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Abstract— As a result of the recent innovations in deployment 

of plug-in electric vehicles (PEVs), this technology can play an 

important role as a distributed energy resource (DER) in 

supplying the system demand of the power systems of the future. 

This paper, introduces a methodology for optimal coordinated 

allocation of wind farms (WFs), energy storage systems (ESSs) and 

PEV’s parking lots (PEV-PLs) considering demand response 

programs (DRPs) and hourly distribution network 

reconfiguration (DNR) in normal and severe contingency 

conditions. In the proposed methodology, participation of 

different types of loads is also examined. The objective function is 

to minimize the total costs of purchased power from upstream 

network and WFs, along with the costs of commercial/industrial 

loads flexibility and residential loads curtailment. To validate the 

performance of proposed methodology, it is implemented on the 

well-known IEEE 33-bus distribution test system. The simulation 

results, validate the feasibility and effectiveness of the proposed 

approach.  

 
Index Terms— Allocation of DERs, storage systems, network 

reconfiguration, resilience, wind farms, plug-in electrical vehicle, 

parking lots, demand response programs. 

I. NOMENCLATURE  
Indices: 

ij  Branch between the buses ith and jth  

,i j   Index of buses 

t   Time interval [hour] 

Sets:  

/ lb   All system buses/ lines 

/ /r c d   Residential/commercial/industrial load buses 

sub   Substation connecting the network to main grid 

t   Time intervals 

/ /WF ESS PEV   Wind farms/ Energy storage systems/ PEV-PLs 

Parameters: 
/sub WF

pC   Cost of active power procurement from main 

grid/WFs ($/MWh) 
cur/ flex

pC   Cost of load curtailment/flexibility ($/MWh) 

,

WF

i tCF  Coefficient for expected power output from WF 

installed at bus i on hour t. 

 

 
 

/ij ijG B   Conductance and Susceptance of element ijth of the 

YBUS matrix 
/ /

max

WF ESS PEVN   Maximum number of WFs/ESS/PEV-PLs 

max

PEVNM  Maximum number of PEVs 

/ /

,

r c d

i tPD   Active power demand of residential/commercial/ 

industrial loads (MW) 
max max

, ,/ESS ESSc d

i t i tP P   
Maximum charging/discharging power of ESS 

,max/minWF

iP   Maximum/minimum wind power generation (MW) 

max/min( / )subP Q   
Maximum/minimum active/reactive power of 

substation (MW/MVar) 
max max

/PEV PEVc d

i iP P   Maximum charging/discharging power of PEV 

/ /

,

r c d

i tQD   Reactive power demand of residential/commercial/ 

industrial loads (MVar) 

/( / )

i,t
ESS PEVc d  Charging/discharging efficiencies of ESS/PEV’s 

battery at bus i on time t 

( / )l t   
Number of lines/ time intervals 

/

max

c i   Maximum flexibility of commercial/industrial 

loads 

Variables: 

max

,

PEV

i tCap   Maximum capacity of ith PL at time t 

,

PEV

i tE   Energy stores at PEV (MWh) 

/ ijR MI   Real/imaginary part of current flow 

/ /WF ESS PEV

iL   Binary variable of the location of WFs/ESSs/PEV-

PLs (1 = installed, 0 = otherwise) 

,

PEV

i tN   Integer variable for modelling the number of PEVs 

of ith PL at time t 

,t ,t/ QSub Sub

i iP   Active/reactive power of substation (MW/MVar) 

, ,/i t i tPD QD   Active/reactive power demand (MW/MVar) 

, ,/cur cur

i t i tP Q   Curtailed active/reactive demand (MW/MVar) 

, ,/ESS ESSC D

i t i tP P   ESS charging/discharging power (MW) 

, ,/cf df

i t i tPD PD   Flexible active power of commercial/industrial 

loads (MW) 

i,t i,t/WF WFP Q   Injected active/reactive power of WFs (MW/MVar) 

, ,/PEV PEVC D

i t i tP P   PEV charging/discharging power (MW) 

, ,/cf df

i t i tQD QD

 

Flexible reactive power of commercial/industrial 

loads (MVar) 

,

ESS

i tSOC   State of charge of ESS (MWh) 
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, tiV   Voltage magnitude of bus i at time t 

,

flex

i t   Load flexibility variable 

, tij   Voltage angle difference between nodes i and j at 

time t 

,ij t   Binary variable for the line between buses i and j (1 

= connected, 0 = disconnected) 

Functions: 

/sub WF   Cost of purchasing power from main grid/ WFs 

/Lsh flex   Cost of load curtailment/flexibility 

Abbreviations:  

DER Distributed energy resource 
DG Distributed generation 

DRP Demand response program 

DFIG Doubly fed induction generator 

DNR Distribution network reconfiguration  
DV Dependent variables 

ESS Energy storage system 

GAMS General Algebraic Modeling System 

HNR Hourly network reconfiguration 

HDNR Hourly distribution network reconfiguration 

IDV Independent decision variables 

MINLP Mixed-integer non-linear programming 

PV Photovoltaic 

PEV Plug-in electric vehicle 

PEV-PL Plug-in electric vehicle parking lot 

SOC State of charge  

SOH State of health 

V2G Vehicle to grid 

V4G Vehicle for grid  

WF Wind farm 

WT Wind turbine 

II. INTRODUCTION 

HANKS to the recent innovations in modernization of power 

system, distributed energy resources (DERs) are now 

crucial in supplying the system demand in different conditions. 

