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In this paper, resilient microgrid is designed and compared with an optimal conventional network at the same 

area subjected to a weather-related hurricane. Comparisons are made with both network total cost and its 

resiliency indicators. For MGs-based network the geographical boundaries of each MG is supposed to be 

predefined while their electrical network boundaries are designed as an integrated distribution network.  The 

costs of different parts of the network such as low and medium voltage feeders, distributed energy resources 

(DERs), and substations are compared with the resilient-based network. The resiliency of the designed distribution 

network against the hurricane is explored using components fragility index. To evaluate the components fragility 

index, the study area is divided into several GIS-based zones in terms of wind intensity. The resilience of the 

planned network is evaluated in three modes as normal, reinforced distribution network and in the presence of 

MGs. A sensitivity analysis is also performed at different wind speeds scenarios. To evaluate the effectiveness and 

comparison of the network performance several resilience indexes are used. Based on the results, the energy not 

supply for the normal case is 22416.36 kwh while it is reduced to 7377.54 kwh in case of network hardening. The 

ENS decrease to 20831.67 kwh in case on MG-based network planning. Results indicate that at higher wind speed 

the performance of MG-based network is better comparing to reinforced conventional network.  
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Nomenclature 

Indexes 

ALDF The annual average of load factor in the substation 

ALSF The annual average of loss factor in the substation 

𝐶𝑜𝑛𝑠𝐹𝐶
𝐻𝑆𝑢𝑏  Construction cost of Sub-distribution substation, $ 

𝐶𝑜𝑛𝑠𝐹𝐶
𝑀𝐹  Construction cost of MV feeders, $ 

𝐶𝑜𝑛𝑠𝐹𝐶
𝑀𝑆𝑢𝑏     Construction cost of distribution substation, $ 

𝐶𝑜𝑠𝑡𝑉𝑂𝑀   O&M variable cost, $/MWh 

𝐶𝑜𝑠𝑡𝐹𝑂𝑀  fixed O&M cost, $/MWh 

𝐶𝑜𝑠𝑡𝐿𝐸  Levelized cost of energy, $/kWh 

𝐷𝐺𝑖          i-th candidate DG 

𝐷𝐺𝐹𝐶  Financing cost of DG in $ 

𝐻𝑆𝑢𝑏𝐹𝐶  Financing cost of Sub-distribution substation, $ 

𝐿𝑖  Length of i-th MV feeder, m 

𝐿𝑜𝑠𝑠𝐹𝐶
𝐻𝑆𝑢𝑏  Loss cost of Sub-distribution substation, $ 

𝐿𝑜𝑠𝑠𝐹𝐶
𝑀𝐹  Loss cost of MV feeders, $ 

𝐿𝑜𝑠𝑠𝐹𝐶
𝑀𝑆𝑢𝑏  Loss cost of distribution substation, $ 

𝑀𝐹𝐹𝐶  Financing cost of MV feeders, $ 

𝑀𝑆𝑢𝑏𝐹𝐶  Financing cost of distribution substation, $ 

𝑀𝐹𝑖       i-th MV feeder 

𝑀𝑆𝑢𝑏𝑖      i-th  distribution substation 

𝑁𝐿𝐷𝐸𝑅,𝑖  Number of DG downstream of i-th MV or HV 

substation  

𝑁𝐿𝑀𝑆𝑢𝑏,𝑖  Number of substations below i-th  distribution 

substations 

NMSub The number of candidate distribution substation 

𝑁𝑆𝑀𝐹        Number of selected MV feeders 

𝑁𝑈𝑀𝐹,𝑖  Number of feeders in upstream of i-th substation 

𝑂𝑢𝑡𝐹𝐶
𝐻𝑆𝑢𝑏  Power outage cost for sub-distribution substation, $ 

𝑂𝑢𝑡𝐹𝐶
𝑀𝐹  Subscriber’s power outage cost of MV feeders, $ 

𝑂𝑢𝑡𝐹𝐶
𝑀𝑆𝑢𝑏  Subscriber’s power outage cost of distribution 

substation, $ 

𝑅0  The amount of resiliency (power) before the event 
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𝑅𝑝𝑑  The amount of resiliency (power) after the event 

