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Abstract

The increase in the number and severity of natural disasters and their significant social and economic effects have made power
system planners pay special attention to the security and resilience of power networks. This article tries to provide an efficient model
for strengthening the resilience of distribution networks based on multi microgrids by optimally using energy storage systems and
demand response programs. In the proposed method, a two-stage hierarchical approach has been developed in which the first stage of
the incident is modeled. Then, in the next stage, preventive and corrective measures are implemented to increase system readiness and
reduce damages caused by severe accidents. In order to consider the uncertainty and the risk caused by it on the proper performance of
the proposed design, the problem is done by robust optimization to obtain more realistic results than the deterministic state. Finally, in
order to confirm the effectiveness of the proposed method in improving the resilience of distribution systems, a standard network of
33 buses has been used with different operating conditions, and the results indicate its proper performance in the face of severe accidents
and maintaining the resilience of the system.
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1. Introduction

In recent years, climate change has significantly increased the frequency and severity of extreme natural disasters
worldwide. Power systems are highly vulnerable to such extreme events, as they can lead to widespread infrastructure
damage and large-scale outages, emphasizing the critical importance of resilience in modern electrical networks [1].
Although these events are relatively rare, their high-impact nature has attracted considerable research attention aimed at
improving grid robustness and recovery capability. Microgrids, equipped with advanced control and protection systems,
enable high penetration of distributed renewable energy sources and support coordinated energy management. They also
play a key role in maintaining critical loads during emergencies, making them an effective solution for enhancing
resilience and system security [2]. In this context, resilience is defined as the ability of a power system to withstand
disturbances, respond effectively to disruptive events, and recover rapidly from high-impact, low-probability incidents
[3].

Existing studies on microgrid resilience can be grouped into three main categories. The first category includes long-
term planning approaches focused on strengthening physical infrastructure, such as optimal system design, distributed
generation placement, and mobile energy storage allocation [4, 5]. While effective, these methods are often costly and
targeted at critical components. The second category consists of short-term operational strategies designed to prepare
systems before disturbances occur. These include energy management of multi-microgrid systems, robust scheduling
under grid-connected and islanded modes, and the use of energy storage systems as resilience enhancers [6-8].

The third category focuses on post-disturbance restoration, aiming to rapidly return the system to normal operation
through network reconfiguration, load restoration, and optimized repair scheduling [9].

Based on these studies, the main contributions of this paper are:

(i) joint utilization of energy storage systems and demand response programs to enhance distribution system
resilience;

(if) modeling of extreme events and development of a quantitative resilience evaluation index;
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(iii) multi-microgrid modeling with consideration of power exchange between interconnected microgrids.:

2. Problem Formulation

The main objective of this study is to develop a comprehensive strategy to enhance the resilience of distribution
networks based on multi-microgrid systems against extreme weather events. The proposed framework consists of four
sequential stages: (i) defining a quantitative resilience index, (ii) modeling extreme events and their characteristics, (iii)
analyzing system response and impact assessment, and (iv) implementing preventive actions to improve system
preparedness. Preventive management aims to increase system robustness using available resources such as energy
storage systems and demand response programs.

System resilience is defined as the inverse of performance degradation following a disruptive event. In other words, the
greater the performance drop after an event, the lower the resilience. The performance loss is quantified by integrating
system deviation over time from the event occurrence to full recovery [10]:
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A normalized resilience index is also introduced, where a value of zero indicates a fully resilient system and a value
of one represents a completely non-resilient system [11]. System performance can be measured using technical indicators
(e.g., frequency, voltage, load shedding, generation availability) or economic metrics.

Extreme weather events are modeled using fragility curves to evaluate equipment vulnerability and failure probability
under storm conditions [12]. These models estimate the probability of equipment damage and the number of failed
components [13].
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Preventive management is especially carried out during the avoidance phase and its main goal is to improve system
readiness and mitigate the damage caused by a potential incident, which is achieved by increasing the amount of energy
stored in the batteries. Equation (6) shows the amount of energy stored in the batteries that should be maximized so that

they can be discharged to the grid at the time of the incident and lead to the supply of a part of the sensitive loads of the
grid.
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The studied system includes multiple energy units such as electrical storage systems, fuel cells, natural gas storage,
and combined heat and power (CHP) units interconnected within each microgrid. Energy balance equations ensure
equality between supply and demand for both electrical and thermal energy. CHP outputs are modeled using gas-to-
electricity and gas-to-heat conversion efficiencies. Energy storage systems play a key role in resilience enhancement by
shifting energy across time. Their state of charge is modeled dynamically considering charging and discharging power,
binary operating states, and operational constraints such as capacity limits and power bounds. Distributed generation units
are also constrained by operating regions, ramp-rate limits, and commitment states.

A linearized distribution power flow model is used to efficiently compute active and reactive power flows in radial
networks. After a disturbance, power balance constraints, line flow limits, and voltage constraints ensure secure operation
within microgrids.

Demand response programs, specifically direct load control, are incorporated to reduce consumption during
emergency conditions by adjusting controllable loads. The model enforces equality between increased and reduced
demand, ramping limits, and participation constraints to ensure feasibility and operational consistency.