In this regard, in addition to conventional DERs such as wind 

turbines (WTs), photovoltaic (PV) systems, diesel generators, 

and energy storage systems (ESSs), an alternative option is 

introduced as the DER for improved operation of smart grid 

technologies. This alternative option is transportation 

electrification with the concept of plug-in electric vehicles 

(PEVs).  

Due to the potential of PEV’s parking lots (PEV-PLs) to 

exchange energy with electric power system, they can be 

considered as the DER. Therefore, in the near feature, PEVs can 

play a significant role in supplying system loads. Although, the 

PEVs consume electric power and act as a consumer, 

deployment of vehicle to grid (V2G) technologies allows the 

PEVs to exchange energy with power grid. In such 

circumstances, PEV’s owners can play their own role in power 

system and gain from participation in the V2G services and in 

parallel through involvement in the provision of grid services, 

play an important role as a grid facility which can be called 

vehicle for grid (V4G). All of the abovementioned 

technologies, are important cross-functional solutions that 

accelerate the integration of DERs and help the network 

operator in optimizing grid operation. 

 In addition to the DERs, there are more attractive and 

affordable alternatives which make today’s power systems 

smarter than traditional networks. One of these alternatives is 

the distribution network reconfiguration (DNR). Although the 

concept of DNR was introduced several years ago, this 

methodology is now taken into consideration as a flexibility 

solution in modernization of the power systems [1]. The DNR 

is defined as the process of changing the status of normally 

open/closed switches of distribution network to reach a 

configuration that optimizes desired objectives while satisfying 

all operational planning constraints of network without 

isolating any network node(s) [2]. 

 In addition to the role of these technologies in normal 

network operation, they provide more flexibility for power 

utility in the severe contingency conditions in which power 

lines are damaged, or connection with the upstream network is 

disrupted. This problem has forced network operators to make 

a pervasive plan for the resilient operation of the system in 

severe contingency conditions such as technical problems, 

natural disasters, and man-made problems which cause 

irrecoverable losses. Therefore, occurrence of severe 

contingency condition is really a prominent problem and 

consequently, development of an appropriate strategy to 

decrease the negative impacts of this issue on the network have 

become necessary. 

 Up to now, various research works have been published in 

the context of the smart grid operation in both normal and 

contingent conditions. In this study, the literature has been 

classified according to the types of the components as: a) PEV-

PLs, b) distributed generation (DG) and ESS, c) DNR, and d) 

demand response program (DRP). 

a) PEV-PLs: In spite of their challenges, PEVs have 

remarkable economic, social, and operational advantages for 

the networks. Consequently, many research works have been 

published to investigate the different aspects of PEVs in power 

grid. A multi-objective optimization model is proposed by El-

Zonkoly et al. in [3] for optimal allocation of PLs within the 

distribution network using artificial bee colony optimization 

algorithm. In [4], the renewable energy sources and PEV-PLs 

are simultaneously allocated in the network using a two-level 

optimization approach in which the mutual behavior of PEV-

PLs and renewable-based DGs is investigated. A robust 

management model has been proposed by [5] for optimal 

scheduling of the electric vehicles active and reactive power, 

considering different uncertainties. Since the robust 

optimization is a bi-level technique, authors have used the 

Benders decomposition to reduce the processing time. A 

remarkable techno-economic planning model was proposed in 

[6] for long-term planning of PEV-PLs from parking lot 

owners’ perspective. The work presented considers a 

coordinated charging scheme which shifts the energy 

consumption from on-peak to off-peak periods. Effect of 

different DRPs (e.g. real-time pricing, time-of-use) on the real-

T 
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time operation of PEVs has been investigated in [7]. The PEVs 

have been considered as the end-user and their participation in 

the incentive/price-based DRPs have been investigated. 

Bidirectional PEVs, which have numerous advantages 

compared to unidirectional, have been used in [8] for 

management of a smart distribution network and compensation 

of the harmonics raised by nonlinear loads. In [9], a 

methodology is proposed which uses the fuel of PEVs as a 

source of power for the residential loads when the link of such 

loads with upstream grid is disrupted.  
b) DG and ESS: Due to the key role of DGs and ESSs in 

supplying system loads in nowadays’ power system, several 

studies have been published for allocating such DERs in 

network, in different conditions. The reference [10] proposes a 

seasonal planning procedure for optimal siting and sizing of the 

storage units and optimal network reconfiguration. Also, in 

[11], a planning schedule is proposed for ESSs with 

incorporation of DGs and DNR. In this study, authors focused 

on coordination of power electronic devices such as smart 

inverters with ESSs to decrease the investment costs of ESSs.  

In [12], a voltage stability constrained model is proposed for 

optimal wind farm (WF) allocation in a long-term planning 

horizon. Awad et al. [13] proposed a long-term model for 

planning of ESSs with the aim of profit maximization of 

distributed ESSs. The authors considered the load curtailment 

to prevent complete blackout during planning horizon in a 

contingency condition. A probabilistic approach for optimal 

allocation of DGs is introduced in [14] considering the 

uncertainty of system demand. An economical model is 

proposed in [15] for allocation of ESS in the presence of volatile 

wind power generation. The authors used the five point estimate 

method to model the uncertainty of wind energy which has 

considerable drawbacks in modeling uncertainty in comparison 

with information gap decision theory [16].  

