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Abstract—In this paper, we developed an Electromagnetic
Transient (EMT) model tailored for large cryptocurrency mining
loads to understand the cross-interaction of these loads with
the electric grid. The load model has been built using Elec-
tromagnetic Transients Program (EMTP) software. We have
cross-validated the performance of the EMT model of the load
with commercial application-specific integrated circuit miners,
typically used by large-scale mining facilities, by comparing
their low-voltage ride-through (LVRT) capabilities. Subsequently,
LVRT capabilities of the large-scale miners have been tested
against various fault scenarios both within the miner’s remote
facility as well as at one of the distant buses of the interconnected
grid. The significance of this model lies in its scalability to
accommodate larger blocks of mining loads and its seamless
integration into a larger electric grid.

Index Terms—Cryptocurrency mining loads, Electromagnetic
model, EMTP, Low Voltage Ride Through, Transient studies

I. INTRODUCTION

VER the past decade, blessed with abundant wind and
solar resources, the Texas power grid has witnessed a
significant increase in renewable energy penetration, account-
ing for almost 40% of the state’s total generation capacity
[1]. This was partly the reason that drew attention from many
emerging electric loads, such as large cryptocurrency mining
operations [2]. These crypto-mining industrial facilities with
their large sitewide energy demand (a typical facility has a
load of ~ 75MW, see Fig.[I] that shows a typical mining firm),
integrated with power-electronic converters, play a crucial role
in providing frequency support to the electricity grid based on
price signals. However, these resources are similar to wind and
solar resources, and operate on inverter-based (IBR) systems
with distinct dynamics in contrast with conventional syn-
chronous generators and loads. Notably, recent outage events
at wind and solar farms integrated with IBR-based resources
in the Panhandle and Odessa regions of Texas have raised
significant concerns [3[], [4]]. Such incidents were considered
to be associated with a lack of proper electromagnetic transient
responses from IBR-based resources [5]], which would likely
exacerbate with increasing penetration of crypto-mining loads.
Owing to ERCOT’s (major power grid operator operating
within the state of Texas, USA) interconnection guidelines [[7]],
IBR-based generating resources should maintain connectivity
even during periods of low grid voltage — a requirement
known as Low Voltage Ride Through (LVRT) capability.
While ERCOT’s existing framework does not impose specific
mandates on these IBR-based large loads, recent incidents in
West Texas on October 12, 2022 [4]] vividly demonstrated the
repercussions of a low voltage event, triggering four cascading
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Fig. 1: Mining firm Riot Platforms, Inc. with own substation
of 750 MW located in Rockdale, Texas [0].

faults and ultimately leading to an outage exceeding 400MW,
which included large-flexible loads, such as crypto-mining
facilities. The recorded minimum voltage during this episode
plummeted to 0.36 pu. With a surge in requests for inter-
connection from these cryptocurrency loads [8]], ERCOT has
been scrambling to conduct power grid dynamic performance
analysis for developing newer LVRT standards for these loads.

In regards to the modeling efforts for crypto-mining fa-
cilities, efforts have been made toward the use of power
quality analyzers within a farm. In this context, Wheeler et
al. have conducted power factor and harmonic analysis for a
physical site with S9 AntMiners as processing units [9]]. As
demonstrated in this study, which is also corroborated by our
lab tests (see Fig. [2) available in [10], the voltage waveform
does not suffer from distortions owing to being connected
to an ideal power source, but, the current waveform shows
distortion during startup. In [10], we also conducted power
quality analysis at two industrial facilities where we observed
similar performance. During the steady state, the power factor
remains between 0.994 and 0.995 leading. However, these
loads show non-linear characteristics during power system
transients. While data center loads may not be as flexible
as crypto-mining loads, being majorly computing demand,
they are expected to behave as a crypto-mining load during
transients. Regarding this, [[11] analyses the utilization of au-
tomatic power factor corrector to compensate for the required
reactive power demand for IT loads and UPSs emulating
datacenter. Ref. [[12] also showed high harmonics content in
the power supply measurements, significantly distinct from
cryptocurrency mining loads.

