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Abstract:  The functional capability of the active distribution network is continually challenged by 

extreme weather and unforeseen events. A complete resilience quantification framework is required to 

assess the resilience of a distribution system. With this objective, a framework for demonstrating 

resilience enhancement through the utilization of multi-microgrids (MMGs) and mobile energy storage 

in extreme operating conditions is developed in this paper. In the proposed framework, four resilience 

indices, that is, withstand, recovery, adapt, and prevent (WRAP), are introduced. Withstand index 

signifies the coping capability after the event, where the MG plays a vital role. The recovery index 

measures the restoration after the event ends through the system reconfiguration using MGs, tie-lines, 

and mobile energy storage. The adapt index shows the stability of the system before and during the 

events. Finally, the prevent index suggests how different resources are important and responsible for 

fast recovery and minimizing consequences. WRAP, as a resilience quantification framework, is 

formulated in this study, and indices are quantified and enhanced through the MMG and mobile energy 

storages. The IEEE 33-bus system is considered for this study, and simulation is performed with 

different scenarios and measured resilience indices. It is found that appropriate reconfiguration through 

the use of MMG, tie-lines, and mobile storages can remarkably enhance the resilience of a distribution 

system. 
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NOMENCLATURE 

Acronyms 

ADS Active distribution system 

DG Diesel generator 

BES Battery energy storage  

CL Critical load 

DER Distributed energy resource 

MG Microgrid  

MMG Multi-microgrid  

MSU Mobile storage unit 

SCC Short circuit capacity 

SOC State of charge 

TL Tie-line 



 

2 
 

VSI Voltage stability index 

WRAP Withstand- Recover- Adapt- Prevent 

Sets and Indices 
D,d Set and index of DG units 
R,r Set and index of renewable generation units 
𝐵,b Set and index of energy storage units 
H,h Set and index of MSU units 

L,l Set and index of loads 
T,t Set and index of time instants 

 

Parameters and variables        

M Number of loads picked up by DERs for each 

scenario 

N Number of disaster scenarios considered 

𝐶𝑏 Operation cost of  battery 𝑏 

𝐶𝑑 Unit generation cost of DG 𝑑 

𝐶ℎ Transportation cost of MSU 𝑚 per kM 

𝐶𝑙 Load shedding cost of load 𝑙 

𝐶𝑟 Unit generation cost of renewable generation 

unit 𝑟 

𝐷ℎ Distance traveled by MSU ℎ in kMs  

𝐸𝑏
𝑚𝑖𝑛, 𝐸𝑏

𝑚𝑎𝑥 Minimum/maximum energy stored in battery 𝑏 

𝐸𝑏,𝑡
  Battery SOC at time instant t 

𝑃𝑏 Active power generation by battery 𝑏 

𝑃𝑑 Active power generation by DG 𝑑 

𝑃𝑑
𝑚𝑖𝑛/𝑃𝑑

𝑚𝑎𝑥 Minimum/maximum active power by DG d 

𝑃𝑙 Load curtailment at load point 𝑙 after the event 

𝑃𝐿𝐷,𝑙 Total load demand at load point 𝑙 

𝑃𝑟 Active power generation by PV 

𝑃𝐶𝐿,𝑘
𝑗

 Critical load of k th load point restored after jth 

extreme event 

𝑃𝑏,𝑡
𝑐ℎ(𝑃𝑏,𝑡

𝑐ℎ,𝑚𝑎𝑥)

/𝑃𝑏,𝑡
𝑑𝑖𝑠(𝑃𝑏,𝑡

𝑑𝑖𝑠,𝑚𝑎𝑥) 

Charging/discharging power (limit) 

𝑅𝑈 , 𝑅𝐷 Ramp-up/down rates of DG units 

ℜW and ℜR Withstand and Recover index, respectively  

ℜA and ℜP  Adapt and Prevent index, respectively  

𝑡𝑟𝑠𝑇 / 𝑡𝑟𝑒𝑇 Restoration start/end time for traditional system 

∆𝑡 Timeslot duration   

𝛿𝑏,𝑡
𝑖,𝑐ℎ/ 𝛿𝑏,𝑡

𝑖,𝑑𝑖𝑠 Charge/discharge binary indicators of BESs 

𝜂𝑏,𝑡
𝑖,𝑐ℎ/ 𝜂𝑏,𝑡

𝑖,𝑑𝑖𝑠 Charging/discharging efficiency  

𝑡𝑑𝑠 / 𝑡𝑑𝑒 Disturbance start/end time 

𝑡𝑟𝑠 / 𝑡𝑟𝑒 Restoration start/end time 

 

1. Introduction 

Current power distribution systems experience frequent power outages across the globe due to increasing 

natural disasters and cyber attacks. In addition, the power systems are designed following reliability principles, 

i.e., security and adequacy [1]. With these principles, the power system can only cope with high-probability and 

low-impact events, mostly the known failures, where it is unremarkably affected and can be restored within a 

reasonable time with lesser impacts on energy end-users. However, in the past few decades, catastrophic events 

increased, significantly impacting end-users, and the reliability-based design can not ensure stable operation [2]. 

The evidence includes major catastrophic events, such as Hurricane Sandy and Katrina, Japan earthquake, Ukraine 
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cyber-physical attack, and other major events reported in [3-5]. These events affected millions of people and 

caused energy infrastructure damages, significantly impacting lives and the economy. Thus, to ensure a reduced 

impact on the economy against the power system damage and energy security, the distribution system should be 

resilient in dealing with four major attributes, withstand, recover, adapt, and prevent (WRAP).  

In the context of the power system, resilience deals with high-impact and low-probability (HILP) events. Hence, 

to minimize the consequence against HILP events, power system decentralization is necessary, particularly in the 

distribution system. In order to obtain the decentralized system, the microgrid (MG) and smart grid technology 

are vital, where the integration of distributed energy resources (DERs) play a key role. Subsequently, the 

interconnection of microgrids termed as multi-MG (MMG) is further pursued as a resilient-based design [6]. With 

the help of such technology, the distribution system is termed as an active distribution system (ADS). In addition, 

optimal reconfiguration and mobile services are significant for the fast load recovery and resilience enhancement 

of the ADS.  