𝑆𝑀𝑆𝑢𝑏    Set of all candidate medium voltage substations 

SPL Load, kVA for MV/HV substation and kW for DG 

𝑆𝑆𝑀𝐹       Set of selected MV feeders 

𝑇𝑜𝑡𝑎𝑙𝐹𝐶  Total financing cost, $ 

𝑡𝑝𝑟𝑒  Pre- event time 

𝑡𝑝𝑜𝑒  Post- event time 

𝑡𝑝𝑟𝑟  Pre- restoration time 

𝑡𝑝𝑜𝑟  Post- restoration time 

𝑥𝑖     X-coordinate of i-th knot, m 

 𝑥(𝑚) Longitude of the study area, meter 

𝑦𝑖  Y- coordinate of i-th knot, m 

 𝑦(𝑚) Latitude of the study area, meter  

𝜅𝑖  Decision variable (Binary) for i-th DER 

λi  Decision variable (Binary) for i-th MVS 

Variables 

CC Construction cost, $/km for feeders, $/ KVA for 

substations and $/kW for distributed generations 

CCR    Construction cost, for MV lines after reinforcement 

DD    Damage Duration, h/failure 

DR Damage rate 

𝐷𝑅𝑎𝑡𝑒  Discount rate 

𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒  Price of fuel, $ 

𝐻𝑒𝑎𝑡𝑅𝑎𝑡𝑒  Rate of heat 

I Line current, A 

𝐼𝑚𝑎𝑥  Line nominal current, A 

𝐿𝑇𝑀𝑆𝑢𝑏  Lifetime of distribution substation, year 

𝐿𝑇𝐷𝐸𝑅  Lifetime of DG, year 

𝑁𝐵𝑙𝑜𝑐𝑘𝑠   Total load blocks 

OCR Subscriber’s power outage cost rate, $/KW 

P DG size, KW 

𝑃𝑗  The Power amount of j-th distribution substation, KW 

𝑃𝑘     The Power amount of k-th load point, KW 

𝑃𝑁𝐿𝐿  MV/HV substation no-load loss, kW 

𝑃𝑆𝐶𝐿    MV/HV substation short-circuit loss, kW 

𝑃(𝑤𝑖)  Fragility probability for MV lines in i-th wind speed 

𝑅𝑖     Resistance of i-th MV line, Ώ/m 

𝑅𝑖𝑗    Resistance of line from node i to node j , Ώ/m 

S MVS/HVS substation capacity, kVA 

𝑆𝑚𝑎𝑥  Maximum capacity of a MV/HV substation, kVA 

T Study horizons, year 

TL Current of MV/HV substation at operation period, p.u 

Total CR    Total cost, for MV feeders after Reinforcement 

𝑇𝑅𝑃𝑎𝑖𝑑  Tax rate paid 

VD Voltage drop, % 

𝑉𝐷𝑀𝑉,𝑚𝑎𝑥  Maximum voltage drop in MV, % 

𝑉𝑀𝑉  Medium voltage level voltage 

𝑤  wind speed (m/s) 

𝑤𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙  Wind speed with zero failure probability 

𝑤𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒   Wind speed with failure probability equal to one 

𝑋𝑖𝑘  Line reactance from node i to node j, Ώ /m 

𝑋𝑗   Reactance of j-th MV feeder, Ώ /m 

Coefficients 

CPF Capacity factor 

CRC Capital recovery coefficient 

PF       Power factor 

𝑃𝐹𝑗      Power factor of j-th MV line 

𝑃𝐹𝑘  Power factor of k-th load  

RVP   Reducing the value of the present 

RAF   Rated power factor to average delivery power 

𝜌  Coefficient of energy losses cost, $/kwh 

Abbreviations 

CHP Combined Heat and Power 

DG Distributed generation 

FC   Fuel cell 

𝐻𝑆𝑢𝑏  Sub-distribution substation 

HV High voltage 

ICA Imperialist Competitive Algorithm 

MG Microgrid 

MV Medium voltage 

PV   Photovoltaic 

WT Wind Turbine 

1. Introduction 

Recently, the impact of weather and climate related hazards on 
power systems are increase dramatically. These hazards are usually 
classified as incidents with low probabilities and high impact, as their 
occurrence period may be low, but their impact may be very severe. 
The resiliency concept is reported for different sciences such as 
environmental systems [1], social systems [2], society [3], economics 
[4] and health networks [5]. Despite the slight difference between 
above definitions, the resiliency concept in each field (including 
electric power networks) can generally be defined as the ability of a 
system to anticipate and resist external incidents and return to pre-
shock mode at the highest speed possible and better adaptation to 
future catastrophic accidents and preparedness against [6]. Defining 
and understanding the resilience of power systems against such 
catastrophic events is considered by many researcher [6]. A number 
of resilient studies that have been developed in previous years [7] 
include modeling methods and strategies for increasing resilience. In 
addition to the traditional reliability indices such as expected loss of 
energy [8], various indicators for determining the system's resilience 
are presented in particular. For example, in [9], resiliency is defined 
as the area ratio among the objective and actual functional curves. In 
[10], the resiliency of the system has been improved from corrupted 
mode by using the delivery function ratio. In [11] a proactive resource 
management model is presented for network infrastructure 
components repair and restoration damages to distribution network 
encountering with hurricane. An efficient framework is developed to 
minimize possible damages to network components with minimum 
cost. A MI equivalence is adapted for original model and consequently 
the problem is solved by the Benders’ decomposition algorithm. Both 
transmission and distribution sector are considered in this paper. The 
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effects of new technology such as distributed generations and MGs 
is not considered in this paper. An optimal feeder hardening 
considering multiple temporary MGs method is proposed in [12] to 
improve network resiliency with robust optimization. A three-level 
optimization model is used to minimize the costs of line hardening 
and the operation of MGs and load shedding. At the first level, line 
hardening with discovering for the impact of the worst 
contingencies is solved. At the second level the max-min sub-
problem is solved using linearization techniques. In this paper the 
application of robust optimization leads to a worst case solution that 
may increase network hardening cost as conservative method. In 
[13] a framework to enhance distribution networks resiliency 
against hurricane as a weather hazards is proposed including three 
resilience-oriented design indexes. These indexes involve network 
feeders hardening, backup DGs installing, and automatic switches 
placement. A Spatio-temporal correlation among resilient indexes 
decisions and uncertainties with capturing the failure-recovery cost 
and solving a large-scale mixed-integer stochastic problem is the 
main contribution of [13]. The minimizing of ROD investment cost 
in the first stage and the expected costs of loss of load, DG 
operation, and damage repairs in the second stage is solved in this 
paper. Similar to [11] in this paper the MG is not modeled for 
resiliency enhancement. In [14], a new resiliency evaluation 
framework is defined with respect to the concept of the triangle of 
resiliency, which states that all critical infrastructure stages, such as 
the power system that may remain in different modes during the 
hazards, as well as the transition between these transient states. 
Similar resonance curves have been presented in [9], but not fully 
and routinely modeled and determined. Indicators of time-
dependent infrastructure and time-dependent utilization are based 
on different indices in [15] to determine the resilience. For example, 
how much does resiliency reduced and how fast it is, how long it 
takes to survive the failure after the event, and how long it takes for 
the system to be restored to the pre-event state. The actual modeling 
of the time-dependent time of an infrastructure exposed to severe 
events and the application of the distinction between the underlying 
effects and exploitation and then the construction and integration of 
these four criteria leads to an area, where using that area, you can 
observe the whole system's resilience in a total of all stages. The 
overall assessment framework is based on the weather conditions 
and the use of potentially fragile curves for the power system 
equipment. Several case studies have been presented on the British 
Transmission Experimental Network [16] to determine the 
infrastructure resilience and impact of incremental strategies using 
the framework of resiliency indicators. Generally, in the assessment 
of power system resilience, the following three-step procedure is 
used to indicate all stages during an accident, after an accident, and 
during recovery [17].  

