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Executive Summary

Increasing data center demand is outpacing grid infrastructure development. Artificial intelligence work-
loads and hyperscale cloud growth are creating unprecedented demand for power, while traditional grid
expansion faces multiyear development timelines.

Verrus was founded by Sidewalk Infrastructure Partners to develop an innovative solution for this chal-
lenge: data centers that function as grid assets rather than passive loads. The Verrus approach integrates
a novel grid-aware power flow management system with long-duration battery energy storage systems
into a microgrid-controlled, medium-voltage power distribution architecture that delivers three critical
capabilities:

¢ Fast-responding demand flexibility that can service requests from the utility within 10 s
¢ Uninterrupted transition to islanded operation during grid disturbances
¢ Continuous uptime assurance while maintaining all customer service level agreements.

Through Verrus’s strategic partnership with the National Renewable Energy Laboratory (NREL), these
capabilities were validated using NREL’s Advanced Research on Integrated Energy Systems (ARIES) vir-
tual emulation environment to model a 70-MW grid-interactive data center. We have successfully demon-
strated that Verrus’ data centers can deliver meaningful grid services without compromising mission-
critical availability.

This technical report outlines the design, methodology, and results of this emulated deployment, demon-
strating that data centers can play a pivotal role in enhancing grid flexibility and reliability without sacri-
ficing service level guarantees.
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1 Introduction

The U.S. power grid faces increasing challenges as data center power demand increases across the country.
With artificial intelligence workloads, cloud expansion, and digital transformation driving multi gigawatt
interconnection queues, utilities and grid operators are experiencing difficulties in meeting demand. Tradi-
tional solutions, such as peak load support plants and transmission upgrades, are often taking longer than
expected to complete.

Among these constraints, a promising alternative is emerging: flexible demand. A 2025 report by Duke
University’s Nicholas Institute [1] estimates that modest curtailment of only 0.25% to 1% of annual con-
sumption during critical hours could enable the grid to absorb up to 100 GW of new load without the
need for new generation or other major upgrades.

Verrus was founded on the belief that data centers can deliver this kind of flexibility—not as a compro-
mise to availability, but as a new standard for resilience. The Verrus data center design represents a
fundamentally different architectural approach by integrating a grid-aware control plane, a battery energy
storage system (BESS), and intelligent power flow optimization across data center campuses. Rather than
relying on diesel generators to provide grid relief, this design leverages BESS for firm dispatch to the grid
that can be relied upon for resource adequacy planning. Not only do BESS enable meaningful load reduc-
tions during times of utility duress, but also they can do so with faster response times than conventional
diesel-based systems, providing an additional element of grid stability.

This report introduces Vulcan, a 70-MW grid-interactive data center test platform developed in collab-
oration with the National Renewable Energy Laboratory (NREL) and powered by NREL’s Advanced
Research on Integrated Energy Systems (ARIES) virtual emulation environment. Vulcan incorporates a
digital real-time simulation of Verrus data center design and integrates it with Verrus’ intelligent power
flow management management system using a microgrid controller-hardware-in-the-loop (CHIL) frame-
work. This enables rigorous testing of grid-interactive control strategies, real-time dispatch coordination,
and system resilience behaviors under realistic electrical conditions. Vulcan was built to address the ques-
tions being raised by system operators, planners, and policymakers today: How much can flexible loads
actually help? Under what conditions? What capabilities must data centers develop to be part of the solu-
tion?

In the following sections, we explore these questions in depth, and we offer a blueprint for the next genera-
tion of grid-interactive infrastructure that is ready for operational deployment today.



2 Vulcan Test Platform Overview

Verrus’ data center design replaces traditional diesel generators with a BESS as the primary backup power
source for both facility and information technology (IT) workloads during utility outages. Integrated with
a 23-kV medium-voltage distribution system and advanced power flow optimization, the BESS also en-
ables grid-interactive capabilities, such as demand response—transforming the data center from a passive
load into an active, flexible asset that supports grid stability during peak demand periods. The medium-
voltage power distribution architecture is agnostic to the type of backup power, and, as such, additional
generators, fuel cells, or other units can be deployed as secondary backup to ensure that critical loads are
maintained during extended grid outages. The medium voltage is converted to low voltage (415/480 V
AC) through a step-down transformer to supply power to IT and associated cooling loads. Appropriate
redundancies exist in the medium-voltage and low-voltage aspects of the power system to allow system
availability higher than 99.99+ %. The system allows concurrent maintainability in all aspects of the
electrical and mechanical infrastructure, with no single points of failure.