Withstand

Recover

Adapt

Prevent

Critical load restoration using MMG, TL, 

and MSU

Increasing self-healing capacity through 

resources to endure with HILP events

Maintaining the voltage stability and 

enhanced short circuit capacity

Preventing the power system collapse 

concerning to social/economic value

Withstand index

Recovery index

Adaptability 

index

Preventive index

Resilience attributes Objectives Measurement

 

Fig. 1. WRAP framework and measurement indices  

In recent decades, several studies have been conducted to improve the power system resilience, including the 

ADS. On the other hand, various resilience indices have been proposed to quantify the system performance. As 

noted, the WRAP factors are extremely important for resilience studies. The detailed discussion is provided in 

Section III, where the authors have explained each factor and its relevance. Moreover, each factor of WRAP has 

significant value, and to enhance it, several methods have been used [6-16].  In [6, 7], the importance of renewable 

energy penetrations in ADS is discussed in terms of MG and MMG technology. The main aim is to increase the 

self-healing capability that refers to the withstand of a system. The authors in [8-10] address the restoration 

techniques and their enhancement strategies through optimal reconfiguration of resources such as tie-lines and 

mobility services (mobile energy storage and crew member [11, 12]). From the past few years, an intensive 

research has been carried out to enhance the resiliency of the ADS through mobile power sources such as EV 

fleets, truck-mounted mobile energy storage systems, and mobile energy emergency generators  [8, 9, 17, 18]. In 

addition, the viability of mobile power sources for distribution system restoration in terms of cost-effectiveness 

and scheduling is discussed in [19]. Further, to enhance the adaptability of a system, a graph theory approach is 

developed using algebraic connectivity and betweenness centrality in [13, 14]. Finally, preventive planning is a 
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major concern, which can reduce the future power outage by assessing the past experience through probability 

measures as discussed in [15, 16]. All four factors are combined in this study to introduce a resilience 

quantification framework, WRAP.  

     Notably, various resilience quantification frameworks have been developed, such as RRRA (resourcefulness, 

recovery, robustness, and adaptability) by Abbasi et al. [13], where the authors have proposed 4 indices and 

considered only the black start unit using a large battery to restore the load. However, sometimes the disaster 

magnitude is very high, and a number of lines can be disconnected; thus, the same operation might be affected. 

Considering the above issue, we have presented the resilience quantification framework as well as the 

enhancement technique through reconfiguration and mobile storage units in the wake of single and multi-fau lt  

analysis. In Ref. [20], Panteil et al. developed FLEP (fast, low, extensive, promptly), and this paper has focused 

on transmission networks using fragility modelling. According to the tower condition, the FLEP can be measrured. 

In [14], Srivastava et al., have developed the resilience indices through the graph theory approach, and the 

enhancement of resilience  is ensured by switching operation. But, in our case, the resilience enhancement is 

achieved by using reconfiguration and mobile storage units. Apart from the above indices, a few others studies 

has been carried out to quantify the resilience indices such as degradation, restoration efficiency, and MG 

resilience index [21], resilience achievement worth [22], expected energy curtailment [23], grid recovery index 

[24], sub resilience index[25], grid resilience metric [26], severity risk index [27], and a few more are reported in 

[28, 29]. Due to  increasedcyber-attacks from the last few decades  [30], authors in [31, 32] presented the cyber-

physical power system to monitor the microgrid resiliency. However, those indices do not reflect the whole 

process of the event (pre, during, and post). Although a few studies have contributed to the resilience indices, all 

do not have the same test case and scenarios, e.g., studies are considered on high wind storm, ice storm, cyber-

attacks, single line or multi-line failure, and on the other hand, either the indices are considered for transmission 

or distribution systems.  However, our model is for expansion planning and operation in an active distribution 

system using reconfiguration and mobility services to enhance the system resilience. In addition, we have applied 

the multi-fault scenarios where the grid outage is taken into consideration, and then the critical load has been 

restored through the multi-microgrid and mobility service approach. In a nutshell, this paper has a significant 

value in terms of resilience quantification framework, enhancement techniques, and load recovery in  an expansion 

planning and operation stage while considering the grid-connected and grid outage conditions. 

 The main contributions of this study are as follows.  

 A two-stage programming model is proposed to improve the resilience of an ADS. In stage I, a normal 

operational scheme is implemented to minimize operating costs. In stage II, an unforeseen event is applied, 

and the critical loads are restored to normal operation, where the critical load maximization is considered 

as an objective function. 

 Furthermore, the resilience quantification framework, WRAP, is developed to measure the system’s 

resiliency.  

 The proposed strategy considers the optimal allocation of MGs and TLs to minimize the load curtailment . 

In addition, MSUs are allocated optimally as an emergency source to enhance the system's resiliency.  
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 This proposed approach provides a complete solution for expansion planning and operational scheme 

through the WRAP framework, where all four attributes, withstand, recover, adapt, and  prevent stages, are 

well defined and measured to show the resiliency of the ADS. 

 The prominent feature of the proposed WRAP framework is tested through the IEEE 33-bus test system 

with different scenarios.  

The remainder of the paper is organized as follows. Section II defines the resilience quantification framework. 

System modeling that includes objective function, constraints, and resilience index is presented in Section III. 

Thereafter, the results are reported in Section IV, followed by the conclusion and further recommendation in 

Section V. 

2. Proposed Resilience Quantification Framework 

As noted earlier, the WRAP framework, where four significant factors are used to show the resiliency of the 

ADS in terms of coping capacity after the HILP event, rap id recovery through available resources, 

measurestability during and after the event, and preventive measurement. The short description of the WRAP 

framework with its objective and proposed index is presented in Fig. 1. The four major attributes to resilie nce are 

shown in Fig. 2, representing how the resources are responsible for the system performance level. The detailed 

discussions of the characteristics of the WRAP framework are as follows. Fig. 2 shows the system performance 

according to the event period, such as pre, during, and post. The pre-event is the normal operation, i.e., before 𝑡𝑑𝑠; 

from 𝑡𝑑𝑠 to 𝑡𝑑𝑒  is the during-event; from 𝑡𝑑𝑒  to 𝑡𝑟𝑒  is the post-event, and then comes the normal operation. From 

𝑡𝑑𝑠 to 𝑡𝑟𝑒 , the system operator should consider the four main factors concerning the system’s resilience within the 

event period. Moreover, these factors can show the resiliency of the system by utilizing a number of resources. 

For instance, the contribution of MGs can enhance the system resiliency and serve more loads after the event, 

which is considered as withstand phase. 