This paper includes some new aspects in optimal network 
planning with resiliency indexes. The application of GIS data can 

be one of the merits of the paper that facilitates the paper for 
practical application. Based-on the above discussion on some major 
published papers, some papers focus on the resilient planning of 
conventional distribution network, while the other considered the 
MGs as provisioning element for optimal resilient planning. One of 
the main question is that the resilient planning cost of distribution 
network how much increase with respect to conventional planning. 
In this paper a cost and resilient based planning for the MG-based 
distribution networks is evaluated and compared.  For each MG all 
necessary requirements are considered with optimal cost and the 
feeder’s route are optimized. Given that resilient network design 
leads to increased network costs, in this paper we divided the 
network into several zones in terms of wind intensity and designed 
the part of the network that is exposed to severe storms to be resilient 
to optimize the network design in terms of cost and resilience. The 
research gap addressed in this paper and not mentioned in other 

papers is how much the network costs increase if we want to increase 
the network resilience by a certain amount. This method leads to better 
decisions for network designers to choose the level of network 
resilience according to the budgets allocated for network design. 

This paper focuses on integrated planning of a distribution 
network both in cases of hardening and MG-based design. In this 
regard we have two major contribution in this paper. 

1- Integrated planning of distribution network with all MV, LV 
components is one of the novelty of this paper. Most of the papers are 
focused on just MV or LV network separately with the objective 
function of cost or reliability. While resiliency of the integrated 
network is major goal of this paper. 

2- The future distribution network can be clusters of MG. Majority 
of current published papers studies the conventional distribution 
networks, while the second objective of this paper is planning of the 
integrated distribution network based on MGs considering network 
resiliency. 

2. Problem formulation 

In this section the mathematical modeling for different part of the 
networks such as MV and LV network, load and MGs are discussed. 
The candidate locations for medium voltage (MV) feeders, distributed 
energy resources (DERs), medium voltage (MV) and high voltage 
(HV) substation are given. The study area is divided into many square 
load blocks based-on the spatial load forecasting methods. In the 
design of the grid, three different phases are considered. 

 1- Determining the geographic boundaries of the MGs: In 
practice, in the electrical design of grid-based grid distribution 
networks, geographic boundaries may have been identified from the 
beginning. In this paper, MGs are based on geographic boundaries. 

2- Design of distributed generation resources: Determining the 
location and optimal capacity of DERs in MGs with consideration of 
all network constraints is an important task. Each grid must also have 
at least one dispatchable energy resource to be able to supply part of 
its critical loads during a components failure due to hazard. 

3- Determine the electric boundaries of the MGs: With the optimal 
switch placement in the distribution network, it is possible to separate 
the grid into interconnected MGs under different operating scenarios. 
In fact, the switches between MGs represent the electrical boundaries 
of the MGs, so that each MG, like a single power grid, can meet its 
internal demand.  

2.1. Objective function 

In both case of cost-based and resilient based planning the 
objective function consists of HV and MV substation, MV feeders and 
distributed generation sources costs according to (1) that in case of 
resilient-based planning the reinforcement of the network component 
and hardening leads to an extra cost [18]. Each of the four first section 

includes construction costs, losses cost, and their corresponding 
outages cost. 

𝑇𝑜𝑡𝑎𝑙𝐹𝐶 = 𝐿𝐹𝐶𝐹 +𝑀𝑆𝑢𝑏𝐶𝐹 + 𝐷𝐺𝐶𝐹 +𝑀𝐹𝐶𝐹 + 𝐻𝑆𝑢𝑏𝐶𝐹  (1) 

2.2. Modeling of distribution substation 

The cost of a distribution substation includes the cost of 
construction, the cost of losses, and the cost of subscriber's power 
outage according to (2): 

𝑀𝑆𝑢𝑏𝐶𝐹 = 𝐶𝑜𝑛𝑠𝐶𝐹
𝑀𝑆𝑢𝑏 + 𝐿𝑜𝑠𝑠𝐶𝐹

𝑀𝑆𝑢𝑏 + 𝑂𝑢𝑡𝐶𝐹
𝑀𝑆𝑢𝑏 ∙ (2) 

The construction cost is calculated by Equation (3): 

𝐶𝑜𝑛𝑠𝐶𝐹
𝑀𝑆𝑢𝑏 = ∑ 𝐶𝐶(𝑀𝑆𝑢𝑏𝑖) ∙ 𝑆

𝑁𝑀𝑆𝑢𝑏

𝑖=1

(𝑀𝑆𝑢𝑏𝑖) ∙
𝑇

𝐿𝑇𝑀𝑆𝑢𝑏

∙ 𝜆𝑖 ∙ 

(3) 
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The variable S represents the size of the distribution substation, 
which is calculated by sum of the connection loads to each post 
derived from equation (4).  