c) DNR: Recently, numerous research works have been 

published for the problem of DNR. Generally, authors of these 

papers have employed different methodologies and techniques 

to solve the problem of DNR. Arasteh et. al. [17] proposed a 

planning model which coordinates the DNR and active 

distribution network expansion planning which considers DRPs 

as the virtual distributed resources. In [18], a fast, non-

dominated sorting genetic algorithm has been proposed to the 

problem of DNR. The results obtained by [19] demonstrate the 

robustness of proposed adaptive particle swarm optimization in 

comparison with other techniques like genetic algorithm which 

is employed by Asraei et al. [20] for the reconfiguration of the 

network in the presence of DGs. The concept of DNR is 

coordinated with microgrid formation in [21], to restore the 

system loads after natural disaster. Lin et al. [22] combined 

hardening and operational measures as a main aspect of power 

system resilience using a tri-level defender-attacker-defender 

model. The authors performed the reconfiguration and 

microgrid islanding schemes as a third level, which is defender 

plan, to measure the operation of grid from system operator 

perspective. 

d) DRP: In smart grids, customers can play their own role 

to improve the characteristics of networks [23]. A planning 

model is proposed in [24] for expansion of distribution systems 

in the presence of DRPs and DERs. In [25], participation of 

costomers in increasing the resilience of microgrid is 

investigated. To do so, four security indices have been 

introduced by authors to measure the resilience of power system 

after weather events. An emergency DRP is proposed by [26] 

so as to investigated the role of end-users in contingency 

condition in case of generation failure. Taxonomy of 

aforementioned research works is given in Table 1. According 

to this table, some important points have been ignored in 

previous research works. For instance, although DGs are 

considered in [3], they have not been optimally allocated within 

the network. Besides, while DNR is employed in [5], the hourly 

changes of the network switches have not been taken into 

consideration.  

Although a careful planning model is necessary for optimal 

operation of network in severe contingency conditions, to the 

best of the authors’ knowledge, there are no research works 

which have simultaneously considered the important 

components of smart grid such as DGs, ESSs, PEV-PLs, 

demand response (DR) and optimal switching of network to 

increase the resilience of grid in such a situation. Moreover, in 

the papers which have focused on optimal allocation of DERs, 

there is not an appropriate model for selecting all system buses 

as candidate nodes for DERs installation. Likewise, there are no 

publications which have focused on coordination of the role of 

PEVs and hourly network reconfiguration in decreasing load 

curtailment. In this regard, this paper proposes a methodology 

to decrease the load shedding in normal and contingency 

conditions. The introduced model is a comprehensive 

methodology which considers the PEV-PLs, WFs, and ESSs as 

a DERs, and obtains optimal hourly configuration for the 

network, and additionally, DRP is taken into consideration 

using the concept of load shedding for the residential and load 

flexibility for the commercial and industrial loads. The 

objective function of the problem is minimizing the costs of 

load curtailment and flexibility, and costs of purchasing power 

from substation and WFs. 

The literature review, has highlighted several important 

deficiencies which are as follows: 

(i) A wide majority of papers which have focused on network 

reconfiguration, have not solved the problem on an hourly 

basis.  

(ii) The proposed allocation methodologies in the previous 

literature have considered a small fraction of system buses 

for finding optimal location and the size of DERs and have 

not examined the important factors in planning and 

operation sectors.  

(iii) The role of customers and PEVs have not been investigated 

in resilient operation of the power systems. 

(iv) The interconnection between DNR and co-operation of 

different DERs in normal/contingent condition has not 

been effectively demonstrated.  

In brief, to the best of the authors’ knowledge, this paper 

contributes to the state of the art with the following key 

contributions: 

 A new model has been proposed for DNR in which the 

on/off status of the network switches is optimized on an 

hourly basis. 

 A resilience-oriented allocation scheme is proposed for 

PEV-PLs, ensuring resilient operation of the network 

after/before occurrence of any faults in the system.  
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 A comprehensive co-operation model is proposed which 

simultaneously defines the optimal location and size of 

WFs, PEV-PLs, ESSs, and optimal hourly configuration of 

the network.  

 The key role of different load types is demonstrated in the 

model to show the importance of customers’ participation 

in contingency conditions.  

 All system buses are considered as the candidate buses for 

installing different DERs with regard to both the physical 

and operational constraints of the system.  

The rest of this paper is organized as follows. In Section 2, 

the problem under study is described. The mathematical 

formulation is presented and discussed in Section 3. The case 

study is provided in Section 4. Section 5 presents the numerical 

result. Finally, Section 6 concludes the paper.  

III. FRAMEWORK DESCRIPTION  

Due to the techno economic problems of the expansion of 

existing distribution systems, DERs could be an effective 

solution for delivery of power to customers with minimum 

active power losses and load curtailment. Even though the 

distributed systems have a mesh structure, they operate in radial 

configuration, owing to the considerable benefits of the radial 

operation (e.g. easy protection and short circuit current 

limiting). Regarding this, DSOs try to find an optimal radial 

configuration for the network that the loads of the system are 

supplied through existing energy resources, and various 

operational, economic, and security constraints are satisfied. 

However, conventional DNR models fail to adapt to the 

constraints and opportunities presented by new network 

technologies. Consequently, an hourly DNR (HDNR) is an 

absolutely necessary consideration for today’s systems.  

