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Executive Summary

This project is motivated by the growing integration of utility-scale and distributed energy storage
resources (DER) in both transmission and distribution (T&D) systems. As the implementation of
FERC Order 2222 is coming and DER proliferate, it is imperative to adequately model and efficiently
analyze the dynamic impacts of DER on T&D systems, capture and leverage full capabilities of DER
to facilitate large-scale DER integration and T&D system operation. Integrated T&D modeling
and co-simulation tools have been developed by reusing existing simulators. One fundamental
issue is that existing transmission and distribution system simulation tools are modeling-fidelity-
agnostic, 1.e., they solve dynamic simulation problems with all the details in the input system models
regardless of system conditions and contingencies. As a result, they are computationally inefficient
and inadequate to deal with complex, large-scale T&D systems, and engineers must manually
perform model reduction or simplification for almost every study, which is ad-hoc, time-consuming
and error-prone. All these contribute to renewable integration queue backlog problems in many

independent system operators (ISOs) and utilities.

Our project goals are 1) to help ISOs and utilities address these issues by transforming the model
reduction and selection from a manual, ad-hoc and out-of-simulation-loop process into a systematic,
automated, and Al-enhanced process within a suite of new T&D modeling and simulation tools;
and 2) to help the industry tap into the var flexibility offered by DERs to enhance T&D system

voltage stability as well as renewable integration.

To achieve the goals above, this project develops an adaptive, multi-fidelity and Al-accelerated
T&D co-simulation tool to improve the computational efficiency of dynamic simulation for large-
scale T&D systems, and make transient stability simulation and dynamic contingency analysis of
large-scale T&D systems on laptops and servers feasible and practical. The research is presented

in four chapters (Chapters 2-5).

Chapter 2 — Aggregate DER Reactive-Power Capability Curve: Develops a TSO-DSO framework
that aggregates feeder-level inverter VAR flexibility via D-OPF, feeds it to a T-OPF during con-
tingencies, then dispatches VAR setpoints back to effective DERSs; in the 9-bus/37-node tests this
keeps voltages within limits under generator and line outages and reduces feeder reactive losses

from 3.94 to 3.69 MVAr with sensitivity-aware dispatch.

Chapter 3 — Data-Driven and LLM-Assisted Distribution Modeling: Identifies reduced-order,

globally linear dynamics from partial POl measurements using delay embeddings and DMD
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(Koopman-style), accurately reconstructing responses even with FIDVR; also introduces a fine-
tuned LLM assistant for PSCAD Python automation (mitigating hallucinated APIs) and a “Grid-
Scout” field-to-model pipeline (Flutter app + AWS/MySQL) that updates OpenDSS models from
QR/GPS-tagged equipment data.

Chapter 4 — Screening for T&D Multi-Fidelity Modeling: Shows that short-circuit analysis
provides an accurate and generally conservative estimator of minimum voltage during three-phase
faults—robust to aggregation, DER penetration, and dynamic loads—validated on IEEE-9 and -300
systems and in T&D co-simulation; this supports fast identification of where detailed distribution

models are actually needed.

Chapter 5 — Automated & Adaptive Distribution Modeling for Contingency Analysis: Automates
case building by thresholding short-circuit voltages to “high-impact” regions (disaggregate there,
aggregate elsewhere), achieving more than 4 times lower runtime than fully disaggregated simula-
tion while cutting average RMSE by 10 times and max voltage error by more than five times versus a

fully aggregated model; it also analyzes accuracy—runtime tradeoffs as the voltage threshold varies.
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