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Abstract—Driven by the need to capture the electromagnetic
transients of transmission lines, inverter switching behavior, and
detailed control systems, electromagnetic transient (EMT) studies
have become increasingly important in industry, such as IBR in-
terconnection study and fault study. However, original equipment
manufacturer (OEM) inverter models typically include extensive
parameters and proprietary settings that are unavailable to pro-
tection engineers. This paper introduces a data-driven, reduced-
order model (ROM) developed as a PSCAD library component
for use in EMT-based fault studies. The ROM replicates key
OEM model behaviors without requiring detailed knowledge of
control design or parameterization. The accompanying Python
automation scripts streamline data generation, parameter fitting,
and validation. The ROM’s performance is demonstrated through
comparison with both IEEE 2800-compliant and non-compliant
OEM models in a real-world power system. Relay responses show
nearly identical results, while simulation runtime is reduced by
an average of 32.8%, highlighting the ROM’s practicality for
protection engineers.

Index Terms—TFault study, reduced-order model, inverter-
based resources, protection design

I. INTRODUCTION

The increasing penetration of inverter-based resources
(IBRs) has introduced new challenges for power system
protection, as their fault response is fundamentally different
from synchronous machines and strongly dependent on the
embedded power electronic controls [1], [2]. Prompted by
this, the use of electromagnetic transient (EMT) simulation
has become increasingly common in industry, particularly
among utilities, for both stability and protection studies [3].
Unlike traditional phasor-domain simulations, EMT tools can
capture the fast transients, control interactions, and nonlinear
dynamics that are critical for accurately assessing IBR fault
behavior and designing reliable protection systems. However,
understanding detailed IBR models requires deep expertise
in power electronics, control theory, and OEM parameteriza-
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tion—knowledge that many protection engineers may not have
[2]. As a result, these models are often impractical for routine
protection studies. Moreover, the computational efficiency is
very low when using OEM provided detailed IBR models,
in an already computationally cumbersome environment of
EMT simulation. To address this gap, there is a need for
reduced-order, computationally efficient, detailed IBR fault
models that can represent essential fault characteristics of
OEM models without requiring detailed software and power
electronics expertise, and at the same time remove ambiguity
regarding the control settings and/or parameterization of OEM
models. Limitations regarding the traditional look-up table
methods for IBR short circuit representation and issues with
incorrect and/or unavailable vendor model settings have been
identified within the Power Systems Reliability Committee
(PSRC) [1]. Therefore, they have a desire for a mathematical
based alternative fault model.

To address this modeling gap, various fault models have
been developed and explored. Looking into grid-following
inverters (GFLs), [4] outlined a control structure through
analysis in the dq reference frame. The authors in [5] proposed
a reduced-order model (ROM) based on separating fast and
slow acting states from the governing differential equations
of the control structure. Meanwhile, [6] described a similar
model reduction process based on singular perturbation theory
and the dynamic equations. In all these fault models, the pa-
rameterization of the previous model was known. However, the
parameterization of vendor models is proprietary and therefore
typically unknown to the user. Thus, a data-driven approach is
becoming more popular, as this allows any parameterization of
a vendor model to be learned. References [7] and [8] proposed
a data-driven ROM that builds the theoretical basis to develop
such a model to capture IBR fault response during transients.

This paper moves further from [7] and [8] to develop a data-
driven ROM as a PSCAD library component for protection
engineers to capture accurate IBR fault response in EMT
simulations. It allows for streamlined and simple implemen-
tation into their studies, removing the barriers of technical
knowledge and unknown OEM model settings/parameters.
In summary, the main contributions of this paper are to
(1) introduce a data-driven ROM embedded in a fully de-
veloped PSCAD library component, enabling protection en-



gineers to integrate an accurate IBR fault model without
software/control/parameterization knowledge; (2) outline the
streamlined process to utilize the PSCAD ROM component,
which is entirely automated in Python (the full process includ-
ing data generation, parameter fitting, uploading parameters
into the ROM component, and comprehensive verification is
fully automated); and (3) validate the PSCAD ROM compo-
nent against two separate OEM models through the use of a
protection relay model. The results show that the relay model
sees the same fault responses between the ROM and OEM
models, all while reducing simulation runtime by 32.8% on
average.

