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Highlights 

• A new resilience index based on social welfare is proposed. The resilient distribution 

system planning problem and restoration problem are solved in such a way that decreases 

the dependency of operation of water network to power network failures and the aim is 

that most of the loads access to power and water rapidly after natural disasters.  

• For accurately investigating water network operation, the water network is modeled in 

EPANET. 

• An innovative approach is proposed for restoration of distribution systems. 

• Multiple strategies which are appropriate for resilience improvement are implemented. 

• The duration time of studying the distribution system after outages is until the full 

recovery of the system. 
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Abstract: Natural disasters such as hurricanes damage power distribution systems by low probability- high impact 

events. Other infrastructures such as water networks will be disrupted due to their dependency on the power 

network. In this situation, a city or region experiences critical conditions. In this paper, a new resilience index based 

on social welfare concept is presented to decrease unserved loads, restore the distribution system rapidly and 

decrease the dependency of water network operation to power network failures. The new resilience index is 

optimized with effective strategies including: upgrading distribution poles, DG placement with different capacities 

and distribution system automation. The problem is formulated as a stochastic two-stage optimization. The first-

stage decisions are the number of each resilience improvement strategy limited to a predetermined budget. Genetic 

algorithm is applied to solve the first stage. The objective of the second stage is maximizing the social welfare 

which is solved by an innovative approach. Numerical simulations are performed on the IEEE 33-bus radial 

distribution system and designed water network related to it. The results demonstrate the effectiveness of the 

proposed method.  

KEYWORDS: Distribution system planning, Natural disasters, Power system restoration, Resilience, Water 

network. 

 

<td:DefL>Nomenclature 

Indices and Sets 

,i j  load (bus) indexes 

iBS  buses set which are connected to bus i  

s  scenario index 

l  power distribution lines index 

pl  power distribution pole index 

c  power distribution conductor index 

m  power network (main network or each intentional islanded microgrid ) index 

g  DG (backup generator) index 

Parameters and Constants 
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iα  power importance coefficients for load i  

iβ  water importance coefficients for load i  

iLI  load importance coefficient of load i  

loadN  number of loads 

lineN  number of lines in power distribution network 

l
plN  number of poles of line l  

l
cN  number of conductors of line l  

sw  speed of hurricane in scenarios  

minw  minimum wind speed that can damage the conductor 

maxw  maximum wind speed that certainly damage the conductor 

( )sρ  probability of each scenario 

S  number of scenarios 

H
lC  cost of hardening line l  

DGC  cost of DG per KW 

bN  number of busses in power network 

RSC  cost of  each manual switch being upgraded to be controlled remotely 

B  amount of budget constraint 

ijG  line conductance between bus i  and j  

ijB  line susceptance between bus i  and j  

minV  Minimum allowable voltage magnitude in the network 

maxV  maximum allowable voltage magnitude in the network 

max
ijI  maximum current magnitude between bus i  and j  

max

gDGP  maximum output active power of DGg  

max

gDGQ  maximum output reactive power of DGg  

,

max

g iDGP  output maximum active power of DGg which is located in bus i  

,

max

g iDGQ  output maximum reactive power of DGg which is located in bus i  
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Functions and variables 

iLSF  satisfaction function of load i  

iPA  power access function of load i  

iWA  water access function of load i  

RI  resilience index 

1SRI  first sub resilience index 

2SRI  second sub resilience index 

3SRI  third sub resilience index 

, ,f pole plp  fragility function of pole pl  

, ,f cond cp  fragility function of conductor c  

1OF  objective function of the first stage 

lX  a binary variable which determines line l  is hardened or not 

iX  a binary variable which determines bus i  is equipped to a DG or not 

DG
icap  capacity of DG (KW) which is located at bus i  

M RN →  number of manual switches that are being upgraded to be controlled remotely 

2OF  objective function of the second stage 

sM  Number of power networks (main network or intentional islanded microgrid ) in scenario s  

,m s
bN  number of busses in network m  in scenario s  

,m s
lineN  number of lines in network m  in scenario s  

,m sG  number of DGs in power network m  in scenario s  

,m s
ijθ  difference phase voltage angle between bus i  and j  in network m in scenario s  

,m s
iP  active power of the load at bus i  in network m in scenario s  

,m s
iQ  reactive power of the load at bus i  in network m  in scenario s  

,m s
iV  voltage magnitude at bus i  in network m  in scenario s  

,m s
ijI  current magnitude between bus i  and j  in network m  in scenario s  

,
,

m s
loss lP  active power loss of line l  in network m in scenario s  

,

g

m s
DGP  active power of DGg  in network m  in scenario s  
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,
,

m s
loss lQ  reactive power loss of line l  in network m  in scenario s  

,

g

m s
DGQ  reactive power of DGg  in network m  in scenario s  

 

 

1- INTRODUCTION 

Human life strongly depends on electricity. This dependency will increase during and after natural disasters. 

Therefore, a few minutes outage in a power systems can cause the worse events. Over the past 20 years, the number 

of occurrence of natural disasters’ has increased.  

 Natural disasters impose heavy costs in different parts of the society. Between 2008 and 2012 in the US, the annual 

damage cost of power outages due to bad weather conditions was between $25 billion to $70 billion. The lost 

economic cost of the US only from Hurricane Sandy was $14- $26 billion. The 2011 flood damage costs in Thailand 

were $285 million in the power sector and $180 million to recover and reconstruct the network [1].  

