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Motivation: ERCOT Large Loads (LLs) Queue

Actual and Projected Large Load Growth 2022-2033

Project Status
B No Studies Submitted
mmm Under ERCOT Review

* 445 GW of large loads seeking
iInterconnection ~87% are data = UnereRcotreven
centers. = Obeemed Frorgied

+ ERCOT forecasts ~368 GW
system demand by 2032.
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Challenges Observed with LLs

« Unlike Traditional Loads, Nearly all LLs use Power-
Electronics Front-Ends

« Sensitive to Voltage Sags

« Unbalance Partial tripping of facilities, Maintaining proper ‘
generation—load balance is critical for frequency stability during | I
disturbances |

* Forced/Abrupt Power Demand Variations (Force L I 11 1 AR 0 1M
Oscillation) | | |

« Stressing generation and transmission systems

« Weak Grid — PLL + DC-Link loops amplify disturbances

EMT simulation is the only modeling approach capable
of reproducing these real-world behavior of LLs
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ERCOT’s EMT Model Requirement for LLs

* Planning Guide Revision Request -144: Key Requirements for LLs
* Provide a PSCAD EMT model
« Benchmark PSCAD vs. PSS/E (Model Quality Testing)
« Demonstrate Voltage Ride Through (Nodal Operating Guide Revision Request 282)
« Perform hardware benchmarking for Large Computational Loads including:

« Crypto miners, UPS, cooling systems

 EMT model improves accuracy of the PSS/E model, positive sequence is
sufficient for most studies

 EMT only needed for SSO studies near series compensated lines
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ERCOT’s Voltage Ride -Through requirements per Nodal
Operating Guide 282 | Load MQT Testing

. ITIC-Inspired Curve  Voltage Dip and Recovery ~ Shallow Fault Deep Fault

"52 6.0s '
* Normal Voltage Range (0.9-1.1 pu) UI_’—,_\‘—\J 17.255
» Slight Overvoltage (1.1-1.2 pu = 2s) .- O_L‘\”S = 1°‘°fc;05'8{“7 7[ 1255 1308
« Low Voltage Range (0.5-0.9 pu) = 10 iéﬁi 20

* Post Fault Recovery Requirement

Acceptable Load Real Power

« Once voltage at the POl rises above

0.90 pu, the LL mustreturn to at least éiz |
90% within 2s 8 w | J— B H

Time (seconds)
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ERCOT’s Unit Model Validation / Converter Model

Validation

* Ensure PSCAD models accurately represent
iInverter/converter hardware behavior per
section 6.2 of Planning Guide

() Large Electronic Loads jl

PSCAD Simulation —y (— Digital Twin of Electronic Load — Converter
Control Hardware

» Tests Required for Both
PSCAD Model & Hardware

« Voltage Ride Through (VRT)
Test

in Real-Time Simulator

Real-Time Simulator ¢
* Sub-synchronous Impedance \ }

Scan (5-55Hz)
PSCAD Model vs Hardware
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Real-World Oscillation of a Data Center in ERCOT
* Power Oscillation Summary — July 2026

« Lower-frequency oscillations at approximately ~ 0.25 Hz with ~20 MW swing

« Higher-frequency oscillations at approximately ~14 Hz with ~20 MW swing




Replicate Real-World Events

P
o Obtain High-Resolution

DFR Measurements
(PRC-028-1)

Use a Digital Fault Recorder
(DFR) to capture high-
resolution data during
system events.
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o Capture Instantaneous

™

Three-Phase Voltages
and Currents at the POI

Record instantaneous

three-phase voltages

and currents at the
Point of Interconnection
(POI).
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o Play Back Recorded POI
Voltage Waveforms into

the Simulation

Use the recorded POI voltage
waveforms to drive the
simulation as an equivalent
voltage source.
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Output with
Field Measurements

Compare key quantities
(e.g., voltages, currents,
power) from the simulation
with the field measurements.
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Iteratively Adjust
Large-Load Model
Parameters to
Improve Fidelity

Iteratively refine large-load
model parameters to
improve agreement with
field measurements.

Typical Focus Area

Refine controller gains,
specifically the
DC-voltage regulator
(and related control
parameters).

@ Achieve Best Match
with Field Data




Two Pillars of Real-World Event Replication

. High-Fidelity EMT Model

Represents the dynamics of the LLs, accurately. Electrical representation, Control

system, protection settings, ride-through behaviors ...