𝑆𝑃𝐿(𝑀𝑆𝑢𝑏𝑖) =
∑ 𝑃𝑘
𝑁𝐿𝑃𝑖
𝑘=1

𝐴𝐿𝐷𝐹(𝑀𝑆𝑢𝑏𝑖) ∙ 𝑃𝐹(𝑀𝑆𝑢𝑏𝑖)
∙ (4) 

The cost of loss of distribution points is calculated as the (5): 

𝐿𝑜𝑠𝑠𝐹𝐶
𝑀𝑆𝑢𝑏 = ∑ [𝑃𝑁𝐿𝐿(𝑀𝑆𝑢𝑏𝑖) + 𝑃𝑆𝐶𝐿(𝑀𝑆𝑢𝑏𝑖)

𝑁𝑀𝑆𝑢𝑏

𝑖=1

∙ 𝑇𝐿2(𝑀𝑆𝑢𝑏𝑖) ∙ 𝐴𝐿𝑆𝐹(𝑀𝑆𝑢𝑏𝑖)]
∙ 𝜌 ∙ 𝑇 ∙ 8760 ∙ 𝜆𝑖 ∙ 

(5) 

ALSF represents the average annual loss factor, which is 
calculated by equation (6) [19]. TL represents the load of MV 
substations at the time of operation (in p.u.), which is calculated 

from equation (7): 

𝐴𝐿𝑆𝐹(𝑀𝑆𝑢𝑏𝑖) = 0.15 ∙ 𝐴𝐿𝐷𝐹(𝑀𝑆𝑢𝑏𝑖) + 0.85
∙ 𝐴𝐿𝐷𝐹2(𝑀𝑆𝑢𝑏𝑖) ∙ 

(6) 

𝑇𝐿(𝑀𝑆𝑢𝑏𝑖) =
∑ 𝑃𝑘
𝑁𝐿𝑃𝑖
𝑘=1

𝑆(𝑀𝑆𝑢𝑏𝑖) ∙ 𝑃𝐹(𝑀𝑆𝑢𝑏𝑖)
∙ (7) 

The power outage cost for the MV substation is calculated from 
the (8): 

𝑂𝑢𝑡𝐶𝐹
𝑀𝑆𝑢𝑏 = ∑ [𝐷𝐷(𝑀𝑆𝑢𝑏𝑖) + 𝐷𝑅(𝑀𝑆𝑢𝑏𝑖)

𝑁𝑀𝑆𝑢𝑏

𝑖=1

∙ ∑ 𝑃𝑘

𝑁𝐿𝑃𝑖

𝑘=1

] ∙ 𝑂𝐶𝑅 ∙ 𝑇 ∙ 8760 ∙ 𝜆𝑖 ∙ 

(8) 

2.3. Distributed energy resources modeling 

It is assumed that the location and capacity of the DERs are 
already known as candidates. It is possible to calculate the cost of 

DERS from the (9) and using cost of energy leveled (𝐶𝑜𝑠𝑡𝐸𝐿), which 
is given in (10) [20-21]. The cost of energy leveled includes all fuel 
costs, maintenance, operation, and construction, and the energy 
price in dollars per kilowatt-hour. 

𝐷𝐺𝐶𝐹 = ∑ [𝐶𝑜𝑠𝑡𝐸𝐿(𝐷𝐺𝑖) ∙
𝑃(𝐷𝐺𝑖)

𝑅𝐴𝐹(𝐷𝐺𝑖)
∙ 𝑇 ∙𝑁𝑀𝑆𝑢𝑏

𝑖=1

8760] ∙ 𝜅𝑖 ∙  
(9) 

𝐶𝑜𝑠𝑡𝐸𝐿 =
𝐶𝐶(𝐷𝐺𝑖) ∙ 𝐶𝑅𝐶 ∙ (1 − 𝑇𝑅𝑃𝑎𝑖𝑑 ∙ 𝑅𝑉𝑃)

8760 ∙ 𝐶𝑃𝐹(𝐷𝐺𝑖) ∙ (1 − 𝑇𝑅𝑃)

+
𝐶𝑜𝑠𝑡𝐹𝑂𝑀(𝐷𝐺𝑖)

8760 ∙ 𝐶𝑃𝐹(𝐷𝐺𝑖)
+ 103

∗ 𝐶𝑜𝑠𝑡𝑉𝑂𝑀(𝐷𝐺𝑖) 

 +106 ∗ 𝐹𝑢𝑒𝑙𝑃𝑟𝑖𝑐𝑒(𝐷𝐺𝑖) ∙ 𝐻𝑒𝑎𝑡𝑅𝑎𝑡𝑒(𝐷𝐺𝑖) ∙ 

(10) 

S.t: 

𝐶𝑅𝐶 =
𝐷𝑅𝑎𝑡𝑒∙(1+𝐷𝑅𝑎𝑡𝑒)

(1+𝐷𝑅𝑎𝑡𝑒)
𝐿𝑇𝐷𝐸𝑅−1

∙    (11) 

The power production of each DER is calculated using the (12). 