The need for accurate modeling of crypto-mining facil-
ities through dynamic load modeling, frequency scan, and
eigenvalue analysis has already been discussed in the ex-
isting literature [13|]. However, as discussed in [13]], the
electromagnetic transient (EMT) model of these loads for
their transient performance analysis is largely missing. In a
recent study, the LVRT capabilities of a S19 miner have been
characterized in laboratory setup utilizing actual crypto-mining
power supply [10]. However, in order to set standards for grid
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interconnection in Texas, the development of an EMT model
for these power supplies, appropriate analysis of their transient
performance, and their interaction with other resources in the
power grid are extremely important. The contribution of this
proposed work is therefore twofold:

i. This paper aims to develop an EMT model of a cryptocur-
rency mining facility. Both, the time-domain response and
voltage sag magnitude-duration capability characteristics
of the developed model have been validated against a
laboratory-scale crypto-mining load. The EMT model has
been developed in the Electromagnetic Transients Pro-
gram (EMTP) software. It has been made open source{ﬂ

ii. The performance of the developed EMT model has been
demonstrated utilizing a 120 kV 6-bus test system con-
sidering faults at two different locations: (i) at the crypto-
miner’s premises, and (ii) at bus 3 of the test system.

II. DEVELOPMENT OF EMT MODEL OF A
CRYPTOCURRENCY MINING LOAD

Contrary to general-purpose computing resources, an
industrial-scale cryptocurrency mining facility utilizes
application-specific integrated circuit (ASIC) chips embedded
in a hashing board. These hash boards are powered by the
mining power supply. Typically these mining power supplies
are driven by single-phase 240 V source, however, in recent
times, the use of three-phase power supplies are also notable.
In this analysis, we’ll focus on the widely-used S19 Antminer
with a 240 V single-phase power supply. Based on Fig.
and the power supply repair guide for the Antminer
[14], we model the crypto-mining power supply as active
power factor correction (PFC)-boost converters. Although
diverse PFC converters, each with their unique dynamic
performances, exist [15], we have opted for conventional
boost PFC converters for their versatile uses.

Electromagnetic Transient Program (EMTP) software is
widely used for transient performance analysis [16] of the
power system. Here, we have developed switching-based
models of an active PFC-boost converter in the EMTP to
model the crypto-mining facility. A block diagram of this
converter is provided in Fig. [3] The converter consists of a
bridge rectifier at the input side and a boost circuit aiming
to maintain a constant DC-bus voltage vg4.. As shown in
the figure, the profile of rectified loads and the deviation in
DC-bus voltage passed through the PI controller provide the
references for the inductor current in the boost converter. The
second PI controller with a limiter generates PWM signals for
the IGBT within the converter to track the inductor current
with the determined reference. The inductor and capacitors are
designed to allow a certain amount of ripples in the voltage
and current waveform. The gains of the PI controllers could
be tuned for desired fastness in response from the converters.
As described in @, these loads behave as constant power
loads (CPLs). Here, Vyp,5(t), Irms(t) are the rms voltage and
current magnitudes and P,, is the average power drawn by
the crypto-mining power supply.

8Vrms aIrms
Irms + ‘/rms

=0
ot ot

D

Being operated as a CPL implies that during the transients

the product of the rms voltage and the current remains con-

stant. The implications of this behavior are imminent across all
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Fig. 2: IV Characteristics of mining power supply: (a) Based
on power supply available in the lab, (b) Startup time-domain
voltage and current waveforms reproduced from [9].
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Fig. 3: Block diagram of active PFC-Boost converter repre-
senting mining power supply.

the time-duration characteristics shown in this paper. During
start-up, depending upon the DC-bus voltage, the converter
would show inrush, which can be found in both Figs. b)
and [ Both of these figures also show that after the initial
transient, the voltage and current become in phase. During
sags, the converter current drops suddenly but grows as time
progresses, as shown in Fig. 5| As the voltage recovers, the
inrush kicks in as shown in Figs. 3(a), and [5] which may
lead to tripping of mining power supply. Fig. [3| demonstrates
that during the zero-voltage condition, the current reference
would be zero, and therefore, as shown in Fig. a), the current
drawn by the mining power supply would also be zero. Ideal
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Fig. 4: Start-up waveform for the EMT model of cryptocur-
rency miner power supply.

voltage and current waveforms of the crypto-mining power
supply could be given as follows:

P(lU v
Vims(t)? + €

€ is a small positive real number prohibiting division by
zero. v(t) and i(t) are instantaneous voltage and current drawn
by the power supply.