Finally, uncertainty in event timing is handled using robust optimization. The start and end times of disturbances are
assumed uncertain within bounded intervals, and a robustness framework is applied to ensure system performance remains
acceptable under worst-case scenarios. The approach reduces scenario complexity while guaranteeing a minimum
acceptable objective value under uncertainty, with the level of conservativeness controlled by a robustness parameter
defined by the system operator.
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3. Results and Discussion
The proposed framework is tested on the IEEE 33-bus distribution network under several operating conditions.
Four scenarios are considered to evaluate the contribution of different resilience enhancement measures:
Case 1: Conventional network without microgrid resources.
Case 2: Multi-microgrid operation with distributed generation units.
Case 3: Case 2 plus energy storage systems.
Case 4: Case 3 plus demand response programs.
Results show that adding storage and demand response significantly improves performance, reduces unserved

energy, and speeds up recovery.
Figures 1 and 2 (briefly) show the network structure, post-event microgrid formation, and system response. After

the disturbance, the network is divided into microgrids, which enables faster and more flexible restoration.
Overall, the study confirms that combining microgrids, storage, and demand response significantly increases

distribution network resilience and reduces outage impacts during extreme events.

- = e /

mmae 7 BE TN BESS \

Fa - a I | = WT

/ * ! / ll

/ I, /

L 000 O ,/
[ 1

I

\ I\ 1 1
\ / 1 ! 1
\ P - \0 \ | ﬂ PV,
\ p—_— \ /
N I I et \ ) /
S W | ,~° DG \l \ o e
7/
\ BESS . / | A /
’ / o Lo/
L ) 1
\ -
- -\ ey N N
Drions OO QP
f e [ ] 1
jori I

Figure 1. Network structure after the occurrence of the event and the time sequence of load restoration based on
their priority.
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Figure 2. Trapezoidal resilience curve for different cases.

4. Conclusions

This paper proposes a comprehensive approach to improve distribution network resilience under weather events,
covering both pre-event (proactive) and during-event (active) stages. Before the event, battery energy storage is
charged to increase system preparedness, while during the event, coordinated use of distributed generation, storage,
demand response, and microgrids minimizes load shedding. Results show that microgrid partitioning improves
resilience by enabling parallel restoration and use of local resources. Energy storage enhances reliability and supports
renewable fluctuations, while flexible loads help balance demand and supply. Robust optimization also reduces the
impact of uncertainty in renewable generation and event timing, improving overall system performance.

5. References

[1] Tielens, Pieter, and Dirk VVan Hertem. "The Relevance of Inertia in Power Systems." Renewable and sustainable energy reviews 55
(2016): 999-1009.

[2] Zamuda, Craig D. "Climate Change Impacts on the Nation's Electricity Sector." In Evaluating Climate Change Impacts, 277-305:
Chapman and Hall/CRC, 2020.

[3] Orehounig, Kristina, Ralph Evins, and Viktor Dorer. "Integration of Decentralized Energy Systems in Neighbourhoods Using the
Energy Hub Approach.” Applied Energy 154 (2015): 277-289.

[4] Gazijahani, Farhad Samadi, and Javad Salehi. "Optimal Bilevel Model for Stochastic Risk-Based Planning of Microgrids under
Uncertainty." IEEE Transactions on Industrial Informatics 14, no. 7 (2018): 3054-3064.

[5] Lin, Yanling, and Zhaohong Bie. "Tri-Level Optimal Hardening Plan for a Resilient Distribution System Considering
Reconfiguration and Dg Islanding.” Applied Energy 210 (2018): 1266-1279.

[6] Kim, Jip, and Yury Dvorkin. "Enhancing Distribution System Resilience with Mobile Energy Storage and Microgrids." IEEE
Transactions on Smart Grid 10, no. 5 (2018): 4996-5006.

[7] Gazijahani, Farhad Samadi, and Javad Salehi. "Reliability Constrained Two-Stage Optimization of Multiple Renewable-Based
Microgrids Incorporating Critical Energy Peak Pricing Demand Response Program Using Robust Optimization Approach." Energy
161 (2018): 999-1015.

[8] Gholami, Amin, and Xu Andy Sun. "Towards Resilient Operation of Multimicrogrids: An Misocp-Based Frequency-Constrained
Approach." IEEE Transactions on Control of Network Systems 6, no. 3 (2018): 925-936.

[9] Ding, Tao, Yanling Lin, Zhaohong Bie, and Chen Chen. "A Resilient Microgrid Formation Strategy for Load Restoration
Considering Master-Slave Distributed Generators and Topology Reconfiguration.” Applied Energy 199 (2017): 205-216.

[10] Li, Zhiyi, Mohammad Shahidehpour, Farrokh Aminifar, Ahmed Alabdulwahab, and Yusuf Al-Turki. "Networked Microgrids for
Enhancing the Power System Resilience." Proceedings of the IEEE 105, no. 7 (2017): 1289-1310.

[11] Che, Liang, and Mohammad Shahidehpour. "Adaptive Formation of Microgrids with Mobile Emergency Resources for Critical
Service Restoration in Extreme Conditions." IEEE Transactions on Power Systems 34, no. 1 (2018): 742-753.

[12] Roggatz, Carsten, Michael Power, and Nisheeth Singh. "Power System Restoration: Meeting the Challenge to Resiliency from
Distributed Generation." IEEE Power and Energy Magazine 18, no. 4 (2020): 31-40.

[13] Cong, Hao, Yang He, Xu Wang, and Chuanwen Jiang. "Robust Optimization for Improving Resilience of Integrated Energy
Systems with Electricity and Natural Gas Infrastructures.” Journal of Modern Power Systems and Clean Energy 6, no. 5 (2018): 1066-
1078.