 

Fig. 2. System performance curve with four major attributes to resilience 

The fault occurs at 𝑡𝑑𝑠 and can continue for a few minutes or hours. During that time, if the system does not 

have any other resources except grid supply, it might fail to supply all the CLs, thereby resulting in system 

collapse. However, if the resources, such as MGs, are available, they can supply the CLs which are connected 

inside the MG. On the contrary, the CLs, which are outside the MG, cannot be supplied if the grid fails. Moreover, 

the system can withstand some of the CLs during the events to minimize the impact of an event, represented as 1 
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and 2 (in the blue circle) in Fig. 2. After 𝑡𝑑𝑒 , the restoration process begins. However, switching the topology or 

DERs into operation requires considerable time. Thus, it can be started from 𝑡𝑟𝑠 and end up to 𝑡𝑟𝑒 . Moreover, the 

restoration can be performed when alternative resources or paths are sufficient because the original path may not 

have the grid supply to satisfy the load if the fault occurs on the lines. Thus, during that period, the DERs with 

TLs can satisfy the load demand either partially or fully. With this objective, less restoration time is required than 

usual, as shown in Fig. 2 (A and B in the green square). Here, ‘A' considers the traditional system, which requires 

a longer time to restore the loads. Moreover, the recovery considering DERs is divided into three p hases, namely, 

c, d, and e. During the c-phase, the restoration is conducted through the reconfiguration technique. However, 

sometimes, due to multiple events, it cannot restore all the CLs. Thus, MSUs are added, and they require a few 

minutes to reach the load center, presented as d-phase. Then, the remaining CLs can be recovered through MSUs, 

presented as e-phase.  

Furthermore, as far as adaptability is concerned, sufficient resources, including DERs, storage, and alternative 

paths, such as TLs, can increase the system flexibility. This finding implies that the system can quickly switch 

from one point to another towards load recovery, indicating that the system could follow better resilient  

characteristics, presented as I (in the yellow parallelogram) in Fig. 2. Finally, the system operator should always 

consider assessing the impact after the event; it helps to minimize the total system collapse in the forthcoming  

event, which is the prevent phase. To prevent future events, the system should be hardened, and a decentralized  

network should be designed, as well as a better prediction strategy. In addition, to reduce the outage duration, the 

recovery time should be fast. This condition can be obtained by system reconfiguration using TLs and DERs, as 

well as the adaptive formation of MGs and mobile services, such as MSUs, mobile substation, crews, and mobile 

de-icing devices. The system can be robust, and eventually, the power loss and outages can be reduced by 

considering this design. A detailed discussion of the introduced WRAP indices is presented in the following 

section 

3. Resilient System Formulation 

3.1. Objective function  

This section deals with the problem formulation, such as objective functions, system constraints, and 

resilience indices. The objective is to minimize operational cost and maximize critical load restoration while 

satisfying operational constraints and ensuring radial operation. Eqs. (1) and (2) present the objective function of 

minimizing the operational cost and maximizing the critical load pickup, respectively.  

𝑚𝑖𝑛
𝑡 ∈ 𝑇

|( ∑ 𝐶𝑟 𝑃𝑟 ,𝑡

 

𝑟 ∈ 𝑅

) + ( ∑ 𝐶𝑑 𝑃𝑑,𝑡

 

𝑑 ∈ 𝐷

) + ( ∑ 𝐶𝑏 𝑃𝑏 ,𝑡

𝑏 ∈ 𝐵

) + (∑ 𝐶𝑙
 𝑃𝑙,𝑡

𝑙 ∈𝐿

) + ( ∑ 𝐶ℎ𝐷ℎ ,𝑡

ℎ ∈ 𝐻

)| (1) 

𝑚𝑎𝑥 ∑.

𝑁

𝑗=1

∑ 𝑃𝐶𝐿,𝑘
𝑗        

𝑀𝑗

𝑘= 1

 

(2) 

 

3.2. System Constraints 

For each MG i and at each timeslot t, the sum of the total generated power by DER and DG units, 

charging/discharging power of BESs, and curtailed load must be equal to the total load, expressed in (3). The 

ramping up and down of the DG unit limits is expressed in (4), (5), and (6). The curta ilment of load demand must 
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not exceed the total load, as expressed in (7). In storage unit constraints, the permissible charging/discharging 

limits of power are expressed in (8) and (9) with energy limits in (10). Simultaneous charging and discharging of 

the storage unit should be avoided; the constraint can be written as (11). Eq. (12) represents the relationship 

between the energy and charging/discharging power.  

∑ 𝑃𝑟,𝑡
𝑖

 

𝑟 ∈ 𝑅𝑖

+ ∑ 𝑃𝑑,𝑡
𝑖

 

𝑑 ∈ 𝐷𝑖

+ ∑ (𝑃𝑏,𝑡
𝑖 ,𝑑𝑖𝑠-𝑃𝑏,𝑡

𝑖,𝑐ℎ)

 

𝑏 ∈ 𝐵𝑖

= ∑(𝑃𝐿𝐷,𝑙,𝑡
𝑖 -𝑃𝑙,𝑡

𝑖 )

 

𝑙∈  𝐿𝑖

                                  ∀𝑖, 𝑡. (3) 

𝑃𝑑
𝑚𝑖𝑛  ≤  𝑃𝑑,𝑡

𝑖  ≤ 𝑃𝑑
𝑚𝑎𝑥                                                                                                  ∀𝑑, 𝑡 , 𝑖 (4) 

𝑃𝑑,𝑡
𝑖 − 𝑃𝑑,𝑡−1

𝑖  ≤ 𝑅𝑈,𝑑                                                                                                  ∀𝑑, 𝑡 , 𝑖 (5) 

𝑃𝑑,𝑡−1
𝑖 −  𝑃𝑑,𝑡

𝑖  ≤ 𝑅𝐷,𝑑                                                                                                 ∀𝑑,𝑡 , 𝑖 (6) 

0 ≤ 𝑃𝑙,𝑡
𝑖  ≤  𝑃𝐿𝐷,𝑙,𝑡

𝑖                                                                                                       ∀𝑡 ,𝑖  (7) 

0 ≤ 𝑃𝑏,𝑡
𝑖,𝑐ℎ ≤  𝛿𝑏,𝑡

𝑖 ,𝑐ℎ𝑃𝑏,𝑡
𝑐ℎ,𝑚𝑎𝑥, 𝛿𝑏,𝑡

𝑖 ,𝑐ℎ ∈ {0, 1}                                                             ∀𝑏, 𝑡 , 𝑖 (8) 

0 ≤ 𝑃𝑏,𝑡
𝑖,𝑑𝑖𝑠 ≤  𝛿𝑏,𝑡

𝑖 ,𝑑𝑖𝑠𝑃𝑏,𝑡
𝑑𝑖𝑠,𝑚𝑎𝑥, 𝛿𝑏,𝑡

𝑖 ,𝑑𝑖𝑠 ∈ {0, 1}                                                         ∀𝑏, 𝑡 , 𝑖 (9) 

𝐸𝑏
𝑚𝑖𝑛 ≤ 𝐸𝑏,𝑡

𝑖  ≤  𝐸𝑏
𝑚𝑎𝑥                                                                                                ∀𝑏, 𝑡 , 𝑖 (10) 

𝛿𝑏,𝑡
𝑖,𝑐ℎ +  𝛿𝑏,𝑡

𝑖,𝑑𝑖𝑠 = 1                                                                                                       ∀𝑏, 𝑡 , 𝑖 (11) 

𝐸𝑏,𝑡+1
𝑖 = 𝐸𝑏,𝑡

𝑖 + (
𝑃𝑏,𝑡

𝑖,𝑐ℎ𝜂𝑏,𝑡
𝑐ℎ ∆𝑡 − 𝑃𝑏,𝑡

𝑖 ,𝑑𝑖𝑠 ∆𝑡 

𝜂𝑏,𝑡
𝑑𝑖𝑠⁄  )                                                 ∀𝑏, 𝑡 , 𝑖 (12) 

 

3.3. Resilience Index 

The performance of the ADS is evaluated by the proposed resilience quantification framework, WRAP.    