𝑆𝑃𝐿(𝑀𝑆𝑢𝑏𝑖) =
𝑅𝐴𝐹(𝐷𝐺𝑖)∙∑ 𝑃𝑗

𝑁𝐿𝑃𝑖
𝑗=1

𝐴𝐿𝐷𝐹(𝐷𝐺𝑖)
∙∙    (12) 

The RAF coefficient represents the coefficient of capacity of the 
DER to the mean power of delivery [22], which is defined by the 
randomness of the wind and solar resources, so as to be able to 
predict the randomness of wind and solar production in calculating 

the resource capacity. This coefficient can be obtained based on the 
available data on the intensity of the sun's radiation and wind speed. 

2.4. Medium voltage feeder modeling 

After analyzing the initial population and choosing distribution 
resources and distribution substations, and then removing the 
candidate distribution substations that were not selected, and 
removing the candidate feeders connected to those substations, we 
examine where the obtained graph connected or not connected [23]. 
Then, the optimal routing of the feeders is done by the Minimum 
Spanning Tree Algorithm of the feeders and the costs are calculated 
[24]. 

The costs of MV feeders are calculated according to formula (13): 

𝑀𝐹𝐹𝐶=𝐶𝑜𝑛𝑠𝐹𝐶
𝑀𝐹 + 𝐿𝑜𝑠𝑠𝐹𝐶

𝑀𝐹 + 𝑂𝑢𝑡𝐹𝐶
𝑀𝐹 ∙ (13) 

The cost of construction is equal to: 

𝐶𝑜𝑛𝑠𝐹𝐶
𝑀𝐹 = ∑ 𝐶𝐶(𝑀𝐹𝑖) ∙ 𝜀𝑑𝑓 ∙ 𝐿𝑖 ∙

𝑁𝑆𝑀𝐹

𝑖=1

 (14) 

The cost of energy losses is calculated according to the following 
formula: 

𝐿𝑜𝑠𝑠𝐹𝐶
𝑀𝐹 = ∑ [𝐼2(𝑀𝐹𝑖) ∙ 𝑅𝑖 ∙ 𝜀𝑑𝑓 ∙ 𝐿𝑖

𝑁𝑆𝑀𝐹

𝑖=1

∙
𝜌 ∙ 𝑇 ∙ 8760

1000
] ∙ 

(15) 

Moreover, the cost of subscriber power outage will be equal to: 

𝑂𝑢𝑡𝐹𝐶
𝑀𝐹 = ∑ {𝜀𝑑𝑓 ∙ 𝐿𝑖 ∙ 𝐷𝐷(𝑀𝐹𝑖) + 𝐷𝑅(𝑀𝐹𝑖)

𝑁𝑆𝑀𝐹

𝑖=1

∙ [ ∑ ∑ 𝑃𝑘

𝑁𝐿𝑃𝑖

𝑘=1

𝑁𝐿𝑀𝑆𝑢𝑏,𝑖

𝑗=1

− ∑
𝑃(𝐷𝐺𝑖)

𝑅𝐴𝐹(𝐷𝐺𝑖)

𝑁𝐿𝐷𝐸𝑅,𝑖

𝑗=1

] ∙ 𝑂𝐶𝑅 ∙ 𝑇

∙ 8760} 

(16) 

The flow of MV feeders is obtained from the load distribution 
calculations according to the following constraints: 

𝐼(𝑀𝐹𝑖) < 𝐼𝑚𝑎𝑥(𝑀𝐹𝑖),              ∀𝑖 ∈ 𝑆𝑆𝑀𝐹 ∙ (17) 

∑ 𝑉𝐷

𝑁𝑈𝑀𝐹,𝑖

𝑗=1

(𝑀𝐹𝑗) < 𝑉𝐷𝑀𝑉,𝑚𝑎𝑥 ,      ∀𝑖

∈ {𝑆𝑀𝑆𝑢𝑏|𝜆𝑖 = 1} ∙ 

(18) 

S.t: 

𝑉𝐷(𝑀𝐹𝑗) = (𝑅𝑗 ∙ 𝑃𝐹𝑗 + 𝑋𝑗 ∙ √1 − 𝑃𝐹𝑗
2) ∙ 𝜀𝑑𝑓 ∙ 𝐿𝑗

∙
𝐼(𝑀𝐹𝑗)

1000 ∙ 𝑉𝑀𝑉
∙ 100 ∙ 

(19) 

2.5. HV substation modeling 

The cost of HV substation includes the cost of construction, the 
cost of losses and the cost of subscriber's power outage as follows from 
(20) [18]: 
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𝐻𝑆𝑢𝑏𝐹𝐶 = 𝐶𝑜𝑛𝑠𝐹𝐶
𝐻𝑆𝑢𝑏 + 𝐿𝑜𝑠𝑠𝐹𝐶

𝐻𝑆𝑢𝑏 + 𝑂𝑢𝑡𝐹𝐶
𝐻𝑆𝑢𝑏 ∙ (20) 

The construction cost of the Sub-distribution substation is equal 
to: 

𝐶𝑜𝑛𝑠𝐹𝐶
𝐻𝑆𝑢𝑏 =  𝐶𝐶(𝐻𝑆𝑢𝑏) ∙ 𝑆(𝐻𝑆𝑢𝑏) ∙ 𝛾𝑖 ∙ (21) 

S represents the size of the Sub-distribution substation, which is 
calculated by calculating the connecting load value according to 
(22) and processing the calculated number in one of the standard 
sizes of 3, 8, 15, 25, 30 or 50 MVA; it will be obtained. 

