micro

turbine, while K and P represent its minimum and

maximum produced power. The MGs are controlled and
started by droop control in the island mode. Therefore, the
frequency of the steady state system is among the
variables of load distribution. The following two
equations can be presented for each DER controlled by
Droop [29].

ref
w = a)

miQ°.V, € B
V=V _niP®v eB

3.1.3 Electric storage model
The state of charge (SOC) at any moment is displayed by
Equation (23).

(21)
(22)

droop

droop

pe§ e) A

ese

Ma a.(t-1)
—es.e
a

es.e Pes+.e At

socC;, = soc;_(tfl) +

(23)

es.
"

Equation (24) indicates the initial values of SOC,
Equation (25) represents the depth-of-discharge (DOD),
and Equations (26) and (27) display the limitations of
charging and discharging power related to storage units in
MES.

Socae.(ini) = SOC;m'e (24)
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—e
SOC; < SOCE, < SOC, (25)
— es+,e
0<Py“<Pa i, (26)
—es—,e
0<PI *<nPa  (1-4,) 27)

where Pya, n2®, P®° and EZ° indicate the

charging state of the scheduled electrical units, conversion

efficiency coefficient of the electrical storage units,
scheduled charging and discharging powers, and capacity

of electric storage unit, respectively. Further, u° is

considered as the scheduled charging status of the electric
storage unit, which is in the charging and discharging
states when it equals to one and zero, respectively.

3.2 Thermal load model

3.2.1 Thermal power distribution
Equations (28-30) are demonstrated as follows, where

PC| ,h

it Isconsidered as the active power of critical thermal

demand, while PS" and P§;™" are considered as the
charging and discharging powers of the thermal storages,
respectively. In addition, the parameters C*° , C°*
C%®, and C*" indicate the efficiency of converting gas

and diesel into heat and electricity in CHPs. Further, Pfte

Gh . . .
and P;" represent the variables of active electrical and

thermal power of the boiler.

The limitation in reducing the heat load is shown in
Equation (29).

The limitation in operation and production of boilers are
displayed in Equations (30) and (31).

s.ncl.h cI h es+h es ,h gas
Pt Pi ™ + Z (R )=U,
dekK;
D IR IET™)
negy
28)
“h\ 6. - (
+A-UF) D (PR (C)
neA;
G,h G,h
WY RS+ R v eo
beY; bey;
0< P|S ,ncl,h F;:CI'h vi cO (29)
G,h -G,h
0<R" < Xp R (30)
Kyt = {Utgas bey (31)
1 bey
where the parameter Xb,t determines the operation of the
boiler dependent on the fuel. In addition, U¥ in

Equation (35) displays the state of natural gas in MES.
Like DGs, two models are offered in boilers with natural
gas and dual fuels. The capacity of the boiler used here is
30 kW hypothesizing that dual fuel boilers normally burn
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natural gas and work with diesel when natural gas is
interrupted. The natural gas is regarded as the fuel of the
boiler. Equation (32) presents the output power in terms
of boiler input fuel.

Quoiter t) = Mooiter % Cin ®) (32)
3.2.2 Thermal storage model
The constraints of thermal storage are demonstrated in
Equations (33-37).

es.,h Hes+,h es—,h
N4 Pd_(tfl).At P d.(t-1) At

h h
SOCy; =SOC; (4 +

—es,h ese &N
Eg 4 (33)
SOC (iniy = SOC"" (34)
soc! <soc!, <soc (35)
0<PS" <Py hyf}t (36)
0<PS " <p®"Py (- i) 37)

where socg indicates the charging state of the scheduled

thermal units and the parameter 11Zs,h

conversion efficiency coefficient of the thermal storage

units. In addition, the variable P§S+h , PC?S h

represents the

is
considered as the charging and discharging capacities of
the thermal storages and the parameter Eff‘h is regarded

as the capacity of the thermal storage unit. Further, ph

represents the scheduled charging state of the thermal
storage unit, which is in the charging and discharging
states when it equals to one and zero, respectively.

3.3 Natural gas network equations

Loads in the natural gas network include DGs, boilers, and
residential/industrial natural gas loads. The balance of
natural gas and its limitation for a gas node are expressed
as Equations (38) and (39).

ZUM DEt UgaszPGe g-e

ueH, nely
Ng—node (38)
gas G h g h
U > Ry 2. f9ueme
beE, m(m=k)
gas 9 gas
U™y, < Uut <U; (39)

where the parameter Dk’t indicates the gas demand, while

the parameters p?® and p&"

consumption rate of DG and steam boiler, respectively.
Distributing natural gas flow in each distribution pipeline
and natural gas pressure constraint are expressed by
Equations (40) and (41), respectively.