II. DESCRIPTION OF THE ROM AND PYTHON
AUTOMATION SCRIPT

The data-driven ROM shown in this paper originated from
[7], which explains the methodology and framework of devel-
oping a GFL IBR model for IBR fault representation. Note the
goal of this paper is to focus on the usability and accuracy of
the PSCAD library component for use by protection engineers
(e.g., software implementation/usage); further information on
the mathematics and principles of the ROM will be detailed
in a forthcoming paper. Nonetheless, we provide a high-level
overview of the ROM as follows.

A. Overview of the ROM

The ROM is data-driven; after a training process, it uti-
lizes a set of pre-calculated parameters during simulation. A
pre-determined, nonlinear, parameterized equation uses this
parameter set to emulate the fault current injection from a
detailed GFL model. In order to obtain these parameters, a
timeseries dataset of fault current and voltage is required; with
this data, the best-fit parameters in the nonlinear equation are
found for each fault’s current injection. Here, parameters are
found to mirror the injected current in the phasor domain (pos-
itive sequence magnitude and phase, and negative sequence
magnitude and phase, referenced from here on as |I;|, £I;,
|Is|, £1I5, respectively).

After data collection, the machine-learning task is to process
the relationship between deviations in parameters from fault
to fault and deviations in terminal voltage from fault to fault.
The relationship is encoded for each parameter by a set of sub-
parameters. These sub-parameters are the final parameters used
by the PSCAD component during simulation, labeled "Static
Parameters” in Fig. 1.

The ROM measures the terminal voltage during a simu-
lation and decomposes it into its phasor-domain quantities
(1|, £V1, |V, and £V3). The sub-parameters are then
used to back-calculate the proper parameters to use in the
parameterized equation via the parameter/voltage relationship.
Subsequently, the proper current injection is calculated; this
process is depicted in Fig. 1. The commanded current is
transformed to the abc frame and directly injected into the
system from the ROM component. Prior to the fault, the
ROM component injects current via PQ dispatch; it detects
the fault by measuring the lowest phase RMS voltage. Once
this falls below some threshold (0.88 pu is used in the results
of this paper), the model immediately enters the operating state
depicted in Fig. 1.
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Fig. 1: The methodology of the PSCAD ROM component in
a simulation, during the fault.

B. Generalizability of the ROM

By measuring the terminal voltage during a simulation,
the model adapts appropriately by injecting the corresponding
current based off what was seen during training. From here,
the next question is how much each voltage phasor quantity
should influence the model, and how the relationship should
be (e.g., linear, quadratic). Yet, the exact relationship between
terminal voltage and the current injection is uncertain. When
any relationship is assumed, the model may diverge from
accurate responses during unseen voltage conditions. To avoid
this, the current version of the model uses a process most
similar to clustering, so it is forced to inject current only
similar to what it has been trained on. This removes the ability
of the model to adapt to extremely different voltage conditions
as compared to training. Therefore, it should be noted that the
current implementation of the ROM in untrained conditions
can cause inaccurate behaviors; the use of this version lies in
repeated similar studies and in situations where internal vendor
model parameters and control settings are unknown. Extension
of the ROM into a verified, fully generalizable model is a
necessary future research direction.

C. The PSCAD Component’s Python Automation Script

Theoretical IBR fault models and an easy-to-use software
product for industry rarely come together. We bridge this
gap by creating a customizable Python automation script for
the PSCAD component, allowing for easy implementation
in place of a protection engineer’s OEM model. The main
Python script takes in a list of test cases (Excel spreadsheet), a
PSCAD project containing the OEM model in the test system,
a PSCAD project containing the ROM component in the test
system (where it replaces an OEM model), and a list of flags to
customize the process. From there, everything runs all in one
g0, in a hands-off manner. This includes creating the test data
or retrieving it from another source (for example, if field data
is the desired training data), computing the best-fit parameters,
uploading these parameters into the ROM component, and
testing the ROM’s response against the OEM model data.
From the perspective of a protection engineer, the workflow
visualized in Fig. 2 and can be outlined as follows.