𝑆𝑃𝐿(𝐻𝑆𝑢𝑏) = ∑ [
∑ 𝑃𝑗
𝑁𝐿𝑃𝑚
𝑗=1

𝐴𝐿𝐷𝐹(𝑀𝑆𝑢𝑏𝑚)

𝑁𝐿𝑀𝑆𝑢𝑏,𝑖

𝑚=1

− ∑
𝑃(𝐷𝐺𝑚)

𝑅𝐴𝐹(𝐷𝐺𝑚)

𝑁𝐿𝐷𝐺,𝑖

𝑚=1

] ∙ 

(22) 

The cost of energy losses of the Sub-distribution substation is 
calculated according to (23): 

𝐿𝑜𝑠𝑠𝐹𝐶
𝐻𝑆𝑢𝑏 = [𝑃𝑁𝐿𝐿(𝐻𝑆𝑢𝑏) + 𝑃𝑆𝐶𝐿(𝐻𝑆𝑢𝑏)

∙ 𝑇𝐿2(𝐻𝑆𝑢𝑏) ∙ 𝐴𝐿𝑆𝐹(𝐻𝑆𝑢𝑏)] ∙ 𝜌
∙ 𝑇 ∙ 8760 ∙ 𝛾𝑖 

(23) 

ALSF represents the average annual loss factor, which is 
calculated by equation (24) [19]. TL represents the flow of Sub-
distribution substation at the time of operation (in p.u.), which is 
calculated by equation (25): 

𝐴𝐿𝑆𝐹(𝐻𝑆𝑢𝑏) = 0.15 ∙ 𝐴𝐿𝐷𝐹(𝐻𝑆𝑢𝑏) + 0.85
∙ 𝐴𝐿𝐷𝐹2(𝐻𝑆𝑢𝑏) ∙ 

(24) 

𝑇𝐿(𝐻𝑆𝑢𝑏)

=

∑ ∑ 𝑃𝑘 − ∑
𝑃(𝐷𝐺𝑗)

𝑅𝐴𝐹(𝐷𝐺𝑗)

𝑁𝐿𝐷𝐸𝑅,𝑖
𝑗=1

𝑁𝐿𝑃𝑗
𝑘=1

𝑁𝐿𝑀𝑆𝑢𝑏,𝑖
𝑗=1

𝑆(𝐻𝑆𝑢𝑏)
∙ 

(25) 

The subscriber's power outage costs of Sub-distribution 
substation are also calculated from formula (26): 

𝑂𝑢𝑡𝐹𝐶
𝐻𝑆𝑢𝑏 = [𝐷𝐷(𝐻𝑆𝑢𝑏) + 𝐷𝑅(𝐻𝑆𝑢𝑏)

∙ ∑ ∑ 𝑃𝑘

𝑁𝐿𝑃𝑗

𝑘=1

𝑁𝐿𝑀𝑆𝑢𝑏,𝑖

𝑗=1

− ∑
𝑃(𝐷𝐺𝑗)

𝑅𝐴𝐹(𝐷𝐺𝑗)

𝑁𝐿𝐷𝐸𝑅,𝑖

𝑗=1

] ∙ 𝑂𝐶𝑅 ∙ 𝑇

∙ 8760 ∙ 𝛾𝑖 

(26) 

2.6. Modeling of network resiliency 

Generally, in the assessment of power system resilience, the 
following three-step procedure is used to indicate all stages during 
an accident, after an accident, and during recovery. In the figure 
below, the overall resiliency curve is used to examine the system's 
resilience. 

The first stage of the destruction process ( 𝑡 ∈ [𝑡𝑝𝑟𝑒 , 𝑡𝑝𝑜𝑒] ): 

occurs between the event time 𝑡𝑝𝑟𝑟  and the end time of the 

incident 𝑡𝑝𝑜𝑒. During the first stage, the level of opacity decreases 

and decreases from the pre-failure state of 𝑅0  to the state after the 

failure of 𝑅𝑝𝑑 , and the magnitude of this decrease depends on the 

impact of the external factors on the system and it also depends on 
the length of time the accident strikes the system. 

      

Fig. 1. The multi-phase resilience trapezoid  

   

Fig. 2. Medium voltage line fragility curve 

The second stage after the failure (𝑡 ∈ [𝑡𝑝𝑜𝑒 , 𝑡𝑝𝑟𝑟]): This step is 

between the end time of the incident  𝑡𝑝𝑜𝑒  and the time before the 

recovery  𝑡𝑝𝑟𝑟and this time is when the system remains in a state of 

destruction until the team Repairs will begin after this time. In fact, 
the duration of this time depends on the fact that after-incident repair 

the third step is the recovery mode (𝑡 ∈ [𝑡𝑝𝑟𝑟 , 𝑡𝑝𝑜𝑟]): This step starts 

from the start of the 𝑡𝑝𝑟𝑟  repair teams and ends when the fully 

retrieved system is 𝑡𝑝𝑜𝑟. In fact, this time depends on the number of 

repair teams, and the more repair teams are, the faster the system is 
retrieved. 

To model the resilience of the distribution network to natural 
disasters, we use the concept of fragility curve that shows the 
probability of fragility of medium voltage lines as a function of stress 
conditions such as wind speed. Figure. 2 shows the curvature of the 
fragility of the medium-voltage distribution lines. The parameter of 

the critical wind speed (𝑤𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙), which begins with the fragility of 
the lines and at that speed the probability of failure is zero, 30 m/s and 

also, the speed parameter of the falling lines (𝑤𝑐𝑜𝑙𝑙𝑎𝑝𝑠𝑒 ), which 

probability of failure is known to be equal to one, is 80 m/s. 