. 2
sign( fg(k.m).t) fg (km)2 C(FI)«m) (ps k2" PSne )

represents the natural gas

(40)

where ¢l is considered as the pipeline constant.

(k m)

PS< PSS ps (41)
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Diesel storage limitations: Diesel is stored in this system
to supply DGs and dual fuel boilers. Obviously, such
storage has limitations in the form of Equations (42) and
(43).

0 (0]
Vit = Vi — (t 1))2 P (t 1)Pn
neA;
(42)

gas
U 1))Zpb(t 1)Pb
be¥;
o-e o-h
The parameters p,~ and p,

consumption rate in DG and boiler.

(o] o0.ini
Viniy = Vi

indicate the gas

(43)

vltzo

3.4 the objective function description

The multi-objective function is defined as the sum of the
energy stored in the electrical and thermal storage units
and the non-critical load provided at the end of the
avoidance stage. Thus, a multi-objective function is
proposed to make a compromise between MES active
readiness and pre-event load reduction according to
Equations (44) and (45). Variables F1 and F2 are regarded
as objective functions.

f, =D D Ry CAt+ Y D R AL+ ) SOCS | + D SOC] (44)
it i) t a a

F, = max(f,)
1 NB

fy =Rl ==Y P™ At (45)
T

F, = min(f,)

F=[r F] (46)

Equation (44) indicates the sum of electrical and thermal
storages, as well as supplying non-critical loads at the end
of the planning horizon, and the value of RI in Equation
(45) represents the resilience index (amount of energy

loss). The variable P™ is considered as the interrupted

active power and v; is regarded as the weight based on

load priority. Providing a certain level of energy storage
at the start of the event improves the readiness of the
system to supply critical loads in extreme conditions after
the event. The proposed method  utilizes
production/storage rescheduling and CVR as OPM in the
avoidance stage. An integrated power grid of natural gas
and electricity based on resiliency is applied in
linearization method which can model natural gas
interruption and islanding event.

The system operator should accept the responsibility for
the integrated energy system due to the interdependencies
inherent in MES. Finally, the results can be practically
used by the MES operator to apply preventive set points
by which the system can be prepared against the future
event (opening of the uncertainty interval). System
operators should start preventive measures early to avoid
power outages and possible failures due to the spatial and
temporal characteristics of the events and the rapid change
in the state of the components. Table 1 indicates an event
chain with a 12-hour planning horizon which affects the
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network in the form of scheduling the events with clear
critical times. The prevention stage is defined from the
first announcement of a storm warning to the first moment
which it may enter the MES system. Then, a coordinated
preventive method is utilized to eliminate the adverse
effects of the storm. The operator removes natural gas
platforms and all of the wind-based production resources
before the event conservatively in order to observe safety
measures and predict the path of the storm.

Table 1. Range of consecutive time events

Time Status
to =8 Storm early warning
1=12 Natural gas cut
titoty Identification of storm-exposed airways
and removal of wind-based resources
t, =17 Island mode (disconnecting from the
upstream network)
=20 The beginning of the storm
ts3tots The occurrence of a storm

DERs and natural gas boilers experience a forced
shutdown when the supply of natural gas in MES is
interrupted, resulting in losing a part of the demand for
electricity and heat. In order to maintain the resilience of
the power grid and prevent possible outages, the power
system operator forces the MES to work in island mode
as a preventive decision. In fact, the MES operator is
already informed of the relevant time moments (t; and t2)
in t0 since the natural gas interruption and the island event
occur as preventive decisions by the operators in the
natural gas network and upstream electricity network.
The proposed MG resilient design problem is based on a
non-convex and mixed integer linear optimization
problem, solving of which requires a powerful
optimization algorithm. The objectives of the problem in
multi-objective optimization are sometimes contradictory
or in competition with each other. In addition, a set of
optimal solutions is produced instead of providing an
optimal one. The set of optimal solutions, which is called
Pareto optimality, as well, includes answers which exhibit
no superiority to each other considering all of the
objectives. The MOACO algorithm is among the meta-
heuristic methods based on population and is regarded as
a constructive technique for finding approximate
solutions to difficult optimization problems. The
MOACO algorithm aims to solve the problem by
searching for a path with minimum cost in a graph.
Determining the input vector for the variables related to
intelligent algorithms correctly is among the most
significant parts of problem modeling. The following
steps are proposed for the resilience based on proactive
preventive management plan in multi-energy carrier
distribution network by the MOACO algorithm.
Pheromone: Two strategies are applied for calculating the
amount of pheromone in the algorithm.