First, the user should decide if they want the script to gen-
erate new data from an existing OEM model PSCAD project,
or instead read COMTRADE/CSV data from a field-study or
elsewhere. If they would like to retrieve stored results, the
script will read the data within a designated folder. Otherwise,
it will load a PSCAD project containing the OEM model, and
run it for all selected fault scenarios. This is performed via
an API script. With this data, the Python script will either
create new parameters for the ROM or read previously defined
parameters. If new parameters are created, they are loaded
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Fig. 2: Workflow of the Python Automation Script

into the PSCAD ROM component (which exists within a pre-
defined project). At this point, the user has the option to
evaluate the ROM against the same fault scenarios. If so,
phasor plots are produced comparing the ROM to the OEM
model, and error metrics are saved. The data is also stored via
COMTRADE format to evaluate relay response. This entire
process is documented for the protection engineer within the
open-source platform [9], from creating their own API scripts
for their project, which flags to set based off their desired use,
etc. All in all, the use of the ROM component is streamlined
and simple to use, eliminating the common barriers that would
otherwise prevent them from implementing it in their studies.

III. EXAMPLE RESULTS IN A TEST SYSTEM

For verification and demonstration of the whole process,
the Python framework is used to create and verify a ROM
for two separate OEM vendor models. One OEM model is
IEEE2800 compliant, and another is not. The injection of a
negative sequence current from an IBR is critical for proper
relay operation, so the ability of the ROM to generalize to
both models is crucial. In general, it should be noted that the
ROM should adapt to any inverter/OEM model, given the data-
driven methodology. However, multiple OEM models beyond
the initial two are not analyzed in this study and should be
verified in future work.

The test system depicted in Fig. 3 is utilized to perform the
example, which was developed from a real-world grid [10].
Several locations along Line 2 are used to apply the fault,
from the bus closest to the IBR model to the bus furthest from
it. This example simulates single-line-to-ground (SLG) and
line-to-line (LL) faults to initially examine the applicability
between fault types. The initial power flow from the IBR is
also adjusted for further comprehensiveness. Through the use
of the Python workflow, these test cases are all run in the
system with the OEM model, the parameters for the ROM are
fit appropriately, the parameters are uploaded into the ROM
component, and the subsequent fault analysis is simulated for
the ROM as verification. This whole process runs in a single
click by the user, with zero human intervention along the way.

A. OEM Vendor Model 1 (Std. 2800-2022 Compliant)

We begin by examining the effectiveness of the IEEE Std.
2800-2022 compliant OEM model in terms of its phasor
domain current injection. A visual comparison of the differ-
ences between the OEM model and the ROM component in
a particular scenario (0.25 pu active and 0 pu reactive power
initial injections, fault exactly at the midpoint of Line 2) are
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Fig. 3: The test system created in PSCAD, with a detailed GFL
model on the right. Faults are placed on Line 2 for testing.

shown for both the SLG (phase-A to ground) and LL (phase-B
to phase-C) faults in Fig. 4. Shown here are the ROM current
injections mirroring the injection of the OEM model within a
half cycle after the fault in both positive and negative sequence.
Most notably is the performance of £ I5; its accuracy is crucial
for proper relay operation. The similarity displayed here was
seen to persist across all the testing scenarios. For the initial
and pre-fault £, difference, note the magnitude of negative
sequence current is still essentially O pu. In this context, note
the angle is meaningless until the magnitude becomes non-
negligible.
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Fig. 4: Sequence phasor quantities following AG and BC faults