By combining the wind speed profiles at each stage of the 
simulation to this fracture curve, the probability of failure of the 
equipment is obtained from the time and wind speed. The relation 
below is the fragility function of the distribution network lines used in 
this paper as follows: 

𝑃(𝑤𝑖)

=

{
  
 

  
 

  0,                                   𝑤 ≤ 30               

2 (
𝑤 − 30

80 − 30
)
2

,                   30 ≤ 𝑤 ≤
30 + 80

2

1 − 2 (
𝑤 − 80

80 − 30
)
2

,            
30 + 80

2
≤ 𝑤 ≤ 80

1,                                    𝑤 ≥ 80              

 
(27) 

Where 𝑃(𝑤𝑖) the probability of fragility of the medium voltage 
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lines to the function of the wind speed parameter w at the simulation 
teams arrived quickly and begin to recover, and this phase is over 
when the teams begin to work. 

stage i. 

 

Fig. 3. Resiliency modeling processes 

To model the failure of the distribution lines, we produce a 
uniform distributed random number, between zero and one (r ~ U 

(0, 1)). In this case, if at each step of the simulation 𝑃𝑖(𝑤) > 𝑟, the 

medium voltage line exits from the network, and if 𝑃𝑖(𝑤) < 𝑟, the 
distribution line does not exit from the network. The recovery time 
is considered according to the number of repair teams. After 
obtaining the failure states and health states of the medium-voltage 
lines for all the studied periods, we do load flow on the network and 
extract the resilient indices. In this paper, the resiliency is discussed 
with the hardening of medium-voltage distribution equipment and 
also in the presence of interconnected MGs at different speeds. 
Figure 3 shows the Resiliency modeling processes. 

2.7. Resiliency Indicators 

To evaluate the resiliency of power systems, we used some 
resilience indicators [17] and then we define a set of indices that 
show the performance of the resiliency during the various stages of 
the resilience trapezoid. 

2.7.1   𝐻𝑓𝑙 Index 

This indicator shows how fast the resiliency is damaged and its 
unit is kW/hours. 

𝐻𝑓𝑙 =
𝑅𝑝𝑑 − 𝑅0

𝑡𝑝𝑜𝑒 − 𝑡𝑝𝑟𝑒
 (28) 

2.7.2   𝐻𝑇𝑑  Index 

This indicator shows how much it takes from the beginning of 
the destruction process to the end of the destruction process and its 
unit is hours. 

𝐻𝑇𝑑 = 𝑡𝑝𝑜𝑒 − 𝑡𝑝𝑟𝑒 (29) 

2.7.3   𝐻𝐿 Index 

This indicator shows how much the resiliency is damaged and 
its unit is kW. 

𝐻𝐿 = 𝑅0 − 𝑅𝑝𝑑 (30) 

2.7.4  𝑡𝑝𝑑  Index 

This indicator shows how much time it takes for the repair team 
to arrive at the scene after the damage, and it will restore the system 
and its unit is hours. 

𝑡𝑝𝑑 = 𝑡𝑝𝑟𝑟 − 𝑡𝑝𝑜𝑒 (31) 

2.7.5  𝐻𝑓𝑟  Index 

This indicator shows how fast the system is restored and its unit is 
kW/h. 

𝐻𝑓𝑟 =
𝑅0 − 𝑅𝑝𝑑

𝑡𝑝𝑜𝑟 − 𝑡𝑝𝑟𝑟
 (32) 

2.7.6  𝐻𝑇𝑟  Index 

This indicator shows how much time it takes from the start of 
recovery to the network returns to normal status and its unit is hours. 

𝐻𝑇𝑟 = 𝑡𝑝𝑜𝑟 − 𝑡𝑝𝑟𝑟 (33) 

2.7.7  𝐸𝑁𝑜_𝑝  Index 

This indicator shows how much energy has not been provided 
since the start of the destruction process until complete recovery and 

its unit is kW*hours. 

𝐸𝑁𝑜_𝑝 = ∫ 𝑅(𝑡) 𝑑𝑡

𝑡𝑝𝑜𝑟

𝑡𝑝𝑟𝑒

 (34) 

3. Test case data 

The test-case is a greenfield residential area with 9 MG, 1185 load 
points, 1 HV substation, 342 MV candidate feeders, 55 MV candidate 
distribution substation and 74 candidate DG. Figure 1 shows the test-
case. Figures 4,5, 6 and 7 provide more complete information about 
the network under study. 

To investigate the resilience of the studied network, the area where 
studies are carried out is divided into four zones in terms of wind 
intensity and it is assumed that the western region is affected by wind 
speeds in this area, and resilient studies in this area have been carried 
out due to stress conditions. Figure 7 shows the wind speed of the 
region under study. 

      

Fig. 4. Test-Case: A greenfield residential area with 9 MG 

        

Fig. 5. The candidate routes of MV feeders on the grid.  
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Fig. 6. Candidate points for distributing substations and HV 
substation as well as the type of distributed generation sources on 

the network. 

 

Fig. 7. Contour plot of wind speed for study area. 

 

Fig. 8. Optimal configuration of planned network. 

 

Fig. 9. Detailed costs of different parts of the network ($) 

4. Results 

The simulations are performed with ICA [25] optimization 
algorithm and the best grid arrangement is selected. In this paper, 
the grid arrangement and the details of the type and costs of 

resources selected are expressed and compared. 

