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Abstract—The prevalence of large, transmission-connected
electronic loads is rapidly increasing; these loads must remain
connected during faults to support system stability. In this work,
we evaluate how the fault currents produced by large electronic
loads may interact with transmission line protection and provide
guidelines for transmission planners and protection engineers
to manage these interactions. We present field experiences that
highlight ongoing operational challenges as well as a detailed
electromagnetic transient study exploring how different load-side
solutions for fault ride-through interact with the transmission
system, from both a protection and stability standpoint. The
result is a set of design tradeoffs which planners, protection
engineers, and load developers can use as part of a holistic
approach to maintaining system reliability.

Index Terms—data center, inverter, transmission line protec-
tion, power system modeling.

I. INTRODUCTION

The prevalence of gigawatt-scale large electronic loads, such
as data centers, on the grid is rapidly increasing [1]. The fault
ride-through behavior of these loads can significantly impact
system stability, prompting transmission service providers
(TSPs) to begin developing ride-through requirements that
specify how the loads should respond to faults. Just as is
the case with inverter-based resources, the fault ride-through
requirements set by TSPs for large loads can affect the perfor-
mance of transmission system protection. Depending on how
large loads implement under-voltage ride-through controls,
fault current contributions from large electronic loads can
be comparable to those from generation, especially if nearby
generation is primarily inverter-based.
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Recent grid events involving the tripping of large num-
bers of data centers [2]-[4] highlight a need for improved
coordination between site-level protection at data centers and
transmission system protection. Conventionally, data centers
have been too small and distributed for this to be necessary.
Broadly speaking, the MV and LV networks of data centers are
protected using approaches conventional to industrial power
systems [5], [6]. Mission critical equipment is protected by
double-conversion uninterruptible power supplies (UPS) with
battery backup capable of supporting the load on a ten-
minute timescale, reducing the need for sophisticated high-
speed transfer schemes or networked systems. Any networked
systems downstream of the UPS are protected using current
differential (e.g., [7]) or pilot protection. Historically, data cen-
ters disconnecting during grid disturbances has gone largely
unnoticed by TSPs, and site-level transfer schemes are often
set sensitively, with a preference to disconnect proactively at
signs that the grid is facing issues in order to minimize the
risk of process interruptions. For these reasons, prior work
on coordination between transmission system and data center
site-level protections is minimal.

That said, some valuable work on data center modeling has
already been done. In [8], authors present an approach for
EMT modeling of a conventional data center, an approach
which we have adopted and tailored in detail to better fit
system-level fault studies. In [8], authors present a crypto-
miner power supply. The model is appropriately detailed for
fault studies and experimentally validated, but not represen-
tative of the more traditional data centers that are the focus
of this work. This work leverages a set of open-source data
center models for use in PSCAD/EMTDC [9], [10]. Much
other modeling and analysis of grid impacts from data center
dynamics has focused on the effects of rapidly fluctuating



power demands associated with training and inference pro-
cesses for large language models [11]-[13].

The primary contribution of this work is to define a set of
design practices and trade offs for low-voltage ride through
requirements and implementation which TSPs, data center
developers, and data center suppliers can incorporate into their
designs and requirements in order to ensure system stability
and protection coordination. Studies are performed using elec-
tromagnetic transient (EMT) analysis with detailed protective
relay and load electronics models. Effects on step distance
protection, line current differential, directional elements, and
reclosing are considered. We also discuss approaches for
studying data center protection impacts with short-circuit
models (rather than a detailed EMT model). We include field
data and experiences from transmission system operators and
protection engineers actively involved in the integration of
large electronic loads.

II. OPERATIONAL EXPERIENCE WITH DATA CENTER
FAULT RESPONSE

In this section, we summarize some of our real-world
experience with data centers and their interactions with
transmission-level protection systems. Event data is shared to
highlight the practical relevance of the subsequent studies.

A. Experience in the Texas Region

ERCOT has had many events over the past few years
involving crypto currency mining facilities either tripping or
significantly reducing consumption during normally cleared
system faults. Since the mining equipment is typically single-
phase constant power devices, disturbance monitoring equip-
ment from the transmission side monitoring the facility usually
records current spikes in the faulted phase(s) during the
voltage sags. Although this performance has not caused any
transmission protection systems to operate during previous
events, ERCOT is concerned that these current spikes during
voltage transients could potentially cause misoperations and
voltage stability issues. Fig. 1 illustrates a significant increase
in current magnitude during an A-B fault, in which the current
magnitude in the phase with the deepest voltage sag increases
to over 160% of the pre-disturbance current (top graph).

B. Experience in the Virginia Region

In Virginia, the rapid proliferation of data centers con-
structed by only a handful of companies has led to repetition of
facility designs. The repetition of design becomes detrimen-
tal when multiple facilities located both geographically and
electrically close to each other are nearly identical—similar
equipment, similar configuration, similar settings, etc. This
results in a single disturbance causing several facilities to
respond similarly. At a low density, this issue is not readily
apparent or relevant, but at high density, this aggregate be-
havior can lead to large power swings when the data center’s
protection is not coordinated with the automatic reclosing on
the transmission system. The onset of this problem has been
so rapid that many projects have been approved and are in
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Fig. 1. Response of crypto mining facility to A-B fault, illustrating significant
overcurrent for several cycles.

various stages of completion making correction difficult. In
the first load loss incident [3], a common fault on Dominion
Energy Virginia’s (DEV’s) transmission system in an area with
high data center density made it clear that DEV and the data
center owners had little understanding of how their equipment
and practices affected one another: over a gigawatt of voltage-
sensitive load disconnected suddenly and did not return for
several hours (Fig. 2). The automatic reclosing practices that
DEV conventionally uses on the transmission system involve
multiple fault testing attempts, which cause voltage depres-
sions. Data center protection at several facilities interpreted
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Fig. 2. DEV active power demand during load loss event in response to
reclosing, illustrating additional load loss at each reclosing shot.



these voltage depressions in a way that caused their protection
to disconnect from the grid. The resolution required DEV and
the data center owners working together to implement an initial
version of load ride-through by exchanging information and
the data center owners altering protection settings to improve
their response to common system events.