3.3.1. Withstand 

Withstand refers to the coping capacity of the system after the event. It indicates whether the system is 

completely collapsed or partially collapsed. The system can be a total outage when the grid supply is unavailable, 

and no additional generation unit is available in the system. However, the system with DERs can cope with  

extreme events and minimize outages. The withstand index (ℜW ) can be measured by (13) as follows:  

ℜ𝑊,𝑖 =    (𝑃𝐶𝐿 ,𝑖 − 𝑃𝐶𝐿 ,0) ×  ( 𝑡𝑑𝑒 − 𝑡𝑑𝑠
) (13) 

where, 𝑃𝐶𝐿 ,𝑖 = Critical power available after considering MG i in kW, 𝑃𝐶𝐿 ,0 = Critical active power available at 

the end of the event as a reference in kW. 

 

3.3.2. Recover  

The recovery index (ℜR) measures the restored energy after the event, as expressed in (14). Different resources 

are used to restore the critical load in the recovery process, such as PV, BES, TL, and DG. In addition, if it still 

fails to recover all the CL, MSUs can be used.  

ℜ𝑅 ,𝑗 =  (𝑃𝐶𝐿 ,𝑗 
𝑅 − 𝑃𝐶𝐿 ,0) × (𝑡𝑟𝑠,(𝑗+1)  − 𝑡𝑟𝑠,𝑗) (14) 

where, 𝑃𝐶𝐿 ,𝑗
𝑅  = Critical active power available after restoration step 𝑗; 𝑗 =  Step index in critical load 

recovery, 𝑡𝑟𝑠,𝑗 =  Restoration start time of 𝑗 𝑡ℎ step. 
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3.3.3. Adapt 

The system stability can be measured through its short circuit capacity (SCC), followed by voltage stability 

index (VSI), called adaptability index (ℜA), expressed in (17). The incorporation of DERs is vital to increase the 

system resiliency; however, it affects the SCC of the distribution network. Moreover, the SCC is highly dependent 

on the voltage magnitudes of the distribution network buses. Thus, the SCC can be considered a VSI for the 

system, which represents the capacity of loads that can be served by the network. A larger value of SCC indicates 

that the network can have strong loading ability of a bus. Conversely, a small SCC indicates that the ne twork is 

weak to support loads [33].  

As a matter of resilience, the main aim is to serve more loads within the stability limit. Therefore, this index can 

show the system’s stability before, during, and after the HILP event. The SCC, 𝑆𝑠𝑐,𝑗
 , is obtained by (15), followed  

by (16). 

𝑆𝑠𝑐,𝑗
𝑖 =   𝐸𝑡ℎ ,𝑗

𝑖 𝑍𝑡ℎ,𝑗
𝑖⁄   (15) 

𝑆𝑠𝑐,𝑚𝑖𝑛 ,𝑗
𝑖 =  2𝑆𝐿,𝑗

𝑖  (1 + sin ∅𝑗
𝑖 ) 𝐸𝑡ℎ ,𝑗

𝑖⁄   (16) 

ℜ𝐴 ,𝑗 =  𝑉𝑆𝐼𝑗 =
1

𝑁𝑏𝑢𝑠,𝑗
 

∑ 𝑆𝑠𝑐,𝑚𝑖𝑛 ,𝑗
𝑖 𝑆𝑠𝑐,𝑗

𝑖⁄

𝑁𝑏𝑢𝑠,𝑗
 

𝑖=1

  (17) 

where 𝐸𝑡ℎ ,𝑗
𝑖  and 𝑍𝑡ℎ,𝑗

𝑡𝑖  are Thevenin voltage and impedance of bus i at the jth stage, respectively. 𝑁𝑏𝑢𝑠
  is the number 

of network buses. 𝑆𝐿,𝑗
𝑖  and ∅𝑗

𝑖  are the apparent power magnitude and power factor angle of bus i at the jth stage, 

respectively. 𝑉𝑆𝐼𝑗 is the VSI at the jth stage. 𝑆𝑠𝑐,𝑗
𝑖  and  𝑆𝑠𝑐,𝑚𝑖𝑛 ,𝑗

𝑖  are the SCC at the jth stage and the minimal SCC, 

respectively. Note that the smaller VSI indicates better stability characteristics. 

 

3.3.4. Prevent 

Finally, the preventive measure can be considered from a few historical outages. Two parameters are crucial to 

prevent future power outages, failure rate, and outage duration; these parameters should be reduced. Thus, the 

system’s robustness and responsiveness should be improved by MMG, reconfiguration, and mobile services. The 

consequence of power outages in terms of life threats, outage cost, and loss of load can be minimized. The 

preventive index is expressed in (18). The lower value of ℜP  can signify that the system follows better resilient  

characteristics.  

ℜP =  ∑(Ψ𝑖 ×  𝑃𝑙𝑜𝑠𝑡 𝑖
)

𝑁

𝑖=1

  (18) 

where, Ψ𝑖 = Total outage duration in ith failure, 𝑃𝑙𝑜𝑠𝑡 ,𝑖 = Total power lost in ith failure, 𝑁 = Number of failures. 

 

4. Case Study and Results 

To assess the proposed resilience framework, the developed model is applied to the IEEE 33-bus ADS, which  

comprises four MGs, four TLs, and three MSUs. The total load of the test system is 3715 kW+ j2300 kVAR. 