A. A pheromone matrix (optimal capacity of DG and load
flow in the distribution network) is considered and sum of
the objective functions (maximizing the energy level in
the storages in the network and the minimum amount of
load loss) is used for its calculation.
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B. One colony and one pheromone matrix are regarded for
each objective function (maximizing the energy level of
the storages in the network and minimizing the amount of
load loss).

Selecting the answer: The appropriate solution is among
the issues arising during updating the value of pheromone
routes. Two methods are utilized to select the optimal
solution.

A. What is the best solution for each objective function?

B. What are the non-superior solutions?

Exploratory factors: In order to define this factor, two
strategies are applied.

A. Considering the sum of the objective functions
(maximizing the energy level of the storages in the
network and the minimum amount of load loss).

B. Considering a colony for each objective function
(maximizing the energy level of the storages in the
network and the minimum amount of load l0ss).

The parameters of the MOACO algorithm are obtained
using the trial-and-error method. The number of ants,
pheromone evaporation coefficient, probability of
mutation, and percentage of elites equal to 200, 0.6, 0.4,
and 0.1, respectively.

4. Proposed test system and simulation results
A modified IEEE 33-bus test network is considered Fig.
2. which is connected to a 14-node gas system.

i

IEEE 23 Bus Power Distribution Network

) L=

Fig. 3. IEEE 33 bus test network

To generate electricity, the distribution network depends
on the gas network, which has two compressor stations
and consumes electricity to operate its compressors. There
are two compressors in nodes 4 and 13, which help by
maintaining a constant pressure in the gas transmission
pipelines from one node to another one. The compressors
are supplied by the power supply located in buses 12 and
22 of the power network. The upper and lower limits in
the capacity of nodes are 61.1 and 28.6 m?, and those of
natural gas pressure in the distribution network are 4.13
and 3.45, respectively. The priority for all of the network
loads is considered as equal and the daily load profile is
regarded as the same for all of the loads. The electrical
and thermal efficiency of CHP equal to 0.33 and 0.5,
respectively. The proposed method is evaluated in island
mode by interrupting the common connection at the PCC
point (where the MES network is connected to the
upstream network) and the preventive scheduling lasts 12
hours. There are six nodes in the thermal system, each of
which includes some thermal loads, boilers, thermal
storage unit, and CHP units. The available resources of
MGs are assumed to supply the entire system load in the
island mode and MGs can be successfully connected to
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the network without any obstacles such as failure of
components or buses. In addition, no performance losses
is considered after connection by MGs. To assess the
effect of the MGs, their connection is randomly done to a
bus which depends on the gas network. Here, three
scenarios are considered to evaluate the resilience.

(1) The presence of MGs is not considered in the first
scenario.

(2) The second scenario, MG1 is randomly added to a
damaged bus in the power network (bus 12 or 22) that has
buses corresponding to the gas network.

(3) The third scenario is implemented to add the second
MG to the gas-electricity network. As shown in Figure 2,
the second MG is randomly connected to bus 22 of the
power grid.

In this paper, a maximum sustained wind speed of
approximately 35 meters per second has been considered
[30 31].” Other vulnerable equipment is obtained by
plotting the equipment fragility curve, as shown in Fig.
(4), based on the maximum predicted wind speed
according to the relationship (47).

RW) =Ry (W) + Ry (W) =R (WxRr W) ()
Where the probability of branch outage, , due to feeder
or transformer failure, , is a function of wind speed. In
this study, a vulnerability threshold of 5% is assumed for
each distribution network branch. In the next step, based
on the worst possible scenario, which includes the outage
of all identified vulnerable components in the previous
section, the optimal AC power flow program is executed
to determine the amount of lost load in the system.

Based on the vulnerability threshold assumed to be 5% for
each branch of the distribution network, in this study,
branches 11-12, 7-8, 2-3, 5-6, 14-15, 21-22, 6-26, and 30-
31 have been identified as vulnerable branches in this
system.

Table 2 shows the data related to DGs and electrical and
thermal storage units and boilers.

Fig. 5 displays the production profiles of electric power
during the planning horizon in the proposed proactive
method. As shown in Fig. 6, boilers and DGs with natural
gas fuel no longer work and dual fuel boilers with diesel
fuel operate limitedly from the time of natural gas
interruption in period 7 (t1=14). The production power
entered from the upstream network becomes zero from the
island state onwards, which is in period 10 (t1=17).