In view of the above, adaptation of a comprehensive co-

operation model in which, an optimal operation model for 

DERs along with HDNR, which is more likely to result in 

resilient operation of the network, is vital.  The aim of this study 

is to simultaneously define the optimal location and size of 

PEV-PLs, ESSs, and WFs considering the optimal HDNR for 

radial distribution systems to achieve several benefits, 

especially resilient operation of the network in different 

conditions. It is to be noted that the co-operation of ESSs and 

PEV-PLs allows the DSO to benefit from penetration of WFs, 

and prevent possible operational problems due to the high 

penetration of wind energy. Besides, it investigates the role of 

customers in providing the resilient operation in such 

modernized radial grid, using the concepts of load curtailment 

and flexibility. The main goal is to decrease the load shedding 

of residential loads, especially in severe contingency conditions 

with consideration of different operational costs. In this 

methodology, operation of distribution system for normal and 

contingency conditions is examined. To do so, at first, some of 

distribution lines including the power line which connects the 

distribution system to the upstream network are selected as the 

candidate lines which are disrupted in a specific time because 

of weather events or man-made attacks. It is worth mentioning 

that the selected lines experience the connected and 

disconnected status which cause normal and contingency 

conditions in the system, during the operation horizon. Then, 

optimal location and size of PEV-PLs, ESSs, and WFs, 

simultaneously obtained with optimal hourly on/off status of 

distribution system switches, amount of the load that should be 

curtailed or degree of flexibility of commercial and industrial 

loads of the network, to decrease the different cost components 

of the system which include cost of load curtailment. The 

proposed framework, and the explained stages are depicted in 

Fig. 1.  

IV. PROBLEM FORMULATION 

This section presents the general formulation addressed in 

this paper. At the following subsections, the different 

components of the model are expressed.  

 

A. Objective function 

As it was mentioned, this work aims to minimize an objective  

 
Fig. 1. (a) Proposed framework of the proposed co-operation problem, (b) The stages of optimal DERs allocation and HDNR in both normal and contingency 

condition. 

A) Known inputs 

 Upper value of load shedding 

 Customer’s maximum flexibility 

 Data of PEVs  

 Data of ESSs  

 Load types 

 System data 

B) Forecasted inputs 

 Load profile 

 WFs’ capacity factor 

 Electricity price 

C) Contingency inputs* 

 Lines at fault 

 Substation 

  Fault duration 

1. Input data 

 

2. Model 

  Power flow constraints 

 Power purchasing cost minimization 

 Load curtailment and flexibility cost 

minimization 

 Operational and physical constraints 

 DER limits 

 Demand response constraints 

 Radiality constraint 

3. Outputs 

  Optimal location and size of DERs 

 Number of PEVs in each bus at each hour 

 Optimal configuration of network at each hour 

 Amount of curtailed load 

 Minimum cost of purchasing power from 

substation and WFs 

 Percent of commercial/industrial load 

participation 

#Stage 1 

 

#Stage 2 

 

Input the known and forecast data 

Indicate the lines that are disconnected 
along with the availability status of the 

substation 

#Stage 3 

 Optimally allocate the DERs, obtaining the 

optimal HDNR 

Start 
 

Resilient operation  
 * Specifying the lines that are disconnect and the time duration of their unavailability 

 

(b) 

 

(a) 
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TABLE I 

TAXONOMY OF RESEARCH WORKS ON OPTIMAL ALLOCATION OF DERS AND DNR. 

Reference 

Number 
HDNR 

 DERs CONSIDERATION  DERs Allocation  
DR Contingency 

DG ESS PEV DG ESS PEV 

[2] No  No No No  No No No  No No 
[3] No  Yes No Yes  No No Yes  No No 

[4] No  Yes No Yes  No No Yes  No No 

[5] No  No No Yes  No No Yes  Yes No 
[6] No  Yes No Yes  No No Yes  No Yes 

[7] No  Yes No Yes  Yes No Yes  No No 

[8] No  No No Yes  No No Yes  No No 
[9] No  Yes Yes Yes  No No No  No Yes 

[10] Yes  Yes Yes No  No Yes No  No No 

[11] Yes  Yes Yes No  No Yes No  No No 
[12] No  Yes No No  Yes No No  No No 

[13] No  No Yes No  No Yes No  No No 

[14] No  Yes No No  Yes No No  No No 
[15] No  Yes Yes No  No Yes No  No No 

[16] No  No No No  No No No  No No 

[17] No  No No No  No No No  No No 
[18] No  No No No  No No No  No No 

[19] No  No No No  No No No  Yes No 

[20] No  No No No  No No No  No No 

[21] No  No No No  No No No  No No 

[22] No  No No No  No No No  Yes Yes 

[23] No  Yes No No  No No No  No Yes 
[24] No  Yes Yes No  No No No  Yes Yes 

[25] No  Yes Yes No  No No No  Yes Yes 
[26] No  No No No  No No No  Yes Yes 

This Paper Yes  Yes Yes Yes  Yes Yes Yes  Yes Yes 

function which consists of the costs of purchased power from 

upstream substation and WFs, load curtailment, as well as the 

cost that should be paid to the commercial and industrial 

customers for decreasing their consumption, as follows:  

 
  Minimize  

sub WF Lsh Lflex       (1) 

,

sub t

sub sub

sub i t p

i t

P C
 

    (2) 

,

WF t

WF WF

WF i t p

i t

P C
 

    (3) 

,

rs t

cur cur

Lsh i t p

i t

P C
 

    (4) 

 
/

, , ,

c i t

c d flex flex

Lflex i t i t p i t

i t

PD PD C 
 

      (5) 

This objective function is subjected to the different equality 

and inequality constraints expressed in the next subsections. 