The converters are designed to operate below certain loading
capabilities, determining their overcurrent limits. They are also
equipped with both over and under-voltage protection. During
the inrush condition, if the overcurrent circuitry gets triggered,
or the DC-bus voltage drops significantly, it may eventually
cause the mining loads to trip. In regards to the protection
circuitry of the model, we have used a simplified overcurrent
protection, where, the crypto-mining power supply trips if
the rms value of the current through the inductor exceeds a
certain threshold. We have performed extensive tests with the
developed model by connecting the developed model to an
ideal power supply and subjecting it to voltage sags of various
magnitudes and durations. For further model validation, we
compared this sag magnitude-duration capability characteris-
tics to a S19 ASIC miner available in our lab. The results
are presented in Fig. [6] Individual measurements obtained
out of the laboratory testing are provided in [10], and for
representational simplicity, we have denoted it by a continuous
line.

During model testing and simulation, it became evident that
the severity of voltage sags and the current drawn during these
events are influenced not only by the magnitude and duration
of the sag but also by the specific point on the wave [17], (see
case study section, where tripping of a partial set of converters
is notable). Nevertheless, this additional information is absent
in the voltage sag magnitude-duration characteristics. Hence,
modeling the converter to align exclusively with magnitude-
duration characteristics, while neglecting the broader converter
protection system could lead to deviations from laboratory
experiments. (see one of the test results deviates from the ideal
scenario).

it) = (t) 2)

III. CASE STUDIES

The performance of the developed EMT model has been
tested in a 120 kV, 60 Hz, 6 bus transmission network in
EMTP. A detailed description of test system containing the
solar PV park is provided in [18]. A moderately sized crypto-
mining facility of ~ 1 MW with loads equally distributed
across all three phases was considered. As shown in Fig.[7] the
mining facility is connected with the rest of the transmission
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(b) Simulated fault of 50% pre-fault voltage for 16 ms duration.

Fig. 5: Time-domain response of the EMT model of the crypto-
mining power supply.
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Fig. 6: Validation with laboratory crypto-mining power supply.
The solid black line corresponds to the laboratory results from
the mining power supply. @ show experiments where the power
supply was tripped. @ show experiments where the power
supply did not trip.

network through a A - Yg 25 kV/415 V transformer with a
percentage impedance of 6 % at Bus 6. Therefore, the miners
are supplied with an input voltage at 240 V with the DC-bus
voltage to be maintained at 400 V.

The non-mining loads in the test system are modeled
as constant impedance loads and the transmission lines are
modeled using constant parameter models. Both loads are 30
MW each and the solar PV park has a capacity of 7SMVA.
We consider the constant power output from the solar park
across all scenarios and constant load demand from the crypto-
mining facility at their respective rated capacity. The projected
sites in Fig. [7|represent the scalability of our model. The faults
were initiated after the cryptocurrency miners reached a steady
state. We explored multiple cases under each of these scenarios
based on fault duration and fault impedance dictating the sag
voltage magnitude.

A. Fault applied at Load End

Compared to Fig. [5] limited short-circuit capability implies
that the post-fault network voltage may not remain as ideal
sinusoid as depicted in Figs. [§(b) and [9(b). Here, we have
compared the LVRT capability of the crypto-miners’ power
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Fig. 7: Cryptocurrency farm interconnected with 120 kV Test
System. The performance of mining converters is compared for
two distinct scenarios considering three-phase line-to-ground
(LLLG) faults: (i) FAULT 1: fault within the cryptocurrency
miner’s premises, and (ii) FAULT 2: fault at bus 3.

supply with a 3-¢ bolted fault and a fault with 50% pre-fault
voltage, each for a duration of 15 ms. While the miners in
all three phases were able to ride through with a fault of 50%
pre-fault voltage, none of the miners were able to ride through
with the bolted fault, which is in line with the ride-through
characteristics shown in Flg [6] Also, it can be seen that after
the miners were tripped, in Fig.[9(b), the voltage at the miners’
premises contains a large amount of harmonics that tend to die
out with time. It could safely be attributed to the PV farm.