Other infrastructures such as water and telecommunication depend on electricity and power network outages can 

disrupt their operation. Several natural disasters that have occurred prove this. The loss of water supply in New York 

City was due to Hurricane Sandy in 2012 [2]. Many telecommunication site outages in Maule and Tohoku were due 

to earthquakes in 2010 and 2012, respectively [3]. 

There is not a universal definition for resilience. One of the comprehensive definitions is according to the National 

Academy of Science. Resilience is “the ability to prepare and plan for, absorb, recover from, and more successfully 

adapt to adverse events” [4]. A system is absorptive if with minimal effort, it can automatically absorb the effects of 

bad events and minimize the consequences. Recoverability is property of a system that refers to reaction and 

recovering of the system in minimum time. The adaptive capacity is the ability of the system to organize its 

components in a targeted manner and without the aid of external factors [5]. 

A resilient power system must have the ability to recover the network with an effective and rapid restoration 

program against several faults such as multi-lines outages [6]. The properties of these faults are low probability but 

high impact such as faults due to natural disasters. Enhancing the resilience of power systems not only decreases the 

outage power costs, but it also increases social welfare [7]. For resilience enhancement, first, there must be an 

efficient framework to quantify the resilience of a power system according to the level of power in which the study 
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is done. First it is necessary to identify the fragility of the elements of that level such as transmission lines, towers or 

poles and conductors. Fragility function is the probability of failure of a structure or structural component vs. the 

intensity of a hazard such as wind speed [8]. Most of the previous works such as [9-13] study the resilience 

assessment or enhancement of power systems in the transmission level. Some works such as [14-17] have 

investigated the vulnerability of transmission networks against natural disasters or terrorist attacks with different 

models. In other words, these works try to identify the most critical lines in a transmission network that with whose 

outage, the transmission network will experience the maximum load loss. In some works such as [15-16], the critical 

lines are hardened considering a budget constraint. According to [7], about 90 % of faults during storms occur in 

distribution systems. In [18], a probabilistic framework for quantifying the resilience of Harris County, Texas power 

network considering both transmission and distribution networks is presented.  This model includes DC power flow 

for power system performance that ignores the voltage of nodes.  

The impact of wind storms on reliability of distribution systems is investigated in [19]. For distribution system 

operation analysis, the minimal path set concept is used to determine the state of loads after outages. A main 

difference between reliability and resiliency is that in reliability assessment, only the frequency and duration of 

outages are calculated with reliability indices such as SAIDI and EENS, but resilience deeply investigates the 

system operation before, during and after extreme events [20]. In other words, resiliency studies the system 

operation from the occurrence of a disturbance until complete recovery of the system and it is important that the 

system recovers in minimum time.  

There are various strategies for increasing the resilience of power systems. Hardening is one of the usually 

expensive strategies that increases resilience. Hardening is physical changes in network infrastructure to make it less 

vulnerable to extreme events [21]. Hardening has different strategies and if the resilience of power system increases 

with hardening, it is important that the best hardening strategy is implemented. A hardening strategy such as 

undergrounding the overhead power lines enhances the resilience of the power system against hurricanes. However, 

this strategy decreases the resilience against floods.  Distribution automation is another strategy that enhances the 

resilience of distribution systems. There are different devices that can help the distribution system to operate rapidly 

such as remote fault indicator for decreasing the fault detection time and remote control switches for decreasing the 

opening and closing times of switches [22]. Distributed generation units are appropriate options for increasing the 

resilience of distribution systems after natural disasters. In [23], each DG forms a microgrid to restore critical loads. 
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Unlike [23], in [24] loads can be restored with intentional islanding including multiple DGs. The DGs which are 

used in this study are fossil fuel based combustion generators. These generators are widely used as backup 

generators to restore disconnected loads after natural disasters [23]. The output of these generators does not depend 

on weather conditions unlike other DGs such as wind or PV. 

Microgrids are small power networks including DGs such as wind, solar and energy storage units that can operate 

islanded or connected to the main network. Li et al. [25] implement microgrids like DGs that are for load restoration 

after faults in distribution system. In [26-27], the microgrids are used to restore the critical loads after natural 

disasters. Stability and duration time of microgrid operation are investigated in [26-27]. According to [28], during 

March 2011 earthquake and tsunami in Japan, the Sendai microgrid operated for two days in an islanded mode.  

Demand response, advanced automation and self-healing are other options that can improve the resilience of power 

systems [29].  

Only a few research studies have been devoted to resilient enhancement of distribution systems.  

 Most of the distribution systems are designed radially and there are some normally opened switches or tie-line 

switches that can change the configuration and restore the system. As it is mentioned before, a rapid restoration 

program should be prepared for distribution networks. Most of the restoration programs are designed for N-1 or N-2 

outages while the number of outages due to natural disasters is more than two. The Modified Viterbi algorithm is 

proposed in [30] to restore the distribution system. This algorithm is like dynamic algorithms whereby in each stage 

one of the tie switches should be closed until maximum of the loads are restored.  

Budget is the main constraint that forces the planner to choose cost-effective strategies for improving the resilience 

of distribution systems.  

 Yuan et al. [31] solve a robust two-stage model for resilient distribution planning problem. In other words, with a 

budget constraint, load shedding is minimized for the worst case attack that is a natural disaster. The candidate 

resilient enhancement strategies in [31] are hardening the distribution lines and placement of DGs. In [31], each line 

which is hardened will no longer be vulnerable against natural disasters. In addition, the budget constraint is 

modeled in such a way that a determined number of lines and numbers of DG can be hardened and placed, 

respectively. For other combinations of the number of DGs and lines, the problem should be solved again. The line 

outage number is pre-determined like the N-K concept. 
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Ma et al. [32] in a bi-level model solve the resilient distribution system planning with different strategies including 

vegetation management and upgrading poles. In the lower level, the most critical lines are identified and in the upper 

level, the hardening strategies are chosen. Unlike [31] in [32], a hardened line has a low failure probability not zero. 