DEV suggests that other transmission owners:

o Require distribution providers to include detail about the
nature of the load they are connecting—as much detail
as possible upfront, but it should be a requirement when
the facility commences operation.

o Discuss automatic reclosing practices and customers’
load ride through capabilities for large industrial or
commercial customers.

« Replace electromechanical relays near voltage sensitive
loads with microprocessor relays to ensure consistent,
high-speed clearing times.

« Explore historical event records to ensure that automatic
reclosing practices provide reliability benefits.

« Require customers to install high-fidelity power quality
monitoring as close to the large load facility as possible.
The meters should measure and record the following data
at high resolution:

— Active and reactive power, with time-synchronized
logging to track fast fluctuations or ramping behav-
ior.

— Energy Usage: both by phase and total.

— Voltage and current harmonics up to the 50th har-
monic.

— Flicker severity, both short-term and long-term.

— Magnitude, frequency, and duration of voltage dips,
sags, and swells.

— Voltage and current imbalance.

— High-resolution (e.g., >1 ksps) capture of tran-
sient voltage and current waveforms resulting from
switching events, faults, or equipment operations.

— Frequency deviations.

o Implement load ride-through requirements in facility in-
terconnection requirements [14]. Specifically, consider:

— Coordinating under-voltage threshold for nominal
line-to-neutral voltage to count a depression as an
event; threshold should be set as low as possible
while respecting load equipment capabilities to re-
duce likelihood that common fault-related depres-
sions will be counted.

— Setting a voltage depression event detection timer
to approximately 80-120 ms or more to handle
automatic reclosing schemes.

III. SYSTEM UNDER STUDY

Studies are performed using an open-source EMT model
based on the IEEE 39-bus transmission system [15]. Several
loads, which are modeled simply as constant power loads
in the base case, have been replaced by detailed data center
models based on an open-source data center modeling library
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Fig. 3. Variation of IEEE 39-bus test system used to study protection system
impacts from data center ride-through.
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Fig. 4. Control design for inverter-based generation.

[9], [10]. Additionally, models of transmission line protective
relays have been added to protect a selection of transmission
lines, selected to allow for targeted study of areas where the
data center’s fault contribution will be most impactful to the
fault currents and voltages measured by the relays.

A. Inverter Model

Inverter-based generation is represented using WECC-
approved generic models [16], [17], which are publicly avail-
able for download [18]. The REPC component implements
a plant-level controller, regulating active and reactive powers
at a remote bus. The REEC represents the outer control
loops of the inverter control, implementing active and reactive
power control loops to generate current commands. The REGC
models the inner control loops, and its main function is to limit
the current commands based on the local voltage conditions
measured at the IBG terminal.



B. Protection System

Line protection relays use a detailed model of typical
protective relay signal processing including sampling, zero-
crossing-based frequency tracking, and cosine filtering. Protec-
tion quantities are calculated 16 times per power-system cycle.
The lines indicated back in Fig. 4 are protected using distance
elements with direct transfer trip but no pilot protection. Mho
characteristics are used for both phase and ground elements.
Positive-sequence memory polarization with a time constant
of four cycles is used [19]. Table I summarizes the reach and
timer settings used. Line impedance data are taken directly
from the system model data.

TABLE 1
SETTINGS USED FOR STEP-DISTANCE PROTECTION
Parameter Value  Parameter Value
Zone 1 Reach 0.8 pu  Zone 1 Time Delay 0s
Zone 2 Reach 1.2 pu  Zone 2 Time Delay 0.5 s
Zone 3 Reach 2.1 pu  Zone 3 Time Delay 15s

The distance elements are supervised by directional el-
ements; phase, negative-sequence, and zero-sequence direc-
tional elements are implemented. The negative- and zero-
sequence directional elements operate by projecting the cor-
responding apparent sequence impedance onto the line’s se-
quence impedance (1) [20]:

Re[V[k] L] (I[k] L] 1492L)*]

o[k = TP : M

where [k] = 0, 2, corresponding to either a zero- or negative-
sequence quantity and 6z, is the impedance angle of the pro-
tected line. Additionally, dynamic forward and reverse thresh-
olds (Z[k|FTH and Z[k|RTH) are computed to improve
security when the apparent sequence impedance magnitude is
large ((2) and (3)):

0.75 e Z[K]F — 0.25 ¢ | Y51 | Z[k]F <0
Z[k|FTH = 4
1.25 ¢ Z[K]F — 0.25 ¢ |11 Z[KF >0
(2)
0.75 8 Z[k|R +0.25 ¢ | Y| Z[k]R > 0
Z[k|RTH = K
125 Z[K|R +0.25 ¢ |72 Z[K]R <0

3)
Incorrect directional indications during transients are avoided
using a pickup timer. Some vendors obtain higher speed and
security using more sophisticated approaches (e.g., a counter
of forward and reverse indications [21]), but this approach is
sufficient for our case studies.