The root mean square error (RMSE) is used as an error
metric, which is computed and averaged across all scenarios.
The OEM model is considered as the target response. The
RMSE is shown in Table I CPF’ stands for post-fault) and
is computed for 0-1 cycle after the fault, 1-2 cycles after the
fault, and 2-3 cycles after the fault. These time periods are
most crucial for protection studies. When formatted this way,
the reader can see how the accuracy improves as the time post-
fault increases. This is because the ROM bases its current
injection based off terminal voltage; it takes some time for
the measured terminal voltage to reach its steady state value,
where it is distinct from other fault types/locations. Yet, the
ability to converge to the desired OEM response quickly post-
fault is highlighted in these results, which is crucial for proper
relay response. Note, once again, the initial large error in £/
is due to the low initial |I5]; it does not imply the model is
misbehaving.

To verify proper relay response, the voltage and current
phase waveform data at Bus 2 in Fig. 3 are passed through a
relay model (the relay model developed in [11]). By comparing
the response of the relay between the simulation with the



TABLE I: Average Accuracy (RMSE) of the ROM - IEEE2800
Compliant OEM

Component  0-1 Cycles PF 1-2 Cycles PF 2-3 Cycles PF
[11] (pu) 6.21e-2 1.90e-2 8.51e-3
[I2| (pu) 6.76e-2 2.87e-2 2.96e-3
/1 (deg) 5.07 3.64 1.27

21> (deg) 30.24 7.79 3.80

OEM model vs. the ROM, we realistically verify the ROM’s
use in actual protection studies. For the same particular faults
as before, representative results, such as the quad plots as
seen by the relay shown in Fig. 5 and negative sequence
current polarized directional element 32¢) shown in Fig. 6
are presented. Additionally, the relay binary outputs for those
studies are summarized in Table II.
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Fig. 5: Quad plots as seen by the relay during a specific AG
and BC fault

As seen from Fig. 5, the ROM shows different trajectory
initially when compared to the OEM model. This is because
of the various transients during the first cycle. However, the
trajectory of quad element for both ROM and OEM model
look similar after this first-cycle difference, . The relay binary
output also shows the timing difference of quad element is less
than a quarter of a cycle. For the 32() element response, the
ROM mirrors the OEM model closely in terms of shape, trend
and timing (less than a quarter of a cycle). Both representative
results showcase the close-match of the ROM with the OEM
model.

Overall, the relay operation timing is displayed in Table II.
The data is presented in cycles post-fault taken to operate, and
shown for each individual element of the relay. The response is
shown for the same specific SLG (AG) and LL (BC) faults as
before. As the relays operated in a similar manner regardless
of using the OEM model or the ROM, the ROM would be a
reliable alternative for protection engineers in this test setup.
More test grids, faults, and OEM models should be verified in
future research, yet its accuracy is verified in this initial study.

B. OEM Vendor Model 2: IEEE Std. 2800-2022 Non-
Compliant
The IEEE Std. 2800-2022 non-compliant OEM model does
not actively control its negative sequence current magni-
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Fig. 6: Directional 32Q element plots as seen by the relay
during a specific AG and BC fault

TABLE II: Amount of Time Post-Fault for Relay Element to
Trigger (Cycles) - IEEE2800 Compliant OEM

Relay Element AG Fault Scenario BC Fault Scenario

OEM ROM OEM ROM
TRIP 2.25 2.375 2.25 2
71G / 71P 2.25 2.25 2.25 2
XAG1/XBC1 225 2.0 2.25 2
XAG2 / XBC2 2.125 2.375 2.25 2
MAG1 / MBC1 225 2.25 2.25 2
MAG2 / MBC2 225 2.25 2.25 1.875
F32V / F32Q 0.625 0.75 2.25 2
FSA 2.25 2.25 N/A N/A
FIDEN 2.25 2.375 N/A N/A

tude/angle, both of which are critical for proper relay oper-
ation. Therefore, the ROM should be able to adapt to these
variations, especially given the majority of legacy IBRs are not
IEEE Std. 2800-2022 compliant. A visual comparison of the
differences between the OEM model and the ROM component
in a particular scenario (0.5 pu active and 0 pu reactive power
initial injections, fault exactly at the midpoint of Line 2) are
shown for both the SLG (phase-A to ground) and LL (phase-B
to phase-C) faults in Fig. 7. It can be seen that certain peaks of
the negative sequence magnitudes are not fully captured, yet,
these are brief and the ROM is able to encapsulate the majority
of the negative sequence uniqueness, which is particularly
difficult with an IEEE2800 non-compliant device.