In [32], it is assumed that the repair time is the same for all outaged lines and all of the outaged lines are repaired 

simultaneously. 

Chen [33] proposed a two-stage stochastic model for enhancing the resilience of distribution systems with line 

hardening strategy. The objective of the lower level is to minimize load shedding of each scenario and the objective 

of the higher level is to minimize the expected value of the lower level objective. The duration time of system 

operation analysis in [33] is 24 hours. This means that if the time repair of outage lines is more than 24 h, the full 

recovery of the distribution system is not studied. 

The key contributions of this paper include: 

• A new resilience index based on social welfare is proposed. The resilient distribution system planning 

problem and restoration problem are solved in such a way that decreases the dependency of operation of 

water network to power network failures and the aim is that most of the loads access to power and water 

rapidly after natural disasters.  

• For accurately investigating water network operation, the water network is modeled in EPANET. 

• An innovative approach is proposed for restoration of distribution systems. 

• Multiple strategies which are appropriate for resilience improvement are implemented. 

The rest of the paper is organized as follows: Section two provides problem formulation. Section three explains how 

the problem is solved. Numerical results are presented in section four and section five concludes the paper.  

2- PROBLEM FORMULATION 

In this section, the new resilience index and strategies for resilience improvement are introduced and the model for 

enhancing the resilience of distribution system is provided. 

2.1. Resilience Index Based on Social Welfare concept 

Water and power are vital for all loads and customers. Without each one of them, the performance and satisfaction 

of loads or customers will decrease. The water network depends on the power network. Without electricity, the 

water pumps cannot deliver water to consumers. So, this dependency of water network to power network must be 
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considered in different areas. The dependency of water network to power network is different and it depends on 

water network structure. According to Fig. 1, it is assumed that the water of the consumers is supplied with several 

pumps and the electricity of each pump is supplied with different buses of the distribution system.  

  
 

The importance and operation time of each pump are different and this issue should be considered. Maybe some of 

the water pumps are equipped with emergency power. However, the time in which the emergency power can supply 

electricity for the pumps is usually shorter than the power network outage time due to natural disasters. 

In this paper the satisfaction function is defined for each load as shown in (1) which indicates social welfare based 

on load access to power and water. 

i i i i iLSF PA WAα β= +                                                                                                                                                         

(1) 

iα  and iβ are defined for each load such that 1i iα β+ = .  

PA  is a binary function that indicates the state of loads in the power distribution system. 

1 if load is connected

0 if load is disconected
PA


= 


                                                                                                                                 (2) 

WA is the water accessibility function in water network and is illustrated in Fig. 2. If the water pressure in a node is 

higher than the Min pressure, the water satisfaction of that node is 1. 

  

So the value of LSF  for each load is in range of 0 to 1. α  and β  for each load must be selected carefully. These 

parameters may be different for two domestic or commercial loads. More work could be done on this, but in this 

paper, for domestic and commercial loads α  and β  are assumed to be equal to 0.5, 0.5 and 0.9, 0.1, respectively.  

The measurement of performance (MoP) of this study is the social welfare of all loads which is normalized in range 

of 0 to 1 as equation (3).   

1

loadN

i i
i

MoP LI LSF
=

= ∑                                                                                                                                                            

(3) 
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It is be noticed that 
1

1
loadN

i
i

LI
=

=∑ .According to Fig. 3, the maximum social welfare is achieved when power and water 

are available for all loads or customers. Upon the occurrence of natural disasters, the social welfare is decreased due 

to distribution system faults such as line outages. In this circumstance, if the distribution system nodes that supply 

the water pumps are disconnected, the water pumps stop to work and the water network cannot delivers water to the 

consumers. So the water and power are not available for some loads. It is be noticed that according to Fig. 3, the 

social welfare reduction starts at 0t  and can be occurred in several steps. At 2t , the restoration is performed with tie 

lines and the social welfare of the system is increased, but yet the system has not recovered completely. The failed 

distribution lines will be repaired and operated step by step and the social welfare also increases step by step. At tFR  

the social welfare of the system will go back to its initial state (maximum level). 

 

According to Fig. 3, the resilience is formulated in (4-7). 

1 2 3RI SRI SRI SRI= + +                                                                                                                                                   

(4) 

1 min 10 1SRI R SRI= ≤ ≤                                                                                                                                          

(5) 

0

2 2
0

( )
0 1

ERt

t

ER

MoP t dt
SRI SRI

t t
= ≤ ≤

×
∫

                                                                                                           (6) 

min
3 30 1

FR

t
SRI SRI

t
= ≤ ≤                                                                                                            (7) 

All of the sub resilience indices are normalized in the range of 0 to 1. 1SRI indicates the robustness of the system. 

minR  is the minimum social welfare. Recoverability of the system in a predetermined time is calculated by 2SRI . 

ERt  is the expected time for restoration of the network that is different for each category of hurricane. 3SRI shows 

the rapidness of system recovery.  mint is the minimum interval time that performance as social welfare can be 

enhanced. 

2.2. Proposed Strategies for resilience improvement 
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In this paper, different strategies include line hardening (upgrading the distribution poles), distribution automation 

(full or partial) and DG placement (different level capacity) are proposed to enhance the resilience of distribution 

system. It is possible that DGs can expand their borders and restore another disconnected loads. Full distribution 

automation strategy upgrades all the manual line switches to remote control switches but partial distribution 

automation strategy upgrades only the tie line switches. 