Table 2. Data related to DGs and electrical and thermal storage
units
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Fig. 7 is related to the thermal power production profile
of steam boilers during the planning horizon in the
proposed proactive method in the three specified
scenarios and it shows the increase of production values

Distributed Generation (DGS)

D BUS TYPE -G G G G

G Py P_n Q; Qo
S (MW)  (MW) (MVAR) (MVAR)
1 5 Bi-Fuel 3 0.3 2.5 -2.5
2 8 CHP,Bi-Fuel 4 0.4 3 -3
3 13 CHP,Gas-Fired 1 0.15 0.8 -0.8
4 16 CHP,Bi-Fuel 1 0.15 0.8 -0.8
5 19 Bi-Fuel 3 0.3 2.5 -2.5
6 21 CHP,Gas-Fired 3 0.25 2.5 -2.5
7 23 CHP,Bi-Fuel 2 0.2 1.6 -1.6
8 29 Gas-Fired 2 0.2 1.6 -1.6
9 33 CHP,Bi-Fuel 2 0.2 1.6 -1.6
1 15 Bi-Fuel 3 0.3 25 -25
0
1 18 CHP,Bi-Fuel 4 04 3 -3
1
1 4 CHP,Gas-Fired 3 0.25 25 -25
2
Thermal Storage (HS)
HS HN Capacity -ES ES
(MWh) Fa SO0Cq My
(MW) (%)
1 HN1 3 1 30 0.9
2 HN2 1 0.25 30 0.9
3 HN3 1 0.25 20 0.9
4 HN4 2 0.5 20 0.9
5 HN5 2 0.5 20 0.9
6 HNG 1 0.25 35 0.9
Boilers
Boiler HN TYPE -G G
P Pb
(MW) (MW)
1 HN1 Gas-Fired 1 0.1
2 HN2 Bi-Fuel 1 0.1
3 HN3 Bi-Fuel 1 0.1
4 HN4 Bi-Fuel 2 0.15
5 HN5 Gas-Fired 1 0.1
6 HNG6 Bi-Fuel 1 0.1
Electric Storage (ES)
ES BUS Capacity -ES ES
(MWh) Pa SOCy Ny
(MW) (%)
1 8 6 2 30 0.95
2 14 6 2 40 0.95
3 26 45 15 20 0.95
4 7 6 2 30 0.95
5 17 4.5 15 20 0.95
6 29 6 2 40 0.95
Distributed Energy Resources (DER)
DER BUS Mode -G G -G G
Pn P—n Qn Q_n
(MW)  (MW) (MVAR) (MVAR)
1 8 Droop 2 0.2 1.6 -1.6
2 23 Droop 1 0.2 0.8 -0.8
3 29 Droop 1 0.1 0.8 -0.8

of thermal power of boilers with the presence of
microgrids.
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Fig.4. Equipment fragility curve
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Fig. 8 is related to the thermal power production profile
of the simultaneous electricity and heat generation units
during the planning horizon in the proposed proactive
method in the three specified scenarios. As illustrated, the
production values in thermal power of CHPs decrease in
all of the three scenarios from natural gas interruption
(time period 7) until the beginning of the islanding event
in time period 10 and increase from time period 10 to 12,
which means the beginning of uncertainty due to the
occurrence of storm.
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Fig. 8. Thermal power production profile during the planning
horizon

10

The effect of CVR in the proposed proactive method is
considered as a proactive instrument to control the bus
voltage levels below the permissible limit, resulting in
reducing the peak power consumption demand of loads in
emergency situations after islanding events. Therefore,
CVR provides a verified energy source for improving the
resilience of MGs during island operation with an
effective role in realizing the proposed model. Fig. 9
demonstrates the effect of CVR on bus voltage control. As
observed, voltage reduction occurs in 10 time periods
after the island event.

s
Teaesdteamnn

T134séreamnn R

Consecutive Time Perinds(h)

Fig. 9. Effect of CVR on bus voltage control

Based on the results, the ability of MES to provide critical
loads in post-storm conditions improves when more
power is stored in storage units. Figs. 10 and 11 display
the relative sum of electrical and thermal storage during
the planning horizon in the proposed proactive method in
the scenarios determined in term of percentage. As
observed, the electric storages start charging after the
initial warning at 8 o'clock and maintain an appropriate
level of energy storage until the end of the planning
horizon and the beginning of the uncertainty. The highest
percentage of energy storage is reported in the hour t;=14
when the natural gas is interrupted by the operator.