TABLE I: LVRT Capability with Fault within Miner’s
Premises (*+ — all miners in one out of three phases trip).

Sag Voltage Duration of fault
(% of Prefault) [ 09ms | 1 cycle (I53ms) | 3 cycles (45ms) | 100ms
75% NO NO NO NO
50% NO NO 173 TRIP* YES
25% YES YES YES YES
0% YES YES YES YES

We have conducted additional experiments to understand the
LVRT capability of the mining facility if the faults are within
the miner’s premises, and the results are tabulated in Table m
As highlighted in Fig. [f] demonstrating the LVRT capability
of crypto miner’s power supply, with sag voltage of 75% pre-
fault voltage magnitude none of the miners should trip, and it
has been validated in Table [ As with 50 % pre-fault voltage
and fault duration of 45 ms, all the miners in one of the phases
out of all the three phases trips. This can be attributed to the
large post-fault inrush current drawn from the PCC which is
a function of the point-on-wave. For a fault duration of less
than 100 ms and with a sag voltage of less than 25 % pre-fault
voltage, none of the mining power supplies are able to ride
through.
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Fig. 8: Voltage and current at miner’s premises with a 3-¢
fault of 50% pre-fault voltage of 15 ms duration applied at
load end.
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Fig. 9: Voltage and current at miner’s premises with a bolted
3-¢ fault of 15 ms duration applied at load end.

B. Fault at bus 3

Owing to the transmission line’s impedance, the sag voltage
observed at the crypto-miners’s premises would be less severe
than in the previous scenario. However, as demonstrated in
Fig. [I0] the occurrence of faults near the PV park appears to
inject a significant amount of harmonics. This interacts with
the controller of the mining power supply, and depending upon
the phase it may lead to an outage of all the mining power
supplies. We have further conducted an extensive number of
experiments to understand the mining power supplies’ LVRT
capability. It can be seen that even with 75% pre-fault voltage
at the faulted node, or, a better voltage within the miner’s
premises, all the miners are not able to ride through. While
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Fig. 10: Voltage and current at miner’s premises and voltage
at the faulted bus with a 3-¢ fault of 75% pre-fault voltage
for a period of 100 ms duration applied at bus 3.

not shown for brevity, it has also been observed that for a
larger sag duration, more and more miners are unable to ride
through even with 75% pre-fault voltage.

TABLE II: Miner’s LVRT Capability with Fault at bus 3 (x —
all miners in one out of three phases trip, { — all miners in
two out of three phases trip).

Sag Voltage Time duration of fault
(% of Prefault) 09ms T cycle (I5ms) | 3 cycles (45ms) T00ms
75% 1 /3 TRIP* 1 /3 TRIP* 173 TRIP* T/3TRIP *
50% 1 /3 TRIP* 2 /3 TRIPT 2 /3 TRIPT YES
25% 1 /3 TRIP* YES YES YES
0% 2 /3 TRIPY YES YES YES

IV. CONCLUSION

This paper provides a detailed switching-based EMT model
of a typical cryptocurrency mining facility based on an active
power factor correction (PFC) boost converter first by validat-
ing with a laboratory-based crypto-mining power supply, and
then by integrating and testing it with a small-scale transmis-
sion system with a PV farm. The efficacy of the mining facility
in terms of its LVRT capability was compared considering
two fault scenarios: (i) fault within the miner’s premises, and
(ii) fault near the PV farm. The resulting harmonics from
the PV farm in the aftermath of the fault can interact with
the controllers of the cryptocurrency miner’s power supply
resulting in an outage of these cryptominers, which would
be challenging, especially in a network with a low short

circuit ratio. While the developed model of the cryptocurrency
miners is highly scalable, the use of a detailed switching
model hinders large-scale performance analysis of multiple
cryptocurrency mining facilities in a larger system. Therefore,
in the future, we would like to develop an average value model
and utilize it for larger-scale performance analysis.
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