2.3. Stochastic two-stage model for improving the resilience of distribution system 

In this section, first, the scenarios generation is explained and then the proposed model is formulated.  

2.3.1. Scenarios Generation 

In this study, operation state of distribution power lines against hurricane, hurricane occurrence time, power 

distribution network load demand (active and reactive)  and water network demand are assumed uncertain sets that 

are considered in scenarios generation. Scenario generations are depicted in Fig. 4. 

 

A. Model of operation state of distribution power lines against hurricane and hurricane occurrence time: 

In distribution systems, overhead power lines are exposed to bad weather conditions [34]. An overhead power line 

can be damaged by hurricanes due to two reasons: poles toppling and conductors tearing. The fragility function of 

poles and conductors in [18] and [35] are used in this paper and are given bellow. 

0.0421
, , ( ) min{0.0001 ,1}sw

f pole pl sp w e=                                                                                                                               

(8) 

min

min
, , min max

max min

max

0,

( ) ,

1,

f cond c s

w w

w w
p w w w w

w w

w w

 ≤
 −= ≤ ≤ −
 ≥

                                                                                              

(9) 

In scenario generation, first it is necessary to study the history of occurrence of hurricanes in the region of the 

distribution system. The hurricane occurrence model should be provided but this is out of the scope of this paper.  

Hurricanes are categorized into five groups based on their speed [36]. In this paper, hurricanes in category 1 to 4 

will be considered. It is assumed that for each scenario the hurricane occurs with different speeds based on the 

probability for each category of hurricanes history in the region. The time that each hurricane occurs is randomly 
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chosen during a day. For each scenario with different wind speed and time of occurrence, the state operation of poles 

and conductors of each lines is obtained with comparing a random number and failure probability which is 

calculated with the fragility function. So, the state of each distribution lines is determined. The repair time of each 

line outage is obtained based on the number of poles and conductors that are damaged and their repair time. 

B. power distribution network load demand (active and reactive) and water network load demand 

There is often error in load prediction. This error should be considered in the studies. According to [37], power 

distribution network load demand (active and reactive) prediction can be modeled using the normal of Gaussian 

PDF with 3% error. The uncertainty model of water network load demand is assumed similar to power network load 

demand. 

C. Scenario reduction 

In order to reduce the computational requirement to solve the stochastic problem, the backward reduction algorithm 

is utilized in this study for scenario reduction. It reduces the scenarios into a predefined number based on the 

Kantorovich distance [38]. 

2.3.2. Mathematic formulation 

In this section, the two-stage stochastic problem is formulated.   

The objective function of the first stage is:                                                                    

, , , 1

1 max ( ) ( )
DG

l i i M R

S

X X cap N s

OF s RI sρ
→ =

= ∑                                                                                                                                                   

(10) 

In the planning problem, the budget is important. The budget constraint is according to (11): 

 
1 1

line bN N
H DG DG RS

l l i i M R
l i

X C X C cap N C B→
= =

+ + ≤∑ ∑                                                                                                              

(11) 

In the second stage, each scenario is solved with the objective function in (12). 

 
, , , , ,

, , , ,
, ,

2
, , , , ,

, , ,

max
m s m s m s m s m s

i i i ij ij
m s m s m s m s

loss l loss l DG DGg g

P Q V I

P Q P Q

OF MoP
θ

=                                                                                                                                  (12)                                             

A load is restored in a distribution system with the main network (which is supplied with a substation) or with an 

intentionally islanded formed microgrid with DG or DGs. The main network is restored with closing tie line 
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switches and opening closed switches. Also, each DG or multi DGs can form a microgrid and restore the loads. In 

the main network and each intentional islanded microgrid, the constraints (13-16) must be satisfied in each scenario. 

{ } { } { }, , , , , ,( cos sin ), 1,2,..., , 1,2,... , 1,2,...
i

m s m s m s m s m s m s
i i j ij ij ij ij s b

j BS

P V V G B s S m M i Nθ θ
∈

= + ∈ ∈ ∈∑                                 

(13) 

{ } { } { }, , , , , ,( sin cos ), 1,2,..., , 1,2,... , 1,2,...
i

m s m s m s m s m s m s
i i j ij ij ij ij s b

j BS

Q V V G B s S m M i Nθ θ
∈

= − ∈ ∈ ∈∑                                 

(14) 

{ } { } { }, ,
min max , 1,2,..., , 1,2,... , 1,2,...m s m s

i s bV V V s S m M i N≤ ≤ ∈ ∈ ∈                                                                                          

(15) 

{ } { } { }, max ,, 1,2,..., , 1,2,... , 1,2,... ,m s m s
ij ij s b iI I s S m M i N j BS≤ ∈ ∈ ∈ ∈                                                                                          

(16) 

The power balance constraints in (13-14) show that the power injection at bus i  should be equal to the load demand 

at bus i . The line current and bus voltage limit are shown in (15) and (16). 

{ } { }, , 1, 1, 2,..., , 1, 2,...m s m s
b line sN N s S m M= + ∈ ∈                                                                                                                                        

(17) 

In addition to equations (13-16), also for each scenario and for each intentional islanded microgrids, the equations 

(18-23) must be satisfied.    