Among 33 buses, 10 buses are considered CL-connected buses, as shown in Fig. 3. The MG includes the PV, DG, 

BES units, and load; the available capacity is presented in Table I. The power required for CL restoration is 1560 

kW + j1285 kVAR. Furthermore, the critical bus data are shown in Table II. In the planning stage, four TLs are 

placed optimally as 𝐵8 − 𝐵21  (𝑇1), 𝐵9 − 𝐵15 (𝑇2), 𝐵25 − 𝐵29  (𝑇3), and 𝐵18 − 𝐵33 (𝑇4). Further, in the proposed 
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model, three MSUs are placed that can travel according to the restoration requirement. The placement 

is based on the optimization problem in (1). As can be seen from (1), denotes the MSU cost optimization 

formula, where 𝐶ℎ is the cost of fuel for moving between buses (as transportation cost) and 𝐷ℎ,𝑡 is the 

distance traveled (taking 5 minutes to move from each bus to adjacent bus, which has been optimized 

by the SRSR optimization algorithm [34]). Further, it is assumed that the proper location of MSU can 

also reduce the recovery time and traveling cost. Therefore, three MSUs are used in three different 

zones, suchlike, 𝐵1 𝑡𝑜 𝐵11 – MSU1, 𝐵12 𝑡𝑜 𝐵22 – MSU2 and  𝐵23𝑡𝑜 𝐵33 – MSU3 and the locations are 

assumed  as 𝐵10 , 𝐵22, and 𝐵23 for MSUs -1, 2, and 3, respectively. The reason for considering the three 

MSUs in three different zones is that it is assumed that in each zone, there should be a charging station 

to reduce the recovery time and traveling cost. The main aim of resilience is to restore the critical load 

as fast as possible, so recovery time should be faster, which minimizes the social and life threats.  

Two different studies, such as single and multiple fault analyses, are conducted. Each study has three 

scenarios with different resource combinations, that is, without resources (WR) meaning only grid connected 

denoted as G is used, and then DERs, and reconfiguration (denoted as REC). In WR, only grid power is used to 

satisfy the load demand, and in DERs, PV, DG, and BES are used. Finally, in REC, TLs and MSUs in addition to 

DERs, are used to satisfy the CL demand.  
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Fig. 3. IEEE 33-bus active distribution system with single fault 

Table I. System data 

MG PV (MW) BES (MW) DG (MW) MSU (MW) 

1 0.5 0.4 0.2 

 

0.25×3 = 0.75 

2 0.5 0.25 0.2 

3 1 0.5×2 = 1 0.25×2 = 0.5 

4 1 0.35×2 = 0.7 0.2×2 = 0.4 

Table II. Critical load data 

Bus 
Bus data  

(kW +j kVAR) 
MG Bus 

Bus data 

 (kW + j kVAR) 
MG 

4 120 + j80 - 21 90 + j40 2 
7 200 + j100 - 24 420 + j200 3 

8 200 + j100 - 27 60+ j25 - 

10 60+ j20 - 30 200 + j600 4 

14 120 + j80 1 Total 1560+ j1285  

18 90 + j40 1    
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4.1. Study-1: Single-fault scenario 

 If an extreme event occurs and line L5 is out (as shown in Fig. 3), the restoration is performed according 

to different scenarios, discussed as follows.  

4.1.1. Scenario-I: Disaster occurs at time 2 am (PV power = 0 and SOC = 0.9) 

Although the grid is available after the event, it can only restore the critical loads CL1, CL7, and CL8, but 

other CLs cannot be restored because the remaining system has an outage after L5. However, with the installation 

of DERs and formation as MGs, they can switch to islanding mode when necessary. All the MGs are in islanding 

mode after the events, and the critical loads inside the MG can easily be restored. However, in this scenario, the  

PV is unavailable, and some CLs can be restored through BES, as presented in Table III. On the contrary, using 

REC, the grid supply can be fed directly to CLs through TLs to restore all the CLs. Tables IV and V present the 

participation of available resources and restoration paths, respectively. 

4.1.2. Scenario-II: Disaster occurs at time 2 pm (PV power available at peak and SOC = 0.2) 

In this scenario, the PV power and grid are available to restore the CL after the event. The WR case is 

the same as scenario I. In the DER case, all the MGs are switched to islanding mode, and the loads connected to 

MGs are restored. However, the CLs outside the MG, such as CL2, CL3, CL4, and CL9, cannot be restored. Although 

CL1 is outside the MG, it can be restored due to the available grid power. Furthermore, using REC mode, the MG-

connected CL is able to restore itself, and the grid power through TL restores CL outside the MG. Tables VI, VII, 

and VIII present the resource availability, participation of different resources, and restoration paths, respectively. 

Table III.  Available resources corresponding to CL recovery 

 G PV BES DG CL recoverd Open switch 

WR  × × × CL1, CL7, CL8 L5 

DERs  ×  × 
CL1, CL5, CL6, CL7, 

CL8,CL10 
L5, L12, L28 

REC  × × × All L5, T2, T3, T4 

 

Table IV. Participation 

 PV 
(MW) 

DG 
(MW) 

BES 
(MW) 

MSU 
(MW) 

Total load served 
(MW) 

CL served 
(MW) 

DERs × 0.2 1.95 × 2.79 0.98 
REC × 0 0 × 3.715 1.56 

 

Table V. Resources and restoration path for CL recovery 

CL G MG TL MSU Recovery Path 

CL1  × × × B1- L1- L2 - L3 - B4 

CL2  ×  × B1- L1- L18 -L20 - T1-L7-B7 

CL3  ×  × B1- L1- L18 - L20 - T1 – B8 

CL4  ×  × B1- L1- L18- L20 -T1-L8 - L9- B10 

CL5 × MG1 × × B15 - L14 - B14 
CL6 × MG1 × × B15 - L15 - L16 - L17- B18 

CL7 × MG2 × × B20 - L20 - B21 

CL8 × MG3 × × B24 

CL9  × × × B1- L1- L18 -L20 -T1-L7- L6- L25- L26- B27 

CL10 × MG4 × × B32 - L31 - L30 - B30 
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4.1.3.Scenario-III: Disaster occurs at time 2 pm (PV power available at peak and SOC = 0.9) 

This scenario is relatively similar to scenario II. If the grid and PV power are available, other 

resources are not required. The MG-connected CL can be restored by itself, and other CLs can be 

restored through grid power using TL. Tables IX, X, and XI present the detailed analysis of scenario III.  

Remark: If the grid is less vulnerable and there is a single-fault event, the grid can supply the CL 

through TL. Moreover, the capacity of BES can sometimes be insufficient to satisfy the demand, and 

MGs can use the grid power to restore the load. If the grid power and PV generations are available, the 

stored power shouldn’t be used but be kept for an emergency purpose. Thus, the MG’s operation cost 

can be reduced. DGs can also be used when necessary. Usually, it is not preferred due to the high 

operating cost. Moreover, the MSU is not required to travel in such type of event as long as the CL can 

be restored through any combinations (grid, TL, BES, and PV). The final restored network is shown in 

Fig. 4. 