TABLE 11
SETTINGS FOR NEGATIVE- AND ZERO-SEQUENCE DIRECTIONAL
ELEMENTS
Parameter Value Parameter Value
Z|k|F -1.375 Qp;  Min. Current Mag. 10 A
Zk|R 1.375 Qpr;  Pickup Time Delay 10 ms

The phase directional element operates only for three-phase
faults and provides a directional indication when all three
apparent line-to-line impedance angles are within +/-80°of
0z, (forward fault) or —6;, (reverse fault). Both phase and
ground distance elements are armed whenever at least one
of the directional elements issues a forward indication. While
practical relays use more sophisticated logic to handle possible
discrepancies between directional elements (e.g., [21]), this
simplified approach provided proper selectivity and security
for the case studies performed.

To accurately represent the transient performance of dis-
tance protection during close-in faults, coupled capacitive
voltage transformers are modeled, using the extra-high C pa-
rameters given in [22]. It is assumed that current transformers
have been adequately sized to avoid saturation.

C. Data center Model

Fig. 5 depicts a single-line diagram of the data center model
used. Information technology equipment (ITE) is interfaced
with the grid through a double-conversion UPS. In such a
case, the response of the ITE to grid disturbances is primarily
determined by the dynamics of the UPS input rectifier, which
is commonly a three-phase inverter similar to those used in
inverter-based generation. Data center fault response is varied
by modifying the fault controls used in the UPS, which is the
primary source of electronic load in most data centers. The
following fault responses are considered:

o Tripping

o Constant Power Ride Through

¢ Momentary Cessation (MC)

« Reactive Power Support

Other than tripping, which is included as a base case, all of
these behaviors could arguably constitute “riding through” a
fault, but each has different implications for power system
stability and both site- and grid-level protection systems.
TSPs may further restrict allowable behaviors by placing
constraints on large load current and/or power consumption
during under- or over-voltage conditions, but most load ride-
through requirements are still early in their development stage.

1) Double-Conversion UPS: Fig. 6 illustrates the main
control algorithms used in the double-conversion UPS. Both
the UPS rectifier and inverter are voltage-source converters
represented by an average value models (AVM) [23]. The input
rectifier control is grid-following (GFL) with current vector
control; the active current reference is controlled by a DC bus
voltage regulator and the reactive current reference is con-
trolled by a reactive power regulator with a power reference of
0 MVAR, giving unity power factor operation. Rectifier current
is limited to 1.25 pu using a dg-domain current limiter with
active power prioritization. The output inverter control is GFM
with droop control; the active power reference is set equal to
0 and the reactive power reference is controlled by an AC
voltage regulator. The inverter current magnitude is limited to
1.5 pu using hysteresis-based current clipping [24]. The UPS
battery is represented as a DC voltage source with a magnitude
of 800 V. The battery converter is a bidirectional buck-boost
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Fig. 6. Overview of controls for uninterruptible power supply model.

converter. The modulation index of the converter is controlled
using both an active power regulator (to manage charging and
discharging) and a DC voltage regulator. Coordination between
the two DC link voltage regulators is achieved by operating
the battery converter at a slightly lower DC voltage reference
(0.99 pu) and limiting the DC voltage regulator to contribute
only to the boost operating mode. With this arrangement,
the DC voltage regulator of the battery converter participates
actively in DC voltage regulation when the DC link voltage
is below 0.99 pu. This allows the UPS to maintain tight DC
voltage regulation even when the rectifier is operating at its
current limits, thereby minimizing the effect of deep voltage
sags in the rectifier AC voltage on the inverter AC voltage.

IV. SIMULATION RESULTS

In this section, faults throughout the transmission system
are simulated and the data center fault response is varied.
For each scenario, we discuss how the data center’s fault
response affects transmission system protection and short-
circuit modeling. Implications for system stability and site-
level protection are discussed as well, but are not the central
focus.

While a variety of fault types and locations were studied,
our presented results revolve around an A-B fault on Line
22-23; this particular case clearly illustrates the challenges
encountered in the larger set of studies. A pickup time delay of
100 ms has been added to the Zone 1 distance element for the
Line 22-23 relays, purely to allow the system’s fault response
to be shown more clearly and to verify that the adjacent line
protections do not overreach.

Fig 7. illustrates the response of the A PH current at the
bus 24 data center to the previously mentioned A-B fault on
line 22-23. The response is shown for the four LVRT controls
discussed in Section (III-C-1), illustrating their operation. In
the case where the UPS trips (the trace labeled “Trip”) or
enters MC (“MC Enabled”), the current drops significantly
during the fault as only the drive and static load is connected.
However, in cases where the UPS operates in either constant
power (“Const. P”) or reactive power support (“Q. Supp.”)
mode, the site current magnitude increases to roughly 1.5 times
the pre-fault load current magnitude for the duration of the
fault; the UPS input stage is operating at its maximum current
consumption in these cases.

Fig. 8 illustrates the active (top) and reactive (bottom) power
consumed by the bus 24 data center for the previously men-
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Fig. 7. A PH current at bus 24 data center in response to A-B fault on line
22-23.

tioned fault. The significant oscillation in power consumption
during the fault period is the result of the negative-sequence
voltage produced by the A-B fault. Observe that the quantity
of reactive power contributed when reactive power support is
enabled (“Q Supp.”) is quite significant. The additional con-
tribution raises the voltage magnitude (not shown) sufficiently
to allow the UPS to maintain its active power consumption
while remaining within the converter current limits. Thus, in
regions where there is significant data center capacity, enabling
reactive power support in data center UPS may significantly
improve the ability of the UPS (and other electronic loads) to
ride through voltage sags.
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Fig. 9 and 10 illustrate the positive- and negative-sequence
current flowing into line 21-22 for the previously discussed
A-B fault. We examine line 21-22 rather than 22-23 as the
fault current on line 22-23 is dominated by the synchronous

generator placed at bus 35. The line 21-22 contributions are
more influenced by the nearby data centers and inverter-based
generators.