{ } { }
, , ,

, , ,
,

1 1 1

, 1,2,..., , 1,2,...

m s m s m s
b line

g

N N G
m s m s m s

i loss l DG s
i l g

P P P s S m M
= = =

+ ≤ ∈ ∈∑ ∑ ∑                                                                                                 

(18) 

{ } { }
, , ,

, , ,
,

1 1 1

, 1,2,..., , 1,2,...

m s m s m s
b line

g

N N G
m s m s m s
i loss l DG s

i l g

Q Q Q s S m M
= = =

+ ≤ ∈ ∈∑ ∑ ∑                                                                                                        

(19) 

{ } { } { }, max ,, 1,2,..., , 1,2,... , 1,2,...,
g g

m s m s
DG DG sP P s S m M g G≤ ∈ ∈ ∈                                                                                                       

(20) 
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{ } { } { }, max ,, 1,2,..., , 1,2,... , 1,2,...,
g g

m s m s
DG DG sQ Q s S m M g G≤ ∈ ∈ ∈                                                                                                     

(21) 

{ } { } { }
,

max , ,, 1,2,..., , 1,2,... , 1,2,...,
g i

m s m s
DG i sP P s S m M g G≥ ∈ ∈ ∈                                                                                                          

(22) 

{ } { } { }
,

max , ,, 1,2,..., , 1,2,... , 1,2,...,
g i

m s m s
DG i sQ Q s S m M g G≥ ∈ ∈ ∈                                                                                                        

(23) 

According to (18), the sum of the active power of the loads that will be picked up with microgrid m  and the active 

power loss of distribution lines of the microgrid should not exceed the active power capacities of DG or DGs of the 

microgrid. This also should be satisfied for the reactive power as (19). According to (20-21), the active and reactive 

power of each DG should not exceed the maximum active and reactive capacity of that DG. The role of these DGs 

are backup generators. So, equations (22-23) guarantee that in all conditions, the load of the bus on which the DG in 

placed is supplied with that DG. 

3- SOLUTION METHODOLOGY 

In this section, the procedures of solving the problem are illustrated in Fig. 5 and each part of Fig. 5 is explained 

individually.  

3.1. Water Network 

For finding the water pressure of nodes in different states of water pumps, it is necessary to analyze the water 

network. EPANET software is used to model the water network. Then the pressure of all loads are obtained for 

water pumps states in all times of the day. The water network is designed similarly the power network which is 

studied in this paper. The approach is based on determining the position and kind of power load, estimating the 

population, and then calculating the amount of water consumption. Fig. 6 illustrates the designed water network. 

There are different elements such as nodes, water sources, tanks, water pipes and pumps in a water network. Real 

water networks may have a loop or branch or a combination of both topologies. In the designed water network, 

combinations of loop and branch topologies are implemented. Two pumps are located at nodes 33 and 5 in the water 

network that are electrically supplied from nodes 33 and 5 of the distribution system, respectively. Each node in the 

water network has a specified water consumption. The water network should be designed in such a way that several 
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constraints such as mass conservation, energy conservation, flow velocity range and pressure head range are 

satisfied [39]. The access of loads (nodes in water network) to water is proportional to water pressure head at the 

nodes. The minimum pressure head limit at the nodes of the water network should be 29 meters. It is noticed that the 

load demand of water network is an uncertain set. So, the amount of water load demand in each scenario is different. 

This parameter should be adjusted in EPANET for each scenario analysis. 

The normal operation of water network is such that the water pressure of the nodes are in allowable limits. So, their 

water pressure satisfaction is 1. And when a water pump is stopped, the water pressure of some nodes will be 

decreased. And if all water pumps stop, the water pressure satisfaction of some nodes will be zero. In other words, 

the loads will not have access to water.  

A water pump may be backed up is equipped with a generator such as diesel generator. Thus, first it is necessary to 

investigate that how long the generator can supply power for the water pump. For this period, the water pumps can 

work at times of power network failure. 

 

 

 

3.2. How to solve the restoration problem  

In this section, the second stage of the problem is explained. After fault clearance in the distribution system, the 

disconnected loads should be restored rapidly. Based on graph theory, we first determine if the distribution network 

is divided into islands and how many islands there are due to the faults [40-41]. Then if it is possible, the main 

network (which is supplied by the substation) can be restored with tie line switches and the islanded networks can be 

restored by DGs. If we model the distribution network as a graph ( , )Gr N E  where { }1,2,....,N n=  is the set of 

vertices of the graph or nodes of the distribution network and E  is the set of edges of the graph or lines of 

distribution network. The Laplacian matrix (( )L Gr ) of the network is obtained according to (24). 

( ) ( ) ( )L Gr D Gr A Gr= −                                                                                                                                                     

(24) 
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( )A Gr  is a symmetrical matrix which is calculated based on (25) and determines the state of each node with respect 

to other nodes. In other words, if there is an edge between two nodes, the state of these two nodes is one. Otherwise 

it is zero. 
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( )D Gr  or degree matrix is a diagonal matrix which is calculated based on (26). 
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There is a relationship between eigenvalues of the Laplacian matrix and the structure of a graph. Fig. 7 illustrates 

two graphs g1 and g2. The vertices and edges of each graph are determined in Fig. 7. All matrixes (A, D and L) are 

calculated for each graph using (24-26). According to Perron-Frobenius theorem [34], for a connected graph such as 

g1, only one eigenvalue of the Laplacian matrix is zero and the others are positive. The corresponding eigenvector of 

the zero eigenvalue is [ ]T
1 1 1 . The number of zero eigenvalues of a separated graph such as g2 determines the 

number of islands of the graph. According to Fig. 7, the components of each island can be determined by calculating 

the eigenvector of each zero eigenvalue. In other words, all of the vertices in an island have the same value in the 

eigenvectors.  