  

B. Active and reactive power balance 

To find an optimal schedule of DERs, operation and switching 

states of network, amount of curtailed load, and load 

participation in flexibility provision, the load flow equations 

must be considered. The following load flow constraints 

including the injected power from substation and WFs, ESSs 

and PEVs charging and discharging, net power of the loads 

from residential, commercial and industrial customers, and the 

network’s flows considered at each of the distributed system 

buses (
bi, j , , {0,1}t ijt     ): 

 
   i, , , , , , ,

, , , ,( )

ESS ESS PEV PEVC D C Dsub WF PEV

t i t i t i t i t i t i t

cur

i t i t ij t ij t

j

P P P P N P P

PD P P

    

   
 (6) 

i, , , , , ,( )sub WF cur

t i t i t i t ij t ij t

j

Q Q QD Q Q      
(7) 

2

, , , , , ,( cos sin )ij t i t ij i t j t ij ij t ij ij tP V G V V G B     (8) 
2

, , , , , ,( sin cos )ij t i t ij i t j t ij ij t ij ij tQ V G V V G B      (9) 

, , , ,

r cf df

i t i t i t i tPD PD PD PD    (10) 

, , , ,

r cf df

i t i t i t i tQD QD QD QD    (11) 

Moreover, ,t

sub

iP  and ,t

sub

iP  are nonzero variables stands for the 

substation bus: 
min max

i, ;

0 ;otherwise

sub

sub t sub subP P P i    



 (12) 

min max

i, ;

0 ;otherwise

sub

sub t sub subQ Q Q i    



 (13) 

  

C. Radiality constraints 

In distribution networks, in order to have a radial 

configuration, the network should have a tree-like topology in 

where each load is linked through a unique path to the 

substation/DERs [1].  The next circumstance is satisfied via the 

load flow equations in which all of the system loads are fed by 

the substation/ DERs and there is no mesh (loop) in the network. 

For the first condition satisfaction, in each hour, the 

configuration of network will be radial when the total number 

of the closed switches be equal to the number of the nodes 

minus one. Also, the status of 𝜗𝑖𝑗,𝑡  and 𝜗𝑗𝑖,𝑡 should be the same. 

It is worth mentioning that in this study, the aforementioned 

radiality conditions should be satisfied each hour. The 

mentioned radiality constraints are modeled as: 

 ,

,

2 1
b

ij t

i j




    (14) 

, ji, , , ,ij t t b ti j t      (15) 
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where 𝜗𝑖𝑗,𝑡 identifies the status of branch between ith and jth 

buses. For the mentioned decision variable, 𝜗𝑖𝑗,𝑡 = 1 shows the 

closed status of the switch and 𝜗𝑖𝑗,𝑡 = 0 illustrates the opened 

status of the switch. 

 

D. Operational limits 

The following represent the operational constraints of 

network including the voltage profile, capacity of distribution 

lines, and injected power from upstream network, which should 

be limited within permissible values as follows 

( bi, j , , {0,1}t ijt     ). 

min max

,i i t iV V V   (16) 

, ,

2 2 2

, ( )
ij t ij t ijij t R M MAXI I I    (17) 

, , , , ,

, , , ,

( cos cos )

( sin sin )

ij tR ij i t i t j t j t

ij j t i t j t j t

I G V V

B V V

 

 

 

 
 (18) 

, , , , ,

, , , ,

( sin sin )

( cos cos )

ij tM ij i t i t j t j t

ij j t i t j t j t

I G V V

B V V

 

 

 

 
 (19) 

  

E. DRPs 

In the contingency condition, participation of costumers in 

management of system is a decisive factor which can prevent 

the system from complete blackout. This participation which is 

known as DR is divided into different categories. The DR which 

is called here as DRPs, including direct load control, or 

interruptible services can be used as additional reserves during 

contingency conditions. In this study, two different DRPs are 

considered taking into account the load curtailment with an 

associated cost for the residential customers, as well as 

allocating special payments for the flexibility of commercial 

and industrial customers. In this method, the residential 

customers curtail their loads with significant high cost; 

commercial and industrial customers decrease their 

consumption to a specific level which have an incentive 

payment for them, as follows ( tt  ): 

i, , ;cur r

t i t rP PD i    (20) 

i, , ;cur r

t i t rQ QD i    (21) 

i, , ,(1 ) ;cf flex c

t i t i t cPD PD i     (22) 

i, , ,(1 ) ;cf flex c

t i t i t cQD QD i     (23) 

i, , ,(1 ) ;df flex d

t i t i t dPD PD i     (24) 

i, , ,(1 ) ;df flex d

t i t i t dQD QD i     (25) 
/

, max0 flex c i

i t    (26) 

where (20) and (21) are the amount of load curtailment in each 

bus at each hour which should be lower than that of residential 

load. Also, (22)-(25) state the demand decrement of 

commercial and industrial loads. Equation (26) states the 

maximum amount of flexibility provision by the flexible loads. 

   

F. The limits on the capacity and number of WFs 

The following is proposed to limit capacity and number of 

WFs (
WFi  ).  

,max

i,t ,0 WF WF WF WF

i i i tP L P CF     (27) 

i,t i,t i,t( ) ( )WF WF WF WF WF

lead i i lagtg P L Q L tg P         (28) 

max

b

WF WF

i

i

L N


  (29) 

where (27) and (28) show the active and reactive power limit of 

WFs, respectively. In order to optimally allocate the WFs 

within a network, a binary variable 𝐿𝑖
𝑊𝐹  is defined which 

indicates either WF is installed at bus i (i.e. 𝐿𝑖
𝑊𝐹 = 1), or not 

(i.e. 𝐿𝑖
𝑊𝐹 = 0). Also, number of WFs that could be installed in 

the network should be limited. Consequently, equation (29) is 

proposed which specifies number of WFs.  

