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Resilient power grids need new solutions

192 billion-dollar weather events 
with $1.5 trillion over the past 10 
years in United States.

~11 hours average U.S. customer 
outage duration in 2024, nearly 2x 
the average of the previous decade.

80% of outage hours in 2024 were 
caused by major weather events.

Increased Outages

Tens of millions of DERs deployed 
in the United States.

Electricity usage forecasted to 
grow by 5.7%/year in average 
over the next five years, reaching 
peak demand at 166 GW. 

Data center loads projected to 
increase by 90GW for next 5 
years. 

Grid Transformation

More assets to manage

Increasing operational     
complexity

Aging infrastructure

Workforce shortages

Utility Challenge

Resilience requires faster, smarter, and more autonomous restoration.
 

Traditional outage management along is no longer enough. 



Microgrids Improve Local Resilience

Generated by ChatGPT..

• Backup power during utility 
outages

• Local restoration and reduced 
downtime

• Support critical services

• Improved reliability and 
resilience



Autonomous Microgrids adapt to time-
varying system conditions automatically

Why Autonomy Matters

Time-varying 
generation and load

Unplanned topology 
changes

Complex and dynamic 
extreme events

Site-specific

Backup power mainly

Manual coordination

Limited deployment

Flexible topologies

Continuous optimizations

Self-coordinating controls

Scalable deployment



REORG: Resilience-Oriented Cellular Grid 
Formation and Optimization
Autonomous Microgrids to Enable Self-Organizing, Self-Healing Energy Systems

Introducing REORG

Core Idea: Transforming the traditionally 

centralized grid into a network of “cells” 

– small, autonomous microgrids that 

can operate on their own or together.

REORG is developed as a software 

package performing two 

complementary functions – 

• Resilient microgrid planning

• Autonomous microgrid operation & 

reconfiguration

Enable “bottom-up” grid self-healing under events, performing rapid and adaptive actions to minimize event impact.



Under the Hood: AI-Enhanced Cluster, 
Control, and Restore

Dynamic Clustering

Uses self-organizing maps to 
quantify resilience and optimally

group assets into

resilient "islands" based on real-time 
physics and availability.

Autonomous Control

A "cell control agent" uses model-
free optimal power flow to manage 
resources locally. No communication 

is required among cells.

Adaptive Restoration

Multi-agent deep reinforcement 
learning makes optimal decisions to

restore and re-synchronize the grid
in response to dynamic events.



Autonomous Microgrid Planning
Data-driven resilience index quantification 

Aggregating indices using self-organizing maps (SOMs) to obtain a final resilience index:

• SOMs belong to the category of competitive learning neural networks and are based on unsupervised 
learning. 

• They can be used for clustering data without having prior knowledge of the class memberships of the 
input data. 

Scenario 1

Scenario 2

…

Training data

Resilience 
of the cell

SOM heat map

K. Utkarsh, F. Ding, “Self-organizing map-based resilience quantification and resilient control of distribution systems under extreme events,” IEEE 
Transactions on Smart Grid, vol. 13, no. 3, May 2022. 



Resilience-Oriented Grid Partition
Aggregate distribution assets and form autonomous microgrids 

Criticality of assets

Sustainability

Availability of 
energy reserves

Generation diversity

Feasible islands

Path redundancy
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Optimal boundaries 
of the autonomous 
microgrids
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Case Study

Partitioned into four cells:

• At least one GFM exists in each cell

• GFM inverter capacity should be greater 
than 30% of total load capacity 

• Maximize total resilience of all cells

Black Rings = Opened Switches

Black Blobs = Closed Switches

Gray Triangles = 3-ph GFM

Purple Triangles = 1-ph GFM

Cell # GFM 
(#/kW)

PV Capacity
(kW)

BESS-GFL Power 
Capacity (kW)

Load Capacity 
(kW/kVar)

1 1/700 298 1,225 2,138/434

2 2/800 204 1,285 1,229/250

3 2/3,000 6,188 5,035                                                                                                           7,495/1,522

4 1/500 195 905 1,023/208



Autonomous Microgrid Operation
GNN-based multi-agent reinforcement learning for optimal 
reconfiguration and restoration



Case Study



Proven Technology in the Laboratory

2

Time-Varying Cellular Operation for Grid 

Reliability and Resilience

Cell

DER Control 
Agent

Cell Clustering 
AgentCell

Cell

SOM-based 

Resilience  

Quantification

Lyapunov-

based Stability 

Analysis

System modeling

System feature analysis

DERs: PV, 

BESS, load
Networked IoT Nodes

Mobile BESS

Distribution 
System

Hardware Inverters 
and Grid 

Simulators

Utility Grid Model in RTDS Simulator

Inter-lab PHIL Setup

ADMS testbed for Cell Controller Testing



Field Pilot in Colorado, USA

Utility engineer and NLR researchers review the status of inverter systems 
during the autonomous microgrid operation.

The Test (December 2025): A live-fire stress test of 
the system
Holy Cross Energy engineers intentionally disabled the switch 
supplying power from transmission lines to their headquarters. 

1.   Autonomous Restoration
REORG immediately detected the event and generated action 
recommendations for black start and load restoration 
sequencing in real time.

2.   Adaptive Action
REORG dynamically adjusted restoration decisions to match 
system conditions, across four scenarios with varying fuel 
availability, solar generation, and load demand.

Location: An electric co-op company headquarter in 
Western Colorado, USA. 



Time-series meter data from field experiment

TS=0, 
black 
start

TS=1 TS=2 TS=3 TS=4 E1 ends TS=1 TS=2 TS=3 TS=4 E2 
ends

Break
Back to grid  
(12:15pm)

Experiment 1 (E1) Experiment 2 (E2)

P3 closes (9:52am)

P4 closes (9:47AM)

P5 closes(10;08am)

P6 closes (10:05am)

P3 opens

P4 opens

P5 opens

P6 opens

P4 closes (11:02 am)

P3 closes (11:50am)

P6 closes (11:47am)

System Islands 
(9:25am)

• Dashed lines show controller action timesteps (every 15 minutes), field crew actions are marked for each load
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