Line 21-22, Positive Sequence

Datacenter UVRT Behavior

g
o

Trip

Const. P
MC Enabled
Q Supp.

)
T

=
&

Magnitude, kA
-

0.5

-50

-100 -

Angle, deg

200 I I I I I I
2.95 3 3.05 3.1 3.15 3.2 3.25 3.3

Fig. 9. Positive-sequence current on Line 21-22 in response to A-B fault on
line 22-23.

The fault current contribution is not significantly greater
than the pre-fault load current; observe that the positive-
and negative-sequence fault currents have approximately equal
magnitude. Because this is a bolted L-L fault, such a re-
sult suggests that the positive- and negative-sequence source
impedance are roughly equal. Given that neither the IBG nor
the UPS contribute significant negative-sequence current (i.e.,
they have a high equivalent negative-sequence impedance), the
fact that the positive- and negative-sequence impedances are
nearly equal suggests that the system’s synchronous genera-
tors, despite the fact that most are electrically distant, continue
to dominate the fault current contribution.

Synchronous machines dominate the system’s fault response
for faults on nearly every line in the test system (an exception,
line 16-19, will be examined shortly), and the penetration of
grid-following IBG is near its practical limit in this case.
For example, replacing the bus 35 generator with an IBG
results in a system where even normally-cleared L-L faults
can cause system-wide collapse. In other words, this is a
relatively conservative case when it comes to studying the
degree to which the data center fault current contribution
may be significant from the perspective of transmission line
protection. As is evident in Fig. 9 and 10, the ride-through
behavior of the data center does not significantly alter the fault
currents

To further verify that the transients visible in the fault
currents do not have any unexpected adverse effects on the line
protection, the response of the negative-sequence directional
(Fig. 11) and apparent impedance (Fig. 12) trajectories were
considered.

Our thorough inspection of the Line 21-22 sending-end
relay performance illustrates how most transmission line pro-
tections are unlikely to see serious changes in their fault
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currents as data center ride-through performance evolves.
However, as we will discuss next, these findings do not apply
to transmission lines that are solely supplied by IBGs. In the
topology of the 39-bus test system, this criterion applies solely
to line 16-19. As mentioned previously, replacing the bus 35
generator with an GFL IBG results in an implausibly fragile
system. Further deployment of IBGs in this system will require
integration of grid-forming IBGs, but exploring this is beyond
the scope of this work.

Fig 13 and 14 illustrate the positive- and negative-sequence
currents in line 16-19 for the same fault discussed previously.
Unlike the fault currents seen on line 22-23, these vary
significantly with the data center ride-through response.

The variations in positive-sequence current with data center
ride-through (Fig. 13) illustrate that the data center’s ride-
through behavior also significantly affects the ability of the
IBG plants at Bus 33 and 34 to remain stable during the fault.
In cases where the data centers disconnect (Trip, MC Enabled),
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Fig. 12. A-B Impedance Trajectory on Line 21-22 response to A-B fault on
line 22-23.
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Fig. 13. Positive-sequence current on Line 16-19 in response to A-B fault
on line 22-23.

the IBGs temporarily lose synchronism (from roughly ¢t = 3.04
to ¢ = 3.08 s but are able to resynchronize. However, if the
data centers remain connected and in constant power mode
(Const. P), the IBGs are unable to resynchronize for the
duration of the fault. This makes it more likely that the IBG
plant will trip offline (in response to inverter-level protections
which are not modeled here and vary by vendor and site). If
the data centers remain connected and provide reactive power
support, the IBGs do not lose synchronism during the fault.
This result suggests that simply having data centers consume
current during nearby faults may exacerbate IBG ride-through
challenges. Unless the data centers can also contribute VAR
support, MC is preferable (assuming that cessation ends and
the load returns rapidly enough to avoid frequency regulation
issues).
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The variations in negative-sequence current with data center
ride-through (Fig. 14) illustrate how the IBG loss of synchro-
nism (LOS) exacerbates the injection of abnormal negative-
sequence currents. At time periods where the IBGs are out
of synchronism, there are rapid oscillations in the negative-
sequence current magnitude and angle where a directional
logic and faulted phase identification will almost certainly
malfunction. Observe that, even in the case where the IBGs
maintain synchronism (Q Supp.), the IBGs contribute a non-
negligible amount of negative-sequence fault current. The
negative-equence current angle, while stable, is nearly 180°.
This corresponds to a roughly resistive source impedance and
is also unlikely to yield a useful directional indication. In
other words, any elements based on negative-sequence current
applied to Line 16-19 are likely to face issues regardless of
the ride-through response of nearby data centers.

The significant negative-sequence current injection observed
in Fig. 14 is noteworthy as, in more typical grid conditions, the
GFL IBG control employed here injects very little negative-
sequence current and thus the main concern is that the direc-
tional element will not pick up for in-zone faults. However,
under these weak grid/high GFL penetration scenario, the GFL
control is unable to fully suppress the negative-sequence cur-
rent. This sort of malfunction has contributed to IBG-related
protection misoperations in the past [25]. This has interesting
implications for LOS protection practices for IBGs—recent
NERC guidance has advocated for reducing the sensitivity of
LOS protection for IBRs in order to maximize ride-through
[26]. However, as shown in Fig. 14, having IBGs remain con-
nected while out of synchronism may increase the likelihood
of transmission line protections misoperating. This interplay
between protection system and planning requirements should
be further investigated. However, doing so is outside the scope
of this work, and modeling of IBG response under LOS

conditions likely requires a vendor-specific model.