 

G. The limits on the capacity and number of ESSs 

The ESS constraints include the state of charge (SOC) at each 

hour, limits on SOC and charging/discharging power, constraint 

to prevent simultaneous charging/discharging, plus limits on 

the number of ESSs that could be installed, as follows  

( i ,ESS tt    ): 

, i, i,t i,t i,t ,.( / )ESS ESS ESS ESSC c D dESS ESS

i t t i tSOC SOC t p p      (30) 
min max

,

ESS ESS ESS

i i i t i iSOC L SOC SOC L     (31) 
max

, ,0 ;ESS ESS

i

C c ESS

i t i t ESSP P iL      (32) 

max

, ,0 ;ESS ESS

i

D d ESS

i t i t ESSP P iL      (33) 

, , 0ESS ESSC D

i t i tP P   (34) 

, ,
ESS ESS

t ESS t ESS

C D

i t i t

t i t i

P P
   

     (35) 

max

b

ESS ESS

i

i NL


   (36) 

where SOC of ESSs is represented by (30) and limited by (31). 

Constraints (32) and (33) correspond to the upper and lower 

limit of charge/discharge power of ESSs, whereas (34) limits 

the simultaneous charge and discharge of ESSs. A binary 

variable 𝐿𝑖
𝐸𝑆𝑆 states the location of ESSs installed at system, i.e. 

𝐿𝑖
𝐸𝑆𝑆 = 1 for the ESS located at bus i and i.e. 𝐿𝑖

𝐸𝑆𝑆 = 0, 

otherwise. Also, constraint (35) insures that charging level of 

the ESSs should not be smaller than discharging level. To limit 

the number of ESSs that could be installed at system, equation 

(36) is introduced.  

 

H. The PEV-PLs’ constraints 

In this study, a model is proposed to limit the number of 

PEV-PLs, capacity of electric vehicles and number of electric 

vehicles of each PL. Also, to fully include the participation of 

PEVs in the contingency condition, a formulation is proposed 

to capture the participation of all available PEVs in the resilient 

operation of the grid. These constraints are expressed as 

follows: ( i ,PEV tt    ) 

, i, i,t i,t i,t ,.( / )PEV PEV PEV PEVC c D dPEV PEV

i t t i tE E t p p      (37) 
min max

,

PEV PEV PEV

i i i t i iE L E E L     (38) 
max

,0 ;PEV PEVC c PEV

i t i P Vi EP P L i      (39) 

max

, ,0 ;PEV PEV

i

D d PEV

i t i t PEVP P iL      (40) 

, , 0PEV PEVC D

i t i tP P   (41) 

, ,
PEV PEV

t PEV t PEV

C D

i t i t

t i t i

P P
   

     (42) 

max

b

PEV PEV

i

i NL


   (43) 
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ma, x

t

PEV P

i t i

EV PEV

t

N LNM


   (44) 

max

,,

PEVPEV PEV

i ti t iN LCap   (45) 

where constraints (37)-(41) are the limits in the capacity of 

PEVs’ battery which include the energy stored at PEV (37), 

limit of energy that could be stored at PEV (38), maximum 

charging/discharging capacity of each PEV (39) and (40), and 

constraint on simultaneous charge/discharge of PEV (41). 

Based on the operation schedule of PEVs’ battery, their 

charging capacity should be greater than their discharging 

capacity, as mathematically expressed by (42). Due to the 

noticeable advantages of PEVs and increasing trends in 

increasing the penetration of PEVs into the grid, deployment of 

PLs is vital. In this regard, equation (43) is introduced to insure 

the charging support for all available electric vehicles in the 

network. In this study, an integer variable ,

V

i t

PEN is defined 

which indicates the number of electric vehicles in ith PL at hour 

t. In the contingency condition, load supply has become an 

important issue and all of energy sources should participate in 

the demand supply. To capture the participation of all PEVs, all 

available electric vehicles should enter the PL during operation 

horizon. To do so, equation (44) is proposed. Also, equation 

(45) limits the number of electric vehicles in each hour due to 

the capacity of PLs. Please note that although the PEVs’ 

behavior needs a practical model which considers different 

mechanical and electrical factors, this paper is associated with 

role of PEVs in normal and contingency condition, therefore, 

the proposed model deals with the PEVs battery along with 

optimal location and capacity of PEV-parking lots. 

 

I. Decision variables and solution strategy 

The optimal values obtained from the solutions of proposed 

optimization problem contain a number of decision variables 

which demonstrate the interconnection between the model 

variables. The independent decision variables (IDVs) of the 

proposed resilience-oriented co-operation model include: 

injected power from upstream network, active/reactive power 

of WFs, SOC of ESSs, status of PEV’s battery, the participation 

of different load types, number of PEVs, and the hourly status 

of network switches. Besides,  flow of the current through the 

transmission lines, voltage magnitude and angle of load buses, 

injected reactive of substation, active charge/discharge of 

ESS/PV battery for instance, are called dependent variables 

(DVs) as such their values are determined by solving the 

optimization problem. Sets of decision and independent 

variables are given by (46) and (47) respectively.  