The RMSE is shown in Table III. Even though the OEM
model is not IEEE Std. 2800-2022 compliant, its performance
is similar to the IEEE Std. 2800-2022 compliant model. Again,
the ability to match the desired OEM response quickly post-
fault is highlighted in these results. As time increases post-
fault, the error tends to decrease.

The relay model was not able to trip with this OEM model
because it injects a high level of harmonic content. The
focus of this paper is not the robustness of the relay model
used; therefore, the metrics and visualization shown above
for the fundamental component phasors are displayed. While
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TABLE III: Average Accuracy (RMSE) of the ROM — IEEE
Std. 2800-2022 Non-Compliant OEM

Component  0-1 Cycles PF 1-2 Cycles PF  2-3 Cycles PF
[11] (pu) 3.23e-2 5.85e-2 1.16e-2
[I2| (pu) 2.49¢-3 1.84e-2 7.96e-3
Z1 (deg) 3.83 2.31 1.65

ZIo (deg) 15.7 4.48 2.96

the ROM is not able to encapsulate harmonic content in it’s
current injection, it accurately mirrors the current injection for
the fundamental component as shown above. This should be
noted by users; the current state of the ROM will not inject
any harmonics similar to it’s OEM equivalent; if this behavior
is desired in their study, it should not be used.

Lastly, the ROM was able to achieve this accuracy with, on
average, 32.8% less simulation runtime across all scenarios,
from both fault models. For example, during one six second
simulation, the OEM model test case took 29.77 seconds to
run as opposed to 17.32 seconds for the ROM test case. These
trials were held under as similar of background operating
processes as possible. This factor can be expected to increase
in systems with many GFLs/OEM models, as each would
contribute to the reduced-order of the system model.

IV. ENDING NOTES AND FUTURE RESEARCH

The open-source software for both the PSCAD library
component and the Python automation script is fully imple-
mented. Complete documentation is also developed to aid
the protection engineer, from creating their test system to
troubleshooting. The process of creating their own Python API
scripts to interact with their specific system under study is
outlined, ensuring the user can easily implement the ROM.
The software package is currently in the publication review
process within NREL,; it can be found at [9] upon approval.

While this paper introduced the ROM for engineer use,
future papers are under development and will detail the internal
mathematics and principles of the ROM in depth. Following
versions of this ROM will also include more complexities,
which should allow for better generalization of the model,
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particularly to untrained fault conditions. However, even with
the simplistic nature of the present version, its performance
is validated by relay response in this real-grid test system
against two different OEM models. Lastly, it should be noted
the principle of the ROM can be built into any EMT software,
but PSCAD is used in this initial realization to reach the widest
audience; for example, its extensive/benchmark usage within
ISO New England [12].

V. CONCLUSION

This paper introduced a fully implemented ROM within
PSCAD for EMT-based fault studies and protection designs,
tailored for protection engineers. It provides a comprehensive
ROM overview, implementation guidelines, and an accom-
panying PSCAD automation script. Validation using a real-
world power system model and OEM vendor IBR models
demonstrates the ROM’s accuracy, usability and practicability,
with sequence current matching within less than half a cycle.
Additionally, relay validation confirms its ability to replicate
OEM vendor model fault responses effectively with less than
a quarter-of a cycle timing difference, ensuring reliable relay
element operation in protection studies. Accuracy was vali-
dated with IEEE Std. 2800-2022 compliant and non-compliant
models, a crucial generalization for real-world application.
Python automation streamlines the entire workflow, enabling
protection engineers to efficiently apply this novel ROM for
fast, reliable, and enhanced EMT studies.
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