Table VI. Available resources corresponding to CL recovery 

 G PV BES DG CL recoverd Open switch 

WR  × × × CL1, CL7, CL8 L5 

DERs   × × 
CL1, CL5, CL6, CL7, 

CL8,CL10 
L5, L12, L28 

REC   × × All 
L5, L12, L28, T2, 

T3, T4 

 

Table VII. Participation  

 
PV 

(MW) 

DG 

(MW) 

BES 

(MW) 

MSU 

(kW) 

Total load 

served 

(MW) 

CL served 

(MW) 

DERs 2.6 × × × 2.79 1.04 

REC 2.6 × × × 3.715 1.56 

 

Table VIII. Resources and restoration path for CL recovery 

CL G MG TL MSU Recovery Path 

CL1  × × × B1- L1- L2 - L3 -B4 

CL2  ×  × B1- L1- L18 - L20 - T1-L7- B7 
CL3  ×  × B1- L1- L18 -L20 - T1 - B8 

CL4  ×  × B1- L1- L18 - L20 -T1-L8- L9- B10 

CL5 × MG1 × × B15 - L14 - B14 

CL6 × MG1 × × B15 - L15 - L16 - L17- B18 

CL7 × MG2 × × B20 - L20 - B21 
CL8 × MG3 × × B24 

CL9  × × × B1-L1-L18-L20-T1-L7-L6- L25-

L26- B27 

CL10 × MG4 × × B32 - L31 - L30 - B30 

 

Table IX. Available resources corresponding to CL recovery 

 G PV BES DG CL recoverd Open switch 

WR  × × × CL1, CL7, CL8 L5 

DERs   × × 
CL1, CL5, CL6, CL7, 

CL8,CL10 
L5, L12, L28 

REC   × × All 
L5, L12, L28, T2, 

T3, T4 

 



 

12 
 

Table X. Participation 

 
PV 

(MW) 

DG 

(MW) 

BES 

(MW) 

MSU 

(MW) 

Total load 

served (MW) 

CL served 

(MW) 

DERs 2.6 × × × 2.79 1.04 
REC 2.6 × × × 3.715 1.56 

 

Table XI. Resources and restoration path for CL recovery 

 

 

 

 

 

 

 

 

 

 

4.2. Study 2: Multiple-fault scenario 

If a high disruptive event occurs and three lines, such as L1, L5, and L7, are out (shown in Fig. 5), the restoration 

can be performed according to different scenarios.  

4.2.1.Scenario I: Disaster occurs at time 2 am (PV power = 0 and SOC = 0.9) 

During multiple faults, the grid power to the network is zero because the fault occurs on L1. Therefore, in the 

case of WR, the restored CL is zero. With the incorporation of DERs, the PV power is zero according to the 

scenario. However, using BES and DG, some critical loads are restored, i.e., 0.92 MW. Furthermore, 

reconfiguration techniques are applied with four TLs placed optimally, as shown in Fig. 3, and the optimal 

placements of MSUs are at B10, B22, and B23. The remaining critical loads (CL1, CL2, CL3, CL4, and CL9) are 

restored through MG and MSU’s. The MG3 and MG4 have increased the capacity through DG and restored critical 

loads, such as CL1 and CL9, respectively. In addition, the MSUs are then moved to locations B7, B8, and B10, for 

the restoration of CL2, CL3, and CL4. For CL2, MSU can travel from B23 to B7 and then recover CL2;  for CL3 , 

other MSUs can travel from B22 to B8 and recover CL3; for CL4, an MSU is in the same place as per the optimal 

location, can be seen in Fig. 6(a). Finally, the open switch location, participation, and recovery paths are presented 

in Tables XII, XIII, and XIV, respectively. 
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                                           (a)                                                                                          (b)  

Fig. 4. Final restored network: (a) Grid with TL, (b) Grid, MG, and TL 

CL G MG TL MSU Recovery Path 

CL1  × × × B1- L1- L2 - L3 – B4 

CL2  ×  × B1- L1- L18 -L19 -L20 -T1-L7- B7 
CL3  ×  × B1- L1- L18 -L19 -L20 -T1 -B8 

CL4  ×  × B1- L1-L18-L19-L20-T1-L8 - L9 -B10 

CL5 × MG1 × × B15 - L14 - B14 

CL6 × MG1 × × B15 - L15 - L16 - L17- B18 

CL7 × MG2 × × B20 - L20 - B21 
CL8 × MG3 × × B24 

CL9  × × × B1- L1- L18 -L19 -L20 - T1-L7- L6- L25- L26- B27 

CL10 × MG4 × × B32 - L31 - L30 - B30 
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Fig. 5. IEEE 33-bus active distribution system with multiple faults 

4.2.2. Scenario II: Disaster occurs at time 2 pm (PV power available at peak and SOC = 0.2) 

As shown in Tables XV and XVI, considering WR, the entire system is blackout as the grid fails and no 

resources are used to restore the loads after the events. By using DERs and according to the scenario, the PV 

power is available, but SOC is 0.2. The critical load of 0.92 MW can be restored using PV and DG. Furthermore, 

in REC case, the capacity of MG3 is increased through DG, and CL1 is restored. Similarly, with increased capacity 

of MG4, CL9 can be restored. In addition, the MSU is then moved to the appropriate locations, such as B10, for the 

restoration of CL4. For CL4, no travel is required because an MSU is in the same place as the optimal location. For 

CL2, the MSU at bus B22 can travel to B7. CL3 can be restored through T1 using MG2. The final restored network 

can be seen in Fig. 6(b), and Table XVI shows the responsible resources and path for the restoration. 

Table XII. Available resources corresponding to CL recovery 

 PV BES DG MSU CL recoverd Open switch 

WR × × × × - L1, L5, L7 

DERs ×   × CL5, CL6, CL7, CL8, CL10 L1, L5, L7, L12, L28 

REC ×    All 
L1, L5, L7, L8, L9, L10, 

L12,T1, T2, T3, T4 

 

Table XIII. Participation 

 
PV 

(MW) 

DG 

(MW) 

BES 

(MW) 

MSU 

(MW) 

Total load served 

(MW) 

CL served 

(MW) 

DERs × 0.85 1.95 × 2.48 0.92 

REC × 1.3 1.95 0.75 3.175 1.56 

Table XIV. Resources and restoration path for CL recovery 

CL MG  TL MSU Recovery path 

CL1 MG3 × × B24- L23- L22 - L3-B4 

CL2 × ×  MSU2 - B7 

CL3 × ×  MSU3- B8 

CL4 × ×  MSU1 - B10 

CL5 MG1 × × B15 - L14 - B14 

CL6 MG1 × × B15 - L15 - L16 - L17- B18 
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CL7 MG2 × × B20 - L20 -B21 

CL8 MG3 × × B24 

CL9 MG4 × × B32 - L31 ….- L27 - B27 

CL10 MG4 × × B32 - L31 - L30 - B30 

 

4.2.3.Scenario III: Disaster occurs at time 2 pm (PV power available at peak and SOC = 0.9) 

As reported in Tables XVII and XIX, considering WR, the entire system is blackout as the grid fails and no 

resources are used to restore the loads after the events. In DERs case, according to the scenario, the PV power is 

available, and SOC is 0.9. The critical load of 920 kW can be restored using PV and BES units. Furthermore, 

through REC technique, the MG capacities  are increased through BES, and restoration operation is performed, as 

shown in Table XX, and the restored network is shown in Fig. 6(c).  