i,

,

,

,

,

,

,

,

( / ) ,

,

,

,

,

, ,

sub

t sub t

WF

i t WF t

ESS

i t ESS t

PEV

i t PV t

flex

i t b t

PEV

PV t

ij t b t

i t

P i t

P Q i t

SOC i t

IDV E i t

i t

i t

i j t

N





    
 

    
 

    
 

     
 

    
 

    
    
 

 (46) 

,

i,

( / )

,

( / )

,

,

( / )

,

,

,

,

, ,

ESS

PEV

ij t

sub

t sub t

C D

i t ESS t

C D

i t PV t

i t b t

R M b t

Q i t

P i t

DV P i t

V i t

I i j t

    
 

    
 

     
 

    
    
 

 (47) 

The introduced model is implemented in General Algebraic 

Modeling System (GAMS) software [27]. The proposed 

framework, is a mixed-integer non-linear programming 

(MINLP) model which is solved by the SBB solver. The SBB 

is a GAMS solver for solving the MINLP models. It is based on 

a combination of the well-known standard branch and bound 

technique from Mixed Integer Linear Programming (MILP) 

domain and some of the supported standard Nonlinear 

Programming (NLP) solvers by GAMS [27]. 

V. CASE STUDY 

The IEEE 33-bus distribution test system [1], as shown in Fig. 

2, is used to implement the proposed model. The system 

consists of 37 lines, 5 tie lines as well as 32 sectionalizing 

switches. Although, the used IEEE 33-bus test system is a 

moderately large case study for distribution level studies, but 

however, the proposed comprehensive framework of this study 

can be adapted to other large-scale networks with additional 

computation cost. It is to be noted that the selected optimization 

solver is a powerful one for solving the relatively large systems 

and there is no limitation in this part. Nonetheless, for 

extremely large scale networks, it may be necessary to either 

apply the mathematical decomposition techniques to break 

down the problem into some small sub-problems or linearize 

the nonlinear parts of the problem.  

 The proposed model, is executed on an Intel Core i7-3.00 

GHz personal computer with 8 GB of RAM.  

The paper presents results for a maximum of three PEV-PLs 

and maximum capacity of 40 PEVs in each hour. The focus of 

this study is on the collaborative operation of PEV along with 

other components of smart grid so as to reduce the amount of 

load curtailment in different conditions. Hence, 1500 PEVs are 

assumed to be in the network which should participate in the 

supply of system loads to decrease the load curtailment in 

contingency condition. This number of PEVs in the grid is 

adequate for the dimension of the given distribution network 

under study. It is worth mentioning that the same travel pattern 

is assumed for the drivers and focus is on the role of PEVs in 

severe contingency condition. Nonetheless, this research will 

also be conducted to incorporate the behavior of PEV owners 

as an uncertain parameter. The maximum and minimum SOC 

values of the battery of PEVs are assumed to be 90% and 10% 

respectively, while the nominal capacity of batteries considered 

to be 16 KWh. Also, rated charge and discharge capacity of the 

PEVs considered to be 2.3 KW. 

 
TABLE II 

CHARACTERISTICS OF EACH ESSS. 

max

, ( )ESSd

i tP KW   
max

, (KW)ESSc

i tP   i,t
ESSc  

i,t
ESSd  max ( )iSOC KWh  min ( )iSOC KWh  

100 100 0.95 0.95 500 50 
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Fig. 2. The distribution system under study. 

 

Type of each load (i.e. residential, commercial, and 

industrial) to the load buses are specified in Fig. 2, while 

variation of demand is shown in [28]. In addition, the maximum 

value of load flexibility index is set to 0.1. It is assumed that at 

the most three WFs with rated capacity of 800 KW, and two 

ESSs, are allowed to be dispatched in the system. 

Characteristics of ESSs are given in Table 2. The daily variation 

of WFs’ capacity factor is given in [28]. The contract price of 

purchasing power from WFs and main grid, loss of load value 

and price of load flexibility is assumed to be 0.04, 1, and 0.5 

$/KWh, respectively. 

To capture the contingency condition in the operation 

horizon of the simulation, it is assumed that the substation and 

two power lines, connecting buses 5 to 6, and 27 to 28 are failed 

from hour 7 to 18, as a result of a natural disaster. The location 

of failures are given in Fig. 2. It is to be noted that the following 

assumptions are considered: (i) all the WTs have DFIG 

technologies and as a result they can contribute in the black start 

process; (ii) the DSO has been authorized for load curtailment 

in contingency conditions to maintain the frequency of the 

system.  

VI. NUMERICAL RESULTS 

This section summarizes the findings of the paper. To 

demonstrate the DNR importance, the results obtained for two 

cases including Case I: with DNR and PEV-PLs, and Case II: 

without DNR and PEV-PLs. The following sections describe 

the results obtained for each case.  

 

A. Case I: Joint DNR and DER allocation model 

In this case, the proposed model is solved while the on/off 

status of distribution line switches changed during a day. The 

value of the objective function in this case is $3281.637. Fig. 3 

shows the on/off status of line switches for the study horizon.  

This figure implies the importance of hourly network 

reconfiguration. As it can be seen from this figure, the status of 

some line switches does not change during the operation 

horizon. However, status of some of important power lines such 

as L18-33 and L6-26, which have key role in the system, is changed 

several times during a day. Also, the line switch L1-2 is opened 

in hours 7 to 18, because the main grid is at fault in these hours; 

therefore, in these hours, the system experiences the islanded 

mode and the DERs supply the system, and as a result the 

complete blackout is not occurred.  