Fig. 15 and 16 illustrate the response of the line 16-19
negative-sequence directional element to the A-B fault on line
22-23. Measurements are taken from the bus 16 end of the
line, meaning that the fault is in the reverse direction. The
response obtained when data centers provide reactive power
support (Fig. 16) is plotted separately to ensure the trace is
legible.
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Fig. 15. Negative-sequence directional element on Line 16-19 response to
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While the negative-sequence current magnitude is sufficient
to enable the 32Q, an incorrect directional indication is clearly
present for all four ride-through scenarios. Time periods where
there are large oscillations in apparent impedance (e.g., up to
roughly 400 €2 in Fig. 15) correspond to time periods where
the IBG is out of synchronism. However, even in the scenario
where no LOS occurs (Fig. 16), the operating quantity has
the incorrect sign and its magnitude fluctuates unpredictably.
This is attributed to the nearly resistive source impedance of
the IBG (refer back to the negative-sequence current angle of
200° visible in Fig. 14). This illustrates that the IBG LOS
issues associated with data center ride-through can also exac-
erbate issues associated with unintentional negative-sequence
current injection.

Fig. 17 illustrates the apparent impedance trajectories for
the A-B fault loop from the bus 19 terminal for various data
center ride-through strategies. Unless reactive power support
is provided, significant transient overreach can be observed,
with the apparent impedance passing through Zone 2 for
several samples. In the case where the data centers trip or
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enter MC, the IBGs regain synchronism and the impedance
measurement settles to a value well beyond the Zone 2 reach.
In the case of current-limited constant power, the IBGs do not
regain synchronism and so impedance trajectory continues in
an unpredictable trajectory, passing through Zone 2 multiple
times and very nearly entering Zone 1. With the data centers
providing reactive power support, the IBGs remain synchro-
nized and the transient overrreach is eliminated. This suggests
that the dynamic reactive power capabilities offered by data
centers could significantly reduce distance element security
issues associated with high source impedance ratios in IBG-
dominated portions of the grid.

V. DISCUSSION

In this section, we discuss additional protection system con-
siderations for data center ride-through that are not explicitly
addressed in the field events or EMT studies

A. Short-Circuit Modeling of Data Centers

The short-circuit behavior of the data center is primarily
determined by the control algorithms used in the AC/DC
conversion stage of the power electronics. In the data center
design we studied, this is the rectifier of the 3 PH double-
conversion power supply. For a 3 PH double-conversion UPS,
the positive- and negative-sequence fault current contribution
can be approximated using short-circuit models previously
developed for use with Type-IV wind turbines [27], such as
voltage-controlled current source models. This is because both
use a three phase voltage source converter with similar control
strategy for their grid interface. However, there are several
important nuances to bear in mind:

e The current limit should be based on the summation
of power electronic device ratings, not the site demand.
In constrast with IBG, which usually have a combined
converter rating close to their peak production, UPS are
usually oversized and redundant units are often kept

on hot standby. Thus, a data center with 100 MVA of
electronic load could feasibly have 150 MVA of UPS
capacity connected, with each UPS being capable of
consuming up to 1.1 pu current (on the UPS current base).

o Most UPS do not provide active power support but rather
operate at unity power factor. Thus, the power factor
angle will remain near 0 degrees even during a voltage
sag.

e The UPS consumes active power, rather than supplying
it. Thus, the active current, even during a fault will have
the opposite sign than that of a Type-IV wind turbine.

In cases where the data center trips or enters MC, the pickup
time delay for the data center trip or MC activation should be
obtained. It is likely to be near typical fault clearing time (e.g.,
10 to 100 ms), and the engineer must make an assumption as
to whether or not the data center electronics have gone into
MC/disconnected at the moment in time that the short-circuit
calculation is performed.

The zero-sequence current contribution is determined by the
power transformer impedance and winding connection used at
the transmission bus. It is common for TSPs to require the
utility-facing winding to be delta-connected to ensure minimal
coupling between the utility and data centers’ zero-sequence
networks.

Some data centers do not use three-phase UPS, instead using
single-phase AC/DC power supplies with batteries located on
the DC side. In such cases, the negative-sequence current
injected during a fault may be non-negligible, as only power
supplies on the faulted phase(s) will experience a voltage sag.
This requires further study.

B. Effects on Line Current Differential

The results discussed in Section IV suggest that, in most
cases, the effects of the data center fault contributions pose
little challenge for the perspective of line current differential
protection (87L). Two possible exceptions are tapped lines and
radial feeds. Fig. 19 illustrates fault scenarios which may cause
issues for the 87L element if not accounted for.