Table XV. Available resources corresponding to CL recovery 

 G PV BES DG MSU CL recovered Open switch 

WR × × × × × - L1, L5, L7 

DERs ×  ×  × CL5, CL6, CL7, 

CL8, CL10 

L1, L5, L7, L12, L28 

REC ×  ×   All L1, L2, L5, L7, L8, L9, 

L10, L12, T2, T3, T4 

Table XVI. Participation 

 
PV 

(MW) 

DG 

(MW) 

BES 

(MW) 

MSU 

(MW) 

Total load  

served (MW) 
CL served (MW) 

DERs 2.4 0.45 0 × 2.48 0.92 

REC 2.4 0.85 0 0.5 3.36 1.56 

Table XVII. Resources and restoration path for CL recovery 

CL MG  TL MSU Recovery path 

CL1 MG3 × × B24- L23- L22 - L3 - B4 

CL2 - ×  MSU2 - B7 

CL3 MG2 T1 × B20- L20  - T1 – B8 

CL4 MG1 ×  MSU1 - B10 

CL5 MG1 × × B15 - L14 - B14 

CL6 MG1 × × B15 - L15 - L16 - L17 - B18 

CL7 MG2 × × B20 - L20 - B21 

CL8 MG3 × × B24 

CL9 MG4 × × B32 - L31 ….- L27 - B27 

CL10 MG4 × × B32 - L31 - L30- B30 

 

Table XVII. Available resources corresponding to CL recovery 

 PV BES DG MSU CL recovered Open switch 

WR × × × × - L1, L5, L7 

DERs   × × CL5, CL6, CL7, CL8, CL10 L1, L5, L7, L12, L28 
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REC   × × All L1, L2, L5, L7, L8, L10, L12,T3, T4 

TABLE XIX. Participation 

 
PV 

(MW) 

DG 

(MW) 

BES 

(MW) 

MSU 

(MW) 

Total load 

served (MW) 

CL served 

(MW) 

DERs 2.4 × 0.7 × 2.48 0.92 

REC 2.4 × 1.4 × 3.55 1.56 

Table XX. Resources and restoration path for CL recovery 

CL MG  TL MSU Recovery path 

CL1 MG3 × × B24- L23- L22 - L3 - B4 

CL2 MG4 × × B32 - L31 …. L25  - L6- B7 

CL3 MG3 T1 × B20- L20  - T1 - B8 

CL4 MG1 T2 × B15 - T2 - B9- B10 

CL5 MG1 × × B15 - L14- B14 

CL6 MG1 × × B15 - L15 - L16 - L17- B18 

CL7 MG2 × × B20 - L20 -B21 

CL8 MG3 × × B24 

CL9 MG4 × × B32 - L31 ….- L27- B27 

CL10 MG4 × × B32 - L31 - L30- B30 
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Fig. 6. Final restored network corresponding to (a) Scenario I, (b) Scenario II, (c) Scenario III 

Remark: During the event of multiple faults, DG’s and MSU’s participation are vital for restoration. The 

emergency resources are integrated because DGs are highly expensive, and the recovery time becomes longer 

using MSUs because the grid supply fails and the load point cannot be reached through TL. However, life threats 

and critical services should be considered. On that premise, resourcefulness is extremely important during multiple 

event scenarios. All the CLs can be restored using reconfiguration techniques. On the contrary, as reported in 
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Tables XII, XV, and XVII, more open switches are needed in multiple fault scenarios than a single fault. Thus, 

line switching is also important to manage priority-based restoration. 

4.3. Performance comparison with resilience index 

In this section, four resilience indices are evaluated, corresponding to three scenarios. Each index has its own 

significance as reported in a tabular form along with the improvement. During the event, the contribution of DERs  

is pivotal because the grid might fail to supply the CLs. Thus, the CLs should be restored as quickly as possible. 

Table XXI shows the ℜ𝑊  value, which indicates that the CL is available after the event. According to scenarios 

I, II, and III, the availability of resources can withstand the system in the wake of extreme events. Further, the 

increased coping capacity is shown in Table XXI, where the reference value is taken as 0.63 MW. The reference 

value is taken here as 0.63 MW due to the following reasons.   

In a single fault system, the fault happens on line L5. In this case, the resulting grid does not have tie-line and 

MG connections. The grid can recieve power from the nodes as: B1 to B5, B2 to B22, and B3 to B25, where only 

three critical loads are available (see Fig. 5) such as  B4 (120 kW), B21 (90kW), and B24 (420kW). The total sum 

is 120+90+420 = 630 kW (= 0.63 MW). After the MG connection, the load has been increased to 0.98 (0.63+0.35) 

MW, then after adding the tie-line, the load is  0.63+0.41=1.04 MW (see Table-XXI) using WR, and this is the 

available CL value after the events. Accordingly, the values are increased using different resource combinations.  

It is noted that scenarios II and III have the same value because the PV power is available in both cases; thus, 

sufficient energy can restore the CL as per the feasibility. In this case, TL and MSU are not considered. The grid 

is unavailable under multiple faults; thus, with DERs, the system can restore the maximum loads inside the MGs.  

Table XXI.  Withstand capacity and its improvement  

 
Scenario 

ℜ𝑊  

(MWh) 

Coping capacity  

Increased (MW) 

Study-1: 

S ingle fault 

I 0.35 0.98 

II 0.41 1.04 

III 0.41 1.04 

 

Study-2: 

Multiple faults 

 

I 

 

0.83 

 

0.83 

II 0.92 0.92 

III 0.92 0.92 

 

Recovery phase starts from 𝑡𝑟𝑠. In an initial attempt, the grid and MGs can restore the CLs. However, these 

resources cannot restore all the CLs, and then TLs are used with grid and MGs. During the single-fault case, MSUs 

are not required because, through TL, all CLs can be restored, as shown in Table XXII. On the contrary, during 

the multiple faults, the reconfiguration of the system is crucial, and MSUs are used, as reported in Table XXII. 