The location of DERs in the initial configuration of system is 

shown in Fig. 4. It can be observed that the PEV-PLs installed 

at the commercial and industrial load buses to charge in the off-

peak periods and normal condition of system and inject it to the 

system in the on peak periods and contingency condition. The 

number of electric vehicles that should be in each PL during the 

operation horizon is summarized in Table 3. According to this 

table, total capacity of PLs located at buses 2, 11, and 33 is 

equal to 683, 616, and 201 electric vehicles, respectively. 

Comparison of this table and Fig. 3 imply the coordinated role 

of PEVs and DNR. For instance, the line which connects the PL 

installed at bus 2 closed during operation horizon.  

 

 
Fig. 3. The on/off status of line switches. 
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Fig. 4. Optimal location of DERs in the system in Case I. 
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Fig. 5. Optimal active power of WFs in Case I. 

 

The active power dispatch of WFs is depicted in Fig. 5. It can 

be observed that more active power is dispatched via WFs in 

hours that the network experiences the contingency condition. 

Also, state of charge of ESSs is shown in Fig. 6. As can be seen, 

in contingency time intervals, the charge of ESSs is dropped in 

such a way that in peak hours the SOC of ESSs is in their 

minimum level. 

 

 
Fig. 6. SOC of the ESSs in Case I. 

 
TABLE III 

NUMBER OF PEVS IN EACH PEV-PL. 

Time 

(hour) 

Bus number  Time 

(hour) 

Bus number 

2 11 33  2 11 33 

1 40 40 0  13 0 36 40 

2 37 36 0  14 40 0 0 
3 0 40 0  15 40 0 40 

4 16 40 0  16 34 0 0 

5 15 36 0  17 40 0 24 

6 35 0 0  18 40 40 0 

7 36 36 0  19 36 40 0 

8 35 36 0  20 35 0 0 

9 40 40 17  21 36 0 40 
10 40 40 0  22 34 40 0 

11 0 36 0  23 0 40 0 

12 40 40 40  24 14 0 0 

 

B. Case II: Without DNR and PEVs. 

As previously mentioned, PEVs and DNR have a 

considerable effect on the smart grid economic and operational 

perspectives. In this regard, the proposed model is solved 

without the network reconfiguration and penetration of PEVs. 

The figure for objective function in this case is $3746.937. 

This is because there will be several loads which are 

disconnected from the distribution system and the capacity of 

DERs is not enough to support all system loads in contingency 

condition. 

It is worth noting that for the sake of results comparison, the 

obtained results of this case are simultaneously illustrated with 

that of Case I. Consequently, Fig. 7 depicts the optimal power 

dispatch of the proposed method for both cases. It can be seen 

that participation of customers is increased in Case II. Also, in 

Case I, some of active power injected from WFs and substation 

is consumed by PEVs. On the other hand, PEVs discharged in 

the on peak periods and act as storage systems. Furthermore, 

injected power from substation and WFs are decreased in Case 

I in result of PEVs discharge. Meanwhile, in Case I, islanded 

loads supplied through coordination of DERs and DNR which 

result in lower load curtailment. 

Table 4 gives information on the computation size of the 

proposed model in both cases, and for two different 

computation systems. 
TABLE IV 

COMPUTATIONAL INFORMATION OF THE CASE STUDIES 

Computation system 
Intel Core i7-3.00 
GHz, 8 GB RAM 

 
Intel Core i7-3.40 
GHz, 16 GB RAM 

Case study Case I Case II  Case I Case II 

Number of model 
variables 

19,685 12,841  19,685 12,841 

Number of model 

iterations 
26,153 129  20,043 129 

Total execution time [s] 4,932 31  1045 18 

Relative gap 0 0  0 0 

 

VII. CONCLUSION AND FUTURE WORKS 

This study proposed a methodology for simultaneous allocation 

of distributed energy resources and hourly network 

reconfiguration in normal and contingency condition. The 

introduced model provides a resilience-based architecture in 

which, some distribution line switches are opened for a specific 

time interval and optimal location and size of wind farms, plug-

in electric vehicle-parking lots as well as energy storage 

systems are optimally defined along with on/off status of line 

switches for the operation horizon. Nonetheless, participation 

of customers in system management is investigated through the 

concept of load curtailment of residential consumers and 

flexibility of commercial and industrial consumers so as to 

preserve the system from complete blackout, during 

contingency condition. The obtained results substantiate the 

importance of simultaneous allocation of DERs and 

reconfiguration of distribution network, as well as demand 

response, in normal and contingency condition on the operation 

of the system. 

 In general, the numerical simulations allow that the 

following conclusions be drawn: 

 Network reconfiguration problems should be solved on an 

hourly basis so as to improve the characteristics of network. 

 Coordination of DERs planning and hourly network 

reconfiguration are important factors for increasing the 

resilience of distribution system. 

 Optimal location and capacity of DERs can be affected by 

contingency conditions.  

 End-users can play a crucial role in improving the system 

management in contingency condition.  

Further research studies need to explore the effect of long-term 

planning of DERs on resilience of power systems. In this 

regard, the additional constraints including state of health 

(SOH) of energy storage and battery of the PEVs can be 

included in the model. Besides, although the paper focused on 
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Fig. 7. Optimal power dispatch of different components of system for cases I and II 
 

steady-state operation of the network, the consideration of 

dynamic behavior and transient stability of system in the 

contingency condition is of the utmost importance. 

Consequently, in future works, the interconnection between the 

hourly network reconfiguration and different aspects of the 

system, e.g. transient and steady-state stability, will also be 

analyzed.  
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