 
There are two phases for restoration of the main network. In the first phase, as many tie lines switches as the number 

of outage lines in the main network should be closed. In the second phase, if a constraint is violated the 

reconfiguration of the network (closing another tie line switch and opening a closed line switch) is performed. If the 

constraints are not satisfied, a load should be disconnected and the two phases are performed again. The steps of the 

proposed approach for restoration of the main network are explained with an example. Considering Fig. 8, a single 

fault occurs in lines 4-5. 

 
According to Fig. 8, there is one line outage in the main network. For the first phase, three switchings (21-8, 22-12 

and 25-29) are candidates as assumed in this study. While according to [30], there are 15 5C =  candidates, for none 

ACCEPTED M
ANUSCRIP

T



of three switching. All the constraints are not satisfied, so it is necessary to perform phase 2. According to [30], in 

each stage one tie line switch is closed. So, in the second step, all of the 25 10C =  states of switching are candidates.  

Voltage constraint is the tool that is used in this study to design the algorithm. In a radial distribution system, the 

voltage decreases from the nearest node to the supply to the farthest node to the supply. According to Fig. 9, only 

the tie line switches are candidates for the second phase and the bus voltage of one of the paths from the branches 

(g1 or g2) satisfies the voltage constraint and the others violate the voltage constraint. 

 

Fig. 10 illustrates the results of the first phase and the minimum voltage of each branch paths of each switches. Four 

switching states are candidates for the second phase in which each state includes three switches. One switch is 

closed in the first stage and the remaining switches will be closed and opened in the second phase. If all the loads 

cannot be restored, the next step (in which three tie line switches should be closed) should be performed. For the 

next step, only the combination of R1, R2 or R3 possible switches are chosen. In other words, based on modified 

Viterbi algorithm ([30]) for the next step there are 3
5 10C = candidate states, while based on the proposed approach 

only one state (including 21-8, 25-29 and 18-33) is candidate. 

 

So, with the proposed approach, with less candidate switching state checking compared to the modified Viterbi 

algorithm ([30]), the time of solving the restoration will be decreased significantly. If again all the loads cannot be 

restored, the next step is not possible anymore based on the proposed approach, and load shedding should be 

performed. Loads are ranked based on two indices in order to choose the load to be shed. The first index is the 

voltage of the bus at which the load is located and the second index is the load importance. The load which is worse 

in the two indices than the other loads is chosen to be shed. The importance factor of each load except the loads 

which consist of water pumps is their power importance factor. However, for loads which consist of water pumps, 

their importance factors are the sum of their power importance factors and a time variable term includes water 

importance factor of other loads. The variable term depends on pump operation in the time interval in which the load 

will be disconnected. It is be noticed that if there is a DG in the main network, the DG is modeled as negative load. 

If it is possible, the loads which are not in the main network should be restored by microgrid formation with DG or 

DGs. The stability of each microgrid is an important issue and the intentional microgrid should be equipped with 

droop or v-f control of DGs [20]. For each DG which is out of the main network, all of the states that can form a 
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microgrid are produced. Then equations (13-23) are considered for each state and the best state including a DG and 

several loads is chosen. If two or more DGs have a common restored load or there is a line between two buses of 

each microgrid, this means that those DGs and their islands can mix together and form a microgrid if load flow 

constraints are not ignored. 

Depending on the number of distribution lines outage, it is possible that all of the loads cannot be restored. The 

outaged lines will be repaired with repair team units based on their importance and each line will go back to the 

network after repair. And again equations (13-23) will be solved until all of the loads are restored. Each restoration 

plan has a specified time to operations. Depending on the number of switches which will be closed or opened, their 

control (manual or remote) and the number of loads will be disconnected and the number of crew is indicated. If the 

time between repairs of two lines is less than the restoration plan time, that restoration plan will not be performed. 

And the restoration plan will be performed which is obtained after the next line repair. 

3.3. How to solve the first stage of the problem 

According to Fig. 5, genetic algorithm (GA) is applied to solve the first stage of the problem. The GA is an 

optimization method inspired by natural evolution [42]. The designed chromosome (string) is shown in Fig. 11. 

According to Fig. 11, the first row of the chromosome includes gens as number as the distribution network lines 

which indicate the line is chosen to be harden or not. The second row of the chromosome includes gens as number 

as the distribution network buses which indicate the bus is chosen to be equipped with a DG with different capacities 

or not. The last row of the chromosome includes a gene for distribution network automation. 

 

According to [43], the initial population has an important role on the performance of GA. In order to generate the 

initial population, first, the impact of each strategy on resilience improvement is calculated with the scenarios. Thus, 

during initial population generation, each gene that its corresponding strategy has more impact on resilience 

improvement has a more chance for choosing. This heuristic method in initial population generation caused to the 

better performance of GA. 
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In this section, computational experiments with the proposed model are performed. The program is implemented in 

the MATLAB R2010a software. All tests are performed on a PC with 3.4-GHz CPU and 32GB RAM. The IEEE 33-

node distribution system with the designed water network shown in Fig. 5 are used to study the model.  

The importance factor of each load (LI ) is equal to the size of that load divided by the sum of all loads. In this 

paper, it is considered that for each load in the power system, there is a node in the water network. Loads 19-22 are 

commercial and others are domestic. 