120

I Eicctric (Without Microgrids)
[ Electric (With One Microgrids)
I Eiectric (With Two Microgrids)
T T T I | T
1 I }

100

Relative Sum of Storage (%)

8 9 10 11 12 13 14 15 16 17 18 19 20

Time (h)
Fig. 10. Relative sum of electrical storage during the planning
horizon

317

Serial no. 106

70 I Thermal (Without Microgrids)
[ Thermal (With One Microgrids)
I Thermal (With Two Microgrids)

60

50

40

30

Relative Sum of Storage (%)

20

8 9 10 11 12 13 14 15 16 17 18 19 20
Time (h)

Fig. 11. Relative sum of thermal storage during the planning
horizon

Practically, supplying non-critical load depends on the
chain of predicted events significantly. Fig. 12 shows the
percentage of non-critical load supply for electrical and
thermal demands in three different scenarios
hypothesizing that the critical load is fully supplied.

LOAD SUPPLY IN THE PROPOSED PROACTIVE METHOD (ELECTRIC). LOAD SUPPLY IN THE PROPOSED PROACTIVE METHOD (THERMAL)

\Supplied non-critical electric demand (%) \

\Supplied non-critical electric demand (%) \

1
[scenariot] [scenario] [scenario3]
g. 12. Non-critical load supply percentage of electrical and
thermal demand

Fig. 13 illustrates the convergence graphs for resilience
index in 200 generations and in three different scenarios.
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Fig. 13. Resilience index convergence diagram in three different
scenarios

As represented in simulation result, the readiness index in
the third scenario is higher than the first and second one,
and the resilience index decreases from 49.43 in the first
scenario to 35.58 and 34.16 in the second and third
scenarios, respectively, indicating the better performance
of the last one. To evaluate the efficiency of the multi-
objective optimization algorithm of the MOACO
algorithm, the rate of achieving two objective functions
simultaneously (RAS) is utilized as follows.

i‘ fii (x) = flfeSt (X)H i (X) — fzbiest
RAS = =L

(x)

(48)
n

where n, T2, and " represent the number of non-

dominant solutions, ideal value for the first objective
function, and ideal value for the second objective
function, respectively. Lower values for the
aforementioned index indicate that the algorithm is
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regarded as more efficient. The value of the above-
mentioned index is 10.666.

5. Conclusion

The present study sought to examine a proactive and
resilient approach to maximize the level of electrical and
thermal storages, as well as non-critical load supply, while
minimizing the amount loss of load since the presence of
static MGs under a scheduled proactive management
affects the resilience of multiple-energy carrier
distribution networks significantly. The MOACO
algorithm was applied for simultaneous optimization of
the aforementioned objectives. The role of compressors in
the gas network indicates its dependence on the electric
network. Based on the results, MGs are considered as an
appropriate source for improving the resilience in a short-
term approach. In addition, the resilience index defined
based on the amount of energy loss decreases from 49.43
in the first scenario to 34.16 in the third one, indicating
the improvement of its performance. Using proactive
preventive management provides a certain level of energy
storage for the network before the storm arrives. No
possibility of secondary failure such as load imbalance is
considered. Thus, such conditions can be regarded in
future works, or the energy hub structure can be utilized
to analyze the resilience of the MES network instead of
the above-mentioned structure.
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7. Appendix

Indices
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a Index of electrical storage units

b Index of thermal boilers

d Index of thermal storage units
i, J Indices of electric buses
k,t Indices of natural gas nodes
n DG index units

t Index of time periods

u Index of gas supply sources

Sets
A set of DGs with natural gas fuel

A set of gas boiler
A set of dual fuel boilers

A set of dual fuel DGs

> > € =< H

A set of electrical storage units

A set of natural gas resources

=

A set of gas fired boilers

X}\_I'I'II

A set of thermal storage units

A set of gas fired DGs

=

A set of all of the DGs

@)

0 A set of hybrid nodes (HNSs) including
electrical and thermal loads.
Variables

|:1’ |:2 Obijective functions

(far 1)
pS Natural gas pressure of the gas node

\V Bus voltage size (RMS voltage)
¥ DG scheduled status
pee QG,e Planned active and reactive powers
pin Qinj Active and reactive powers injected
’ in each bus
ps:nel.e Qs,nclye Non-critical active and reactive
’ powers supplied
pele chye Active and reactive powers of critical

electric demand
fg Natural gas flow in the pipeline

VY Volume of natural gas supply sources
VO Volume of gasoline storage
o) System frequency

Oref DER output voltage frequency