Table 1. Compares network costs 

Network 
equipment 

Customer 

Interruption 

Cost ($) 

Energy Loss 
Cost ($) 

Construction 
Cost ($) 

Total Cost  ($) 

MVS 3.16E+04 5.12E+05 4.27E+05 9.71E+05 

MVF 4.61E+01 3.57E+05 3.71E+05 7.28E+05 

DG 0.00E+00 0.00E+00 7.58E+07 7.58E+07 

HVS 1.25E+04 4.01E+05 1.64E+06 2.05E+06 

TOTAL 4.42E+04 1.27E+06 7.82E+07 7.95E+07 

Table 2. Comparison of network costs for hardening case 

Construction 
Cost ($) 

Energy 

Loss Cost 

($) 

Customer 

Interruption 

Cost ($) 

Total Cost 
($) 

Construction 
Cost_R ($) 

Total 
Cost_R ($) 

3.70E+05 3.57E+05 4.61E+01 7.27E+07 3.88E+05 7.45E+05 

Table 3. Input data to simulate resilience process 

Storm 

start 
time 

(h) 

Storm end 
time (h) 

storm 
duration (h) 

Repair start 

time after the 

storm  )h) 

Number of 
repair teams 

Repair time 

(For each 

feeder) (h) 

3 7 4 3 1 1 

Figure 8 shows the optimal network arrangement that shows the 
location of the distribution substations, HV substation (HVS), the type 
of distributed generation sources, the feeder path, as well as the load 
points fed by each post, as shown in Fig 8. At least one controllable 
resource is selected on each micro-grid. Figure 9 shows the costs of 
different parts of the network, along with details. 

To increase network resiliency, medium voltage feeders have been 
hardening, which has led to an increase in the costs of MV feeders. 
The following table compares the cost of MV feeders in normal and 
reinforced case. As seen in table 2, the hardening of medium voltage 
feeders increases network costs, but improved network resilience. 

The study area is divided into four different zones with different 
wind speed and assumed that the westernmost region was affected by. 
The storm is assumed to begin at 3 hours and continue until 7 hours. 
During this period, the storm results fail of a part of the medium 
voltage lines. The repare time is assume to be 3 hours after the end of 
storm. It is also assumed that the repair teams will fix 1 medium 
voltage feeder every hour and the defective feeder is recovered. 

 

Fig. 10. Resiliency comparisons in different modes at speeds  

The planned network resiliency is evaluated in four cases, 20% 
less, normal and 20% more hardening, and also in case of 
interconnected MGs. Figure 10 shows the comparison of the network 
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robust design in normal, reinforced and less reinforced, and  
interconnected MGs cases at a speed of 45 m/s. Table 2 compares 
different resiliency indices and shows the effectiveness of proposed 
solutions at speed of 45 m/s. Figure 11 shows the resilience of the 
network at different wind speeds. As shown in this figure, the ENS 
is increased with increasing of the wind speed from 45 m/s to 65 
m/s. Consequently, the resiliency of the network is decreased with 
the increasing of the wind speed. 

Table 4. Comparison of resiliency indicators at speed 45 m/s 

 Norm hardening 
Less 

hardening 
MG 

Hfl (Kw/h) -2200 -980 -1100 -1650 

HTd (h) 1 1 2 1 

HL (Kw/h) 2200 980 2200 1650 

tpd (h) 7 7 6 7 

Hfr (Kw/h) 275 490 147 825 

THr (h) 8 2 15 2 

ENo_p (K ∗ h) 22416.36 7377.54 28537.51 20831.67 

Table 5. The total amount of power lost in different scenarios and 
speeds 

 Wind speed (m/s) 

Type of planning 45 55 65 

Less hardening 28537.51 29989.56 29989.56 

Normal 22416.36 28549.89 29989.56 

hardening 7377.54 21692.73 28759.97 

MG 20831.67 22865.56 22865.56 

 

Fig. 11. Comparison of resilient network at various speeds 

 

Fig. 12. The amount of ENS at wind speed 65 m/s 

Figure 12 shows the effect of repairing the damaged feeders. By 
the recovery of defective feeders, the amount of ENS is reduced. In 
Table 4, the total amount of ENS is obtained for 20% less hardening 
mode, normal mode, 20% hardening mode and the presence of 
interconnected MG and for speeds of 45, 55 and 65 m/s. The table 3 
shows that using one indicator alone cannot be a good criterion for 
assessing the resilience of distribution networks and it is necessary to 
use different resilience indicators together. 

As can be visited in Table 5, the amount of ENS against the storm 
in the robust state at low wind speeds is less than the interconnected 
MGs mode. But at high wind speeds, the ENS in the interconnected 
MGs mode is less than in the robust case. 

4. Conclusions  

In this paper, the optimal planning of MG-based distribution 
networks investigated. The planning costs of network segments are 
compared with the reinforced MV feeders boosting network resiliency 

against severe hurricane. Resiliency improvement is applied to 
medium voltage feeders in three scenario’s 20% less hardening, 
normal and 20% hardening against wind speeds of 45-55 65 m/s. In 
addition, the resiliency of advanced distribution network in the 
presence of microgrids is modeled, evaluated and compared with the 
conventional distribution networks using different resiliency metrics. 
Results show the effectiveness of network reinforcement against 
hurricane disaster conditions. According to the results the network 
resiliency is more increases compared to the network its associated 
costs. For future work, the proposed method can be implemented by 
defining the fragility curves of lines due to other natural disasters such 
as floods and earthquakes, and the results can be evaluated. Also, the 
resilience of the network can be evaluated in the presence of mobile 
energy storage devices, which are moved in critical conditions and 
provide the lost loads until the network is restored. 
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