The information of IEEE 33-node distribution system is obtained from [44]. The 24-hour load multiplier of the 

distribution system and water network is illustrated in Fig. 12. The repair time for each pole and conductor is 6 and 4 

hours, respectively. There are four crew teams for opening and closing the manual switches and there are three 

repair teams or in other words three outaged lines can be repaired simultaneously. In this paper, it is assumed the 

require time for opening or closing of each manual controlled switches is one hour while this time for remote 

controlled switches is less than 1 minute, so this time can be ignored in the study. 

 

The cost of resilience improvement strategies are given in Table 1. 

 

In solving the problem according to hurricanes historical date, fragility functions of lines and conductors, load 

demand of power distribution network water network, 50 scenarios are produced. The first state of the distribution 

system is without any strategies (no DGs are located in the network, no switches are equipped with remote-

controlled and no lines are hardened). 

Case A. Restoration of distribution system  

In this section, the effectiveness of the proposed algorithm for restoration of the distribution system is investigated 

and is compared with a research study. The results are given in Table. 2.  

 

According to Table 2, the results show that the proposed method can restore the distribution system for different 

fault locations similar to [30] but in less computation time as explained in section 3.3. Most of the research works 

test the restoration program for single faults and a few of them such as [30] test the program for multi faults. 
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In other case, considered that in a scenario, lines (7-8), (8-9), (12-13), (2-19), (30-31) and (18-33) are damaged due 

to hurricane. The repair time of line (12-13) is 12 hours and that of the other lines is 6 hours and there are two repair 

teams in the network. The maximum time of repair for all outaged lines is 24 hours.  

The network is equipped with two DGs at nodes 8 and 11 with 400 and 200 MW capacities, respectively. The 

restoration of the network is solved and consider that this restoration plan is performed at 15 o’clock. According to 

Fig. 13, two networks including the main network and one islanded microgrid with DGs are formed. The loads of 

these networks are disconnected. The duration of performing the restoration plan depends on the switches that are 

remote-controlled or manual controlled. In this scenario, consider all of the switches to be controlled remotely. This 

restoration plan is in the network until the repair of the lines. It is assumed that there are two repair teams. Based on 

outage line importance, the two lines (7-8) and (30-31) will be repaired first by the repair teams. So, this restoration 

plan is until the two mentioned lines are repaired or it is in interval 15-21 o’clock. The water pump in node 33 stops 

to work due to outage of node 33 in the distribution system. 

 

According to EPANET, between 15 o’clock and 16 o’clock due to water in tank in node 33 the pressure of the nodes 

are in normal state but between 16 o’clock and 21 o’clock, the water pressure of several nodes drops and water 

satisfaction function in those nodes decreases. Water accessibility function at 16 o’clock is depicted in Fig. 14.  

At 21 o’clock, lines (7-8) and (30-31) are repaired and are ready for operation. The restoration problem is again 

solved for the remaining 18 hours to maximize accesses of loads to power and water. The new restoration plan is 

depicted in Fig. 13. For changing the configuration of Fig. 13 to Fig. 15 it is necessary to close and open a few lines. 

With the new restoration plan, all of the loads are restored and the water satisfaction function of all loads is 1. So, 

before all lines are repaired, the network can be restored completely and some loads experience outage for 6 hours. 

  

 

Case B. Resilience distribution system planning for categories 1 and 4 hurricanes  

In this case, distribution system resilience planning is solved for category 1 and 4 hurricanes with water network 

operation. To determine ERt  for calculating 2SRI , 100 scenarios are produced for each hurricane category and the 
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restoration problem is solved for each scenario of each category. Then the expected value of restoration time for 

each category is calculated for the scenarios by averaging the results. For categories 1 to 4, ERt is 6, 8, 13 and 75 

hours respectively. By considering the time of switching operation, stept is assumed to be equal to 1 hour. 

The results of distribution system resilience improvement planning against category 1 and 4 of hurricane are shown 

in Table. 3 and Table. 4, respectively. 

 

According to Table. 3, one of the chosen strategy for resilience improvement of the network against category 1 

hurricanes is upgrading the tie line manual switches to remote controlled switches to reduce restoration time. The 

number of faults due to first category hurricanes in the network are such that the network often will be restored with 

tie line switches. Two DG are chosen to be placed in the network which can form microgrids and restore the 

disconnected loads.  Lines (1-2) and (2-3) are important lines that with outage one of them, all or most of the loads 

will be disconnected. Thus, both of them are chosen to be hardened. The last cheap strategy is line (6-26) hardening. 

It is noticed that budget constraint cause this cheap strategy be chosen. Otherwise, there are some more expensive 

and more efficient strategies. 

In category 4, the faults due to natural disasters in the network are much more compared to category 1. According to 

Table. 4, two DGs are chosen at nodes (5, 33) where the water pumps are located. Unlike category 1, in category 4 

the water network dependency on power network is significant and has an important role in resilience planning. Due 

to high number of faults, another DG with 1000 KW is chosen at node 25 to back up two heavy loads 24 and 25. 

Similar to category 1, upgrading tie line switches and hardening lines (1-2), (2-3) and (6-26) are other important 

strategies that are chosen. Line (2-19) is the other strategy that is chosen to be harden. With this strategy, the 

reliability of loads (1-22) is increased against hurricane. 