In the case of a data center that is supplied via a transmission
line tap, the concern is that the data center may supply
sufficient fault current to cause the 87L element to operate for
external faults. This concern can be evaluated by computing
whether the maximum fault current supplied by the facility
exceeds the minimium operate current threshold

Iopr = Iiim e Re Ir 4

where:

e Iop,T is the operate current produced by the tapped data
center load for an external fault, given in amperes.

o I;;m is the current limit for the UPS, given in per-unit on
the UPS’s rated current base.

o R is the ratio of the connected UPS capacity to the facility
capacity.

o I is the rated current of the facility, given in amperes.
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TABLE III
DESCRIPTIONS OF EVENTS IN RECLOSING SEQUENCE
Time Event
Instant
N May be sufficient to cause t1 Fault occurs _
a trip for external faults to Data center electronics enter MC

ts Fault is cleared

r'\ ta Fast-restart data center leaves MC and begins ramping

\87L’ ts Ramping complete for fast-restart data center
te First reclose attempt

'vl tr Fast-restart data center re-enters MC
ts Fault is cleared
tg Fast-restart data center leaves MC and begins ramping
tio Fast restart data center completes ramping
ti1 Slow-restart data center leaves MC and begins ramping
Faul o5 f iderati h vi . ti2 Slow-restart data center completes ramping
ault scenarios for consideration when applying line current 13 Second reclose attempt

differential near data center loads.

For example, let Ij;,, = 1.2 pu, R = 1.67 pu, I = 250 A,
and I = 1000 A. In this case, the operate current required
to trip the 87L element for an external fault should be at least
0.501 pu (i.e., 501 A primary). For a conservative approach to
setting pickup and restraint values, this can be added to other
sources of false operating current during external faults, such
as current transformer error.

In the case where a data center is supplied via a radially
fed transmission line tap, the concern is that any magni-
tude supervision based on negative-sequence current (e.g.,
for negative-sequence current differential) at the data center
terminal will prevent operation for an internal fault. This is
a simple misapplication issue and can be resolved by relying
on the system-side terminal to provide any supervisory checks
based on current magnitude.

C. Coordination with Reclosing

Reclosing practices for transmission lines vary widely by
voltage level, region, and utility. In the context of data center
ride-through, we are concerned ensuring compatibility of the

reclosing sequence with data center’s recovery from MC and
short-term energy storage capacity.

For severe voltage sags (e.g., to below 0.5 pu), most power
supplies will likely need to temporarily enter MC in order to
protect themselves or their downstream load. Thus, any system
fault that occurs in a region with many data centers is likely
to cause at least some to enter MC. From an angular and
frequency stability perspective, it is desirable for the load to
rapidly exit MC and return to pre-fault levels. However, if the
fault is re-introduced while many data centers are restarting,
this may cause a more severe voltage transient and trip the data
centers offline. Therefore, it is advantageous to coordinate the
MC and reclose timing so as to reduce instances of reclosing at
times when many large loads may be starting simultaneously.

Fig. 18 illustrates two simplified data center MC timings
that could be used to accomplish coordination with the first
and second reclose attempts. Table III describes the events
occuring at each annotated time instant in Fig. 18, and Table
IV describes how different time windows correspond to time
delays in the reclosing scheme and MC control.

The critical difference between the fast and slow restart



TABLE IV
DESCRIPTIONS OF TIME WINDOWS IN RECLOSING SEQUENCE
Time Event
Window
to — t1, MC pickup time delay
tr —te
ts — t1, Fault clearing time
tg — 6
ty —t3, MC fast restart dropout time delay
tg —tg
ts — ta, Post MC ramp time
ti0 — to,
ti2 — t11
te — t3 First reclose attempt time delay
t11 — tg MC slow restart time delay
t13 —tg Second reclose attempt time delay

sequences lies in whether or not the MC control is configured
to restart the data center before the first reclose attempt is
made. In the fast restart case, the MC dropout time (e.g.,
ty — t3) and ramp up time (e.g., t5 — t4) must be shorter
than the time delay before the first reclose attempt (tg — t3).
Assuming there is minimal fault-induced delayed voltage
recovery (FIDVR), this approach will likely require the time
delay for the first reclose attempt to be at least roughly 500 ms.
However, if the first reclose attempt must be made significantly
faster (e.g., in 100 ms), it will likely be necessary to adopt the
slow restart approach, wherein the dropout time for the MC
control (¢11 —tg) must be longer than the time delay of the first
reclose attempt but shorter than the time delay of the second
reclose attempt (t13 — tg).

The degree to which the data center ride-through charac-
teristics impact reclose timing will vary significantly based
on the nature and severity of angular, frequency, and voltage
stability constraints near the line in question. These will need
to be evaluated as a part of planning studies that consider
both the first shot of reclosing and data center ride-through
performance. In scenarios where inertia is high and the data
centers are located in a well-networked portion of the transmis-
sion system, there may be minimal risk associated with either
allowing reclosing during data center restarts or employing the
slow restart method. However, in areas where grid strength is
low and/or voltage stability is an issue, it may be necessary
to adjust the timings for MC controls and/or the first reclose
attempt in order to ensure stability.

For reclose attempts beyond the first shot, the capacity of
data center energy storage can be a concern. UPS systems
designed to facilitate transitions to and from on-site gener-
ation are unlikely to be an issue as they are often sized to
carry the load for potentially tens of minutes, making an
cumulative outage time of even several seconds irrelevant.
However, low capacity storage systems (e.g., several seconds’
worth of energy) are becoming more popular as a means
for achieving low voltage ride-through, load smoothing, and
controlled shutdown of software processes. Large Al data
centers, especially those developed and operated by vertically-
integrated companies, tend to forego on-site backup generation

and are adopting these short-term storage approaches. The
ability of data centers to ride-through multiple reclose attempts
should not be assumed [3]. While it may not be practical to
consider reclosing sequences to lockout in planning studies,
system planners should still be aware of their longest feasible
reclosing sequences and collecting data on how interconnect-
ing data centers will respond to these sequences in order to
avoid unexpected large load losses.