Moreover, the restoration is improved using a combination of resources. In Scenario III, MSUs do  not participate 

because the available PV power and BES can restore all the CLs through TL. As far as adaptability is concerned, 

the system should be stable irrespective of the event's occurrence in the network. On the other hand, the voltage 

should be in the limiting range to avoid system collapse. Thus, the voltage stability index is measured in this study, 

presented in Table XXIII, corresponding to various scenarios. Table XXIII presents the VSI using different  
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resource combinations. It can be seen that in the event of a single fault, the VSI is better than the multiple fault 

for each scenario. Notably, with grid supply, the system can follow the better stability characteristics; without grid 

supply, the system would utilize the DERs which are intermittent in nature, and accordingly, the stability of the 

system decreases. The utilization of both PV and storage (in scenario-III) has considerably enhanced the stability 

performance as compared to scenario-I (storage only) and scenario-II (PV only) in the context of VSI in both of 

the single-fault and multi-fault cases. To prevent future power outages, the previous experience and outage data 

are greatly important. 

Table XXII.  Recovery and its improvement   

 
Scenario Resource ℜ𝑅(MWh) 

CL Restoration 

Improvement (MW) 

Study-1: S ingle 

fault 

I 
G+MG 0.01603 0.98 

G+MG+TL 0.03348 1.56 

II 
G+MG 0.017056 1.04 

G+MG+TL 0.06417 1.56 

III 
G+MG 0.017056 1.04 

G+MG+TL 0.06417 1.56 

Study-2:  
Multiple faults 

 

I 

G+MG 0.0382 0.92 

G+MG+TL 0.069 1.38 

G+MG+TL+MSU 3.96 1.56 

 
II 

G+MG 0.05038 1.1 
G+MG+TL 0.06318 1.30 

G+MG+TL+MSU 3.30 1.56 

III 
G+MG 0.0115 0.92 

G+MG+TL 0.02896 1.56 

 

Table XXIII.  Voltage stability index 

Scenarios 
ℜ𝐴  (pu) 

Single fault Multiple faults 

I 0.7459 0.9743 

II 0.6589 0.6820 

III 0.5347 0.6628 

 

Table XXIV. Prevent index and its improvement 

 Scenario Resource ℜ𝑃(MWh) Reduced impact  

Study-1: S ingle 

fault 

I WR 1.86 - 

G+MG+TL 0.6 67.75 % 

II WR 1.86 - 

G+MG+TL 0.522 71.94 % 

III WR 1.86 - 

G+MG+TL 0.522 71.94 % 

 I WR 9.36 - 

Study-2: 

Multiple faults 

G+MG+TL 0.66 93.58% 

G+MG+TL+MSU 0.189 97.98 % 

II WR 9.36 - 
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G+MG+TL 0.4810  94.86 % 

G+MG+TL+MSU 0.2764  97.04 % 

III WR 9.36 - 

G+MG+TL 0.647 93.08 % 

G+MG+TL+MSU - - 

The system operator should analyze the outage data to prepare for future events. The impact of the power outage 

mainly depends on the number of failures and outage duration. To minimize the failure rate, the system should be 

hardened, that is, a decentralized network and better prediction strategy should be formed. On the other hand, to 

reduce the outage duration, the recovery should be faster, and this condition is possible through system 

reconfiguration using TLs and DERs, and the adaptive formation of MGs and mobile services, such as MSU, 

mobile substation, crews, and mobile de-icing devices. In the proposed system, the outages duration is minimized  

using the different resources. The minimization of the failure rate is out of the scope of this paper. In t his case, 

the line repair takes 2 hours for each traditional system after the event ends, and after the reconfiguration, the 

system follows the exact recovery time from simulation. TABLE XXIV shows the prevent index and reduced 

impact in percentage.  

The measured data of the preventive index represents a single-failure event in 24 hours. However, to verify the 

importance of the prevent index, 𝑁 and Ψ should be changed. Thus, historical outage data are obtained from [35], 

representing the California power outage data. The state of California has one of the topmost frequent power 

outages in the US states. In 2020, the number of major power outage across California was 11, as shown in TABLE 

XXV. The evaluation of ℜP  with different 𝑁 and Ψ is discussed as follows. TABLES XXVI and XXVII present 

the prevent index with constant and reduced failure rates, respectively. Total duration of power outages in 2020 

(Ψ ) = 202.05 hrs, Total loss of power due to outages in 2020 = 7706 MW, Total number of failures (N) = 11. 

From (18), ℜPi = 219189.3 MWh 

Table XXVI presents the preventive index for constant failure rate (N =11) and different Ψ. The outage duration 

is reduced (assume recovery is faster). Furthermore, considering the reduced failure rate, the prevent index is 

reduced, as shown in Table XXVII. 

Table XXV.  Major power outage in 2020 [35] 

Sl No.  Event Date  Duration 

(hours) 

Loss  

(MW) 

Affected customer 

1  01/17/2020 4.75 87 67864 

2  02/17/2020 8.08 91 70000 

3  03/16/2020 69 165 110800 

4  08/14/2020 27.75 1680 > 500000 

5  08/16/2020 34.56 1580 > 500000 

6  08/18/2020 7 917 >200000 

7  09/05/2020 3.28  986 > 200000 

8  09/7/2020 42.73 610 172000 

9  09/27/2020 20.83 337  102267 

10  10/25/2020 51.46 1218 370000 
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11  12/17/2020 0.416 35 170000 

Total 202.05 7706   

 

Table XXVI Constant failure rate (N=11)   Table XXVII. Reduced failure rate 

Ψ (hours) 

(Reduced by) 
ℜP(MWh) 

1/4 109594.6  

          1/3 73063.1 

          1/2 54797.3 
 

𝑁 ℜP(MWh) 

9 156496.4 

6 120177.3 

3 12533.5 
 

As far as the reduced preventive index is concerned, it directly impacts the outage cost. According to the US 

Department of Energy, the outages cost an average of about $18 billion to $53 billion per year in the US [36]. So, 

boosting the power system resiliency is essential.  

5. Conclusion 

This paper presents the novel resilience quantification framework WRAP to design a resilient ADS in the 

wake of extreme events. With the WRAP framework, the coping capacity, fast recovery, system stability, and 

preventive measure are quantified during and after the event, and the enhancement of these indices is also 

discussed. Moreover, the system resiliency is measured when the available resources are utilized optimally . 

Furthermore, MSU is added, and its participation is vital for critical load restoration in multiple fault scenarios. 

The result of the applied test system has proven that resourcefulness is the prior requirement in the context of 

resilience; it can minimize the catastrophic consequences in an extreme unfolding event. This study is limited to 

a single renewable source, such as PV systems. However, in future research, the integration of more renewable, 

ancillary devices, and hardening plans can be considered to enhance the robustness and fast recovery of the system. 

Furthermore, better prediction techniques using machine learning can be applied to minimize future attacks for 

preventive measures. The proposed framework can provide a better planning  and operation scheme, which can be 

applied to the standard test system to quantify the resilience characteristics and compare them with existing  

studies.  
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