Case C. Distribution system planning to enhance resilience according to a determined hurricanes 

category occurrence probabilities 

The probabilities of occurrence of a hurricane for each category are obtained from [14] and are 0.53, 0.19, 0.15 and 

0.13. The result of the planning problem for enhancing the resilience of distribution system is illustrated in Table. 5 

that shows seven chosen strategies to enhance the resilience. The tie line switches are upgraded to remotely 

ACCEPTED M
ANUSCRIP

T



controlled switches. Although the probability of occurrence of higher storm categories is low, their failure severity is 

much more than that of the lower categories. Therefore, they have an important role in choosing strategies to 

improve resiliency. Only one of two nodes including water pump (node 33) is chosen to equip with a DG and with 

this strategy the dependency of the water network on the power network is reduced. Node 16 is also chosen to be 

equipped with a DG. The important lines (1-2), (2-3), (23-24) and (25-29) are chosen to be hardened. The results 

confirm that the severity of hurricanes in a region is an important parameter in the chosen resilience improvement 

strategy. 

5- Conclusion 

In this paper, the two stage stochastic distribution system planning problem is solved for enhancing resilience by 

using a new index based on social welfare. The new resilience index is used in an attempt to maximize the 

accessibility of loads to power and water in a minimum time after natural disasters. The water network is modeled 

with EPANET that calculates the node’s water pressure in different operations of water pumps. The best strategies 

for increasing resilience were chosen with genetic algorithm according to the budget in the higher stage of the 

problem based on an index considering both resilience improvement and cost. In the lower stage of the problem, the 

restoration problem for each scenario is solved by maximizing social welfare until full restoration with a new 

proposed approach which is a modification of the method presented in [30]. The proposed approach can find the 

restoration plan with checking fewer switch states compared to [30]. The new proposed model for distribution 

system resilience planning is studied with two cases in this paper. In the first case, the mentioned problem is solved 

for category 1 and 4 hurricanes to find the best first four strategies to enhance resilience. Upgrading the tie line 

manual switches to remote controlled switches and hardening lines (1-2) and (2-3) are important strategies in each of 

the categories. Unlike category 1, in category 4, the dependency of water network on the power network is 

significant and the nodes including water pump equipped with DGs. The DG placement strategies has more impact 

in resilience improvement in category 4 of hurricane compared to category 1 of hurricane. In the other case, 

distribution system resilience planning was solved with determined hurricane categories considering the probability 

of occurrence. In this case, only one node including water pump is equipped with DG and a DG is place in other 

node. Other strategies include upgrading tie line switches to remote controlled switches and line hardening. ACCEPTED M
ANUSCRIP

T



Microgrids as dependent networks can isolate themselves from the main network during and after natural disasters. 

In the future, we will study the interaction of microgrids with the distribution network to improve the resilience with 

the proposed index.  An appropriate interaction can reduce the resilience improvement planning cos 
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Fig. 1: A schematic of power and water network 

 

Fig. 2: Water pressure satisfaction function 

 

Fig. 3: Social welfare as measurement of performance of the network 

 

Fig. 4: Flowchart of scenario generation and reduction process 

 

Fig. 5: Flowchart of solving the problem 

 

Fig. 6: The designed water network for IEEE 33- node distribution system 

Fig. 7: The relationship between eigenvalues and graphs structure 

 

Fig. 8: 33-bus distribution system 

 

Fig. 9: A schematic of tie line switch 
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Fig. 10: The results of the first phase of example restoration 

 

Fig. 11: The designed chromosome (string) for GA 

 

Fig. 12: Load multiplier of distribution system and water network 

 

Fig. 13: Restoration plan in 15-21 o’clock 

Fig. 14: Water satisfaction function at 15 o’clock when the pump in node 33 stops to work and the pump in node 5 works. 

Fig. 15: Restoration plan in 21-3 o’clock 

 

Table 1: Cost of strategies to improve resilience 
Strategy Cost ($) 

Upgrading each pole 6000 
484 KW DG placement 93000 
1000 KW DG placement 194000 

Tie lines switches automation 5 × 4700=23500 
All lines switches automation 37× 4700=173900 

 

 

Table 2: The results of IEEE 33-node distribution system and comparison with other research studies 
 Proposed Method [30] 

Fault 
location 

Switching 
Operation 

Load 
Resto
ration 

Switching 
Operation 

Load 
Resto
ration 

4-5 
Close (21-
8),(25-29) 

Open (6-26) 
100% 

Close (12-
22),(25-29) 
Open (6-26) 

100% 

11-12 Close (9-15) 100% Close (12-22) 100% 
4-5 & 
27-28 

Close (9-
15),(25-29) 

100% 
Close (25-
29),(8-21) 

100% 

4-5 & 
11-12 & 
27-28 

Close (25-
29),(21-

8),(22-12) 
 

100% 

Close (9-
15),(21-

8),(25-29) 
 

100% 

 

Table 3: The results of distribution system resilience improvement against category 1 of hurricanes  
B = 400000 $ 

Line hardening DG placement Network automation 
from to node Capacity (kw) 

Upgrade tie line switches to remote control 
switches 

1 
2 
6 

2 
3 
26 

16 
32 

1000 
484 

RI without strategies: 2.464 RI with strategies: 2.863 

 

 

Table 4: The results of distribution system resilience improvement against category 4 of hurricanes  
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B = 500000 $ 
Line hardening DG placement Network automation 

from to node Capacity (kw) 

Upgrade tie line switches to remote control 
switches 

1 
2 
2 
6 

2 
3 
19 
26 

5 
33 
25 

484 
484 
1000 

RI without strategies: 0.617 RI with strategies: 1.135 

 

Table. 5: The results of resilience planning  

B = 400000 $ 
Line hardening DG placement Network automation 

from to node Capacity (kw) 

Upgrade tie line switches to remote control 
switches 

1 
2 
23 
25 

2 
3 
24 
29 

16 
33 

484 
484 

RI without strategies: 1.985 RI with strategies: 2.446 
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