VI. CONCLUSIONS

For the grid to maintain adequate frequency, voltage, and
angular stability, it is necessary for large clusters of electronic
loads to remain connected to the grid during faults and resume
normal operation shortly thereafter. In doing so, these loads
will take on one of a number of different fault response
characteristics, many of which are similar to fault responses
associated with inverter-based resources.

Table V summarizes the ride-through behaviors considered
in the study, as well as the implications of each for system
stability and protection system performance.

Observe that this summarizes a set of pros and cons that
affect many different stakeholders (planners, operators, and
protection engineers at both the data center and the transmis-
sion system side). In light of the power industry’s growing
experience with IBG integration over the last decade, it appears
that many of the data center-related technical challenges are
similar in their nature and avenues for technical solution.

Generally speaking, it is expected that large data centers
will adjust their on-site protection settings to ensure com-
pliance with utility ride-through curves (e.g., [28]), moving
away from sensitive tripping behavior. Based on conversations
with device manufacturers, MC will likely be the necessary
response to deep voltage sags (e.g., below 0.6 pu) in order to
ensure the load electronics remain stable and do not need to
trip offline (e.g., in order to avoid damage from a transient
overcurrent condition). For shallow voltage sags (e.g., 0.6 to
0.95), the data center electronics will likely operate in current-
limited constant power mode (the typical response of a power
electronic device). However, OEMs may choose to implement
additional controls and temporarily operate in constant current
mode during voltage sags.

While this initial study has resulted in a set of important
design considerations, significant opportunities for future work
remain. Extension of this work to include data centers based
on single-phase power supplies (instead of three-phase UPS) is
a near term priority. Efforts are also underway to benchmark
models against field data and manufacturer-specific models.
Longer term efforts could focus on near-future data center
architectures such as those employing solid-state transformers.

REFERENCES

[1] North American Electric Reliability Corporation, “Characteristics
and Risks of Emerging Large Loads,” 2025. [Online].
Available: https://www.nerc.com/globalassets/who-we-are/standing-
committees/rstc/3_doc_white-paper-characteristics-and-risks-of-
emerging-large-loads.pdf



TABLE V
DRAWBACKS AND BENEFITS TO VARIOUS DATA CENTER RIDE THROUGH STRATEGIES

Ride-Through Benefits Drawbacks
Strategy
Tripping o Can be ignored for fault studies. o If systemic, can cause significant over-frequency conditions and
o Load processes are protected. widespread generator tripping on over-frequency ride-through
protection.

o Can cause both short-time and temporary over-voltage conditions,
which may result in over-voltage ride-through tripping of nearby
generation.

o Can cause nearby heavily-loaded generation to lose synchronism,
especially if the connection with the rest of the system is weak.

Constant Power o Improves frequency stability. o Worsens voltage sags, hindering voltage recovery and potentially

Ride Through o Simple to implement. causing other resources to fail to ride through.

e May introduce coordination challenges for site-level overcurrent
protection.

e May result in UPS instability and tripping for severe voltage sags.

Momentary o Can ignore for fault studies. o No voltage or frequency support until voltage recovers.
Cessation o Allows converters to remain stable (i.e., to o Ramping thresholds and rates must be coordinated with system
avoid unnecessary tripping) even for severe voltage recovery and transmission line reclosing.
voltage sags (e.g., below 0.5 pu).

Reactive Power o Improves ability of data center and other o Requires new feature development for many manufacturers and

Support resources to ride through severe voltage sags. coordination with existing voltage controls.
o Reduces transient overreach of transmission e May introduce coordination challenges for site-level overcurrent
line protection by supporting voltage during protection.
faults. e May result in UPS instability and tripping for severe voltage sags.
o Hastens postfault recovery of other loads on
the system such as line-connected motors.

[2] Patrick Gravois, “ERCOT Large Load Loss/Reduction  [12] H. Z. Min-Seung Ko, “Wide-Area Power System Oscillations
Events 2020-2024,” 2025. [Online]. Auvailable: from Large-Scale Al Workloads,” 2025. [Online]. Available:
https://www.ercot.com/calendar/03042025-LFLTF-Meeting https://arxiv.org/html/2508.16457v1

[3] North American Electric Reliability Corporation, “Incident Review, [13] E. Choukse et al, “Power Stabilization for Al Training Datacenters,”
Considering  Simultaneous ~ Voltage-Sensitive Load Reductions,” 2025. [Online]. Available: https://arxiv.org/abs/2508.14318
2025. [Online]. Available: https://www.nerc.com/globalassets/our-  [14] Dominion Energy Virginia, Electric ~Transmission Planning,
work/reports/event-reports/incident_review_large_load_loss.pdf “Dominion  Energy  Virginia—Electric ~ Transmission  Facility

[4] T. KERCI, C. Duggan, U. Faroog, S. Tweed, and M. Val Escudero, Interconnection Requirements,” 2025. [Online]. Available: https://cdn-
“Impact of converter-based demand on frequency quality in the ireland dominionenergy-prd-001.azureedge.net/-/media/content/large-business-
and northern ireland power systems,” in Cigre, 2024 Paris Session, 2024. services/pdfs/virginia/facility-interconnection-requirements.pdf

[5] H. Geng, Data Center Handbook, Plan, Design, Build, and Operations  [15] Maharjan, M.; Samaan, N. A.; Kim, J.; Nguyen, Q. H.; Datta, S.; Vyaka-
of a Smart Data Center, Second Edition. Wiley, 2021. naram, B.G.; Du, W.; Chen, Y., “Enhanced IEEE 39-Bus System with In-