* High-Resolution DFR Data

Provides the detailed measurements needed to reproduce and validate the observed

real-world event.

« 16 sample per cycle
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DFR Date Playback in EMT Simulation

* Instantaneous voltages and currents per phase
« RMS values for the three-phase voltage and current
 Oscillatory behavior appears clearly in RMS current, while RMS voltage remains mostly
steady
z i g 139.5 4+
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Non-Periodic Oscillation Characteristics

Active power was reproduced in PSCAD using
DFR data.

Oscillation patterns are clearly visible in the DFR
power waveform.

The signal is not strictly periodic, making direct
frequency extraction challenging.

Conventional FFT analysis alone is insufficient to
reliably identify the dominant oscillation
frequency.

Advanced time-frequency or alternative signal-
processing methods should be considered for
improved oscillation characterization.
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Open-Source EMT Model for LLs

« ERCOT EMT Modeling Priorities

* Crypto miners

« UPS systems - Large Load Modeling
) ; " li= e I : Problem: Large Electronic Load (LEL) behaves differently than conventional
° Coollng systems . B § loads and is large enough to impact grid stability.

Solution: Develop deeper understanding of how crypto miners, datacenters, and
electrolyzers work and how to model them for grid stability studies.

« Large load architecture

* Model Development Strat

 Build device-level models
 Build facility-level LL models such as data centers.
« Develop voltage ride-through curves

* Available at: https://www.ercot.com/about/grit/large-load-modeling
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] Freq PLL Rectifier Inverter Bidirectional
Open-Source EMT Model Library oc]+ *+ [ ac] - [pCDC] -
] U= = - —dfe— | 5C
AC —— - |DC —HV V|-
« Library Overview o e S
LN DCHE AL N DCLE
« Commonly used LL components: e IR oscl Ity @
ACN| [ =
« Rectifiers, inverters, DC-DC converters... PrC Switching  PFC_Totem Pole  Cooling Load

Switching Model Converter

* Provides both switching and average models.

« These components are Modular, per-unitized, and scalable = Frea L Recifier Inverter Bidirectional
el + + A . [BEwe] -
. . R (e e I e 1 soc
» Switching Models A - b _,ﬂ,?%f i

Vg_abc’ [Vac_m_pu

« Capture high frequency transients - fast transient analysis.

ﬂoad‘ |Speed70rd
 Aver M | «1i| PFC |- .
erage Models - s
. AC N - F
« Large-scale system behavior. Cooling Load
- Reduce simulation time, while preserving essential dynamics. Average Model Converter
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Open-Source EMT Model for Large-Scale Data Centers
* Double-Conversion UPS-Based Data Center

 Available at: https://www.ercot.com/about/grit/large-load-modeling
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Key Factors Contributing to Oscillations

POI

. _mP_A_DFR =p A Sim
- Event Occurrence: The event occurred in July 2026. 3] Ce
. . . _ 39.0 " _]H”"‘n';hi » 'Jllf I| .::hnll"all'-ﬂi WA M'W
« Modeling Assumptions: Common assumptions were £ il Lt 0w VA KA
made regarding the collector system, including T M —
transformer winding parameters. 03]
39.5
« Parameters Contributing to Oscillation: £ sl
37.5
* DC-Link Controller o
40.0
* PLL and Filter Settings _ wid
2 w0+t
= 37.5
- Importance of Data Quality: Accurate 370
assessment of the event depends on high-quality o "=*"7% ~ S
DFR data. _ mog VAV WL,
= NN MY A,
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Conclusions/Next Steps

Rapid large-load growth: ERCOT queue =445 GW (~87% data centers); forecast = 368 GW
by 2032

Field measurements: EMT simulation is needed to accurately capture large-load dynamic
behavior

PGRR-144 & NOGRR-282: Establish expectations for:
«  PSCAD EMT models
PSCAD-PSS®E benchmarking
VRT compliance
Hardware benchmarking of LL components

July 2026 oscillations: Observed = 0.25 Hz / 20 MW and = 14 Hz / 20 MW, highlighting the
need for high fidelity EMT models and high-resolution field measurements

ERCOT open-source EMT library: Device- and facility-level models that are modular, per-
unitized, and scalable, providing a foundation for SSO and other EMT studies
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