[6] Eaton, “Application Note 10079, Data center verter Based Resources on Multi-Time Scale Platforms,” 2025. [Online].
circuit protection,” 2015. [Online]. Available: Available:  https://github.com/pnnltestsystem/Enhanced-IEEE-39-Bus-
https://www.eaton.com/content/dam/eaton/products/electrical-circuit- System-with-Inverter-based-Resources-on-Multi-Time-Scale-Platforms
protection/fuses/technical-literature/bus-ele-an-10079-data-centers.pdf [16] J. Kim, E. Muljadi, B. Vyakaranam, Q. Nguyen, M. Maharjan,

[7]1 T. Jiang, L. Qi, Y. Zhang, H. Suryanarayana, M. Alzamli, H. Handlin, A. Tbaileh, S. Datta, W. Du, Y. Liu, Y. Chen, S. Seo, M. M. Al, and
and S. Colombi, “Data center isolated parallel ring bus differential N. A. Samaan, “Enhanced frequency support scheme of generic inverter-
protection scheme,” in 202/ IEEE 12th International Symposium on based resource models for renewable-dominated power grids,” in 2022
Power Electronics for Distributed Generation Systems (PEDG), 2021, IEEE Energy Conversion Congress and Exposition (ECCE), 2022, pp.
pp. 1-6. 1-7.

[8] J. Sun, S. Wang, J. Wang, and L. M. Tolbert, “Dynamic model and [17] J. Kim, M. Maharjan, W. Kim, B. Vyakaranam, S. Datta, J. Westman,
converter-based emulator of a data center power distribution system,” Q. Nguyen, Y. Chen, S. Seo, E. Muljadi, and N. Samaan, “Quantified fast
IEEE Transactions on Power Electronics, vol. 37, no. 7, pp. 8420-8432, frequency response of inverter-based resources for bulk-power system
2022. study,” in 2024 IEEE Power Energy Society General Meeting (PESGM),

[9] B. A. Ross and J. D. Follum, “Electromagnetic transient modeling of 2024, pp. 1-5.
large data centers for grid-level studies,” Pacific Northwest National ~ [18] M. Maharjan, J. Kim, S. Seo, S. Abhyankar, Q. Nguyen, Y. Chen,
Laboratory (PNNL), Richland, WA (United States), Tech. Rep., 01 N. Samaan, E. Muljadi, S. Datta, and B. Vyakaranam, “Inverter-based
2026. [Online]. Available: https://www.osti.gov/biblio/3013288 power system model for benchmarking in multi-time-scale platforms,”

[10] B. Ross and J. Follum, “Data center model library for in 2025 IEEE Power Energy Society General Meeting (PESGM), 2025,
electromagnetic transient analysis (pscad),” 2026. [Online]. Available: pp- 1-5.
https://dx.doi.org/10.21227/ev1a-g183 [19] Edmund O. Schweitzer III, “New Developments in Distance Relay
[11] Y. Li et al, “The Unseen Al Disruptions for Power Grids: LLM-Induced Polarization and Fault Type Selection,” 1991. [Online]. Available:

Transients,” 2024. [Online]. Available: https://arxiv.org/abs/2409.11416

https://cdn.selinc.com/assets/Literature/Publications/Technical %20Paper



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

$/6045_NewDevelopments_Web.pdf

Roberts, Jeff and Guzman, Armando, “Directional Ele-
ment Design and Evaluation,” 2006. [Online]. Available:
https://selinc.com/api/download/2399/

Schweitzer  Engineering Laboratories, Inc., “SEL-411L  Ad-
vanced Line Differential Protection, Automation, and Con-
trol System, Instruction Manual,” 2025. [Online]. Available:
https://selinc.com/products/411L/docs/

B. Kasztenny, D. Sharples, V. Asaro, and M. Pozzuoli, “Distance relays
and capacitive voltage transformers—balancing speed and transient over-
reach,” in 54th Annual Georgia Tech Protective Relaying Conference,
2000.

B. A. Ross, X. Lyu, U. Nwaneto, S. M. Mohiuddin, and A. B. Nassif,
“Using Grid-Forming Energy Storage Systems to Provide Dynamic
Active Power Support for Hyperscale Data Center,” 2025. [Online].
Available: https://doi.org/10.36227/techrxiv.176231592.22658117/v1

N. S. Gurule, J. Hernandez-Alvidrez, M. J. Reno, A. Summers, S. Gon-
zalez, and J. Flicker, “Grid-forming inverter experimental testing of
fault current contributions,” in 2019 IEEE 46th Photovoltaic Specialists
Conference (PVSC), 2019, pp. 3150-3155.

A. Saeed, M. Jensen, M. J. Reno, A. Bidram, and A. Zamani, “Utilities
Perspective on Protection Challenges with High IBR Penetration,”
2024. [Online]. Available: https://www.osti.gov/biblio/2458239

North  American Electric  Reliability — Corporation,  “Inverter-
Based Resource Performance Issues Report,” 2023.
[Online]. Available: https://www.nerc.com/globalassets/our-
work/reports/white-papers/nerc_inverter-
based_resource_performance_issues_public_report_2023.pdf

Power System Relaying and Control Committee, System Protection
Subcommittee, WG C24, “Modification of Commercial Fault
Calculation Programs for Wind Turbine Generators,” 2020. [Online].
Available: https://www.pes-psrc.org/kb/report/093.pdf

Patrick Gravois, “Large Electronic Load Ride-Through Requirements,
NOGRR 282 and NPRR 1308,” 2025. [Online]. Available:
https://www.ercot.com/calendar/11202025-LLWG-Meeting