Given the high uptime requirements, along with the goal of providing services to the grid, a dedicated
control system is needed to manage the power flow. Verrus has developed a novel control system, referred
to as the power flow management system (PFMS), that delivers operational data center functionality
while enabling the data center to respond to requests from the grid. The PFMS design is inspired by

the Institute of Electrical and Electronics Engineers (IEEE) open standards, such as IEEE 2030.7 [2]

and IEEE 1547-2018 [3]; and it interfaces with/controls power hardware, such as BESS, generators, and
switchgear relays. The PFMS also interfaces with higher-level systems, including supervisory control and
data acquisition and tertiary control systems, such as Verrus’ optimal dispatch engine, but these are not a
focus of this report and hence are shown as dotted interfaces in Figure 1.

The complexity, scale, and novelty of the PFMS and Verrus’ data center power system calls for a rigorous
validation and de-risking of the integrated power system before field deployment. With this intent, Verrus
collaborated with NREL to develop the Vulcan test platform, which uses a CHIL-based validation of

the PFMS integrated with a digital real-time simulation (DRTS) of the data center power system, as
shown in Figure 1. A CHIL framework enables the validation of the sequence of operations for a wide
collection of system states and operating scenarios. The DRTS can model and simulate power system
components in the electromagnetic transient domain in real time. This allows DRTS users to perform

a suite of experiments that is typically called a CHIL framework [4]. A CHIL framework leverages the
ability of the DRTS to model electromagnetic transient models and run them in real time to generate
power system states, such as voltage and current signals (analog), circuit breaker status/control (digital),
and the PFMS response/control actions in the form of set points/ discrete inputs. The CHIL setup can be
used to leverage the analog and digital input-output through network-based open communication protocol
cards on the DRTS platform to execute closed-loop experiments with the PFMS [5].

To evaluate the PFMS in a CHIL framework, the data center power system is modeled in a DRTS plat-
form, and the PFMS is connected to the DRTS model using Distributed Network Protocol 3 (DNP3).
This setup constitutes a closed-loop framework and allows for the evaluation of the sequence of operations
in the PFMS device. In summary, the Vulcan test platform comprises the following:

1. The data center power system, which is being modeled using the DRTS at NREL (part of NREL’s
ARIES virtual emulation environment). The data center power system is described in detail in
Section 3.

2. A real-time automation controller using DNP3 connected as a communication device between the
PFMS and the DRTS

3. The Verrus-developed PFMS, which is integrated with the real-time automation controller and
uses DNP3 as the communication protocol to exchange data. Further details on the PFMS and its
algorithms are described in Section 4.

This report documents how the Vulcan test platform demonstrates a grid-required demand response event
using the BESS (referred to as Scenario 1) and power system stable operation during the loss of utility
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Figure 1. Vulcan test platform: a CHIL-based framework for the vali-
dation of Verrus’s data center power system operational sequences

power (referred to as Scenario 2). Through these scenarios, we demonstrate that BESS units can provide
support to the grid or respond to grid outages. Compute workloads are not impacted, thus validating the
case for developing grid-interactive data centers. Detailed descriptions of these scenarios and test results

are discussed in Section 5.



3 Data Center Power System

This section describes the data center power system that is modeled in a DRTS platform, along with the
data objects that represent critical components for the control of the power flow. A simplified represen-
tation of Verrus’s power system is shown in Figure 2, which includes two utility feeds (with breakers X, |
and X, ») connected to a medium-voltage distribution system that provides the power to the downstream
low-voltage IT/computing servers and associated cooling loads. The medium-voltage power distribution
has appropriate redundancies in the distribution network design to meet the needs of a high-uptime data
center. For this report, only one utility feed is used in normal operation. The feed associated with X, ; is
active, and the feed associated with X, > is unused. The state of the grid, Grid.State, is considered stable
if the voltage and frequency are within acceptable thresholds, and unstable otherwise. Additionally, if the
utility initiates a demand response event, then Grid.DR is considered true, and false otherwise.

1. Grid.State € {Stable,Unstable}
2. Grid.DR € {true, false}

The aggregate capacity allocated to the IT loads is 50 MW, and the capacity allocated for the cool-

ing loads is 20 MW on a shared 70-MW power domain. The individual power domains for the IT and
compute loads connect to the medium-voltage power distribution through normally closed breakers
Xir,1,Xi72,-...XiT,p- Note that a typical data center design would have a redundant power feed for the IT
loads, but we have not incorporated that because faults/failures are not a focus of this report. The cooling
infrastructure/ power domains have mechanical loads such as pumps and chillers, and are connected to
the medium-voltage power distribution through the breakers X, 1,X¢2,...,Xc 4. These breakers are normally
closed to provide power to the cooling systems. The IT load domains are modeled using a library load
component with active power values from an open-source dataset from Google [6]. Each IT load domain, i,
can be described as:

IT,P=MxP(k),i={1,2,...,p}

where IT;.P is the active power of the i-th IT load domain, P;(k) represents the time-stamped values ob-
tained from the Google dataset, and M is a multiplier percentage (taking the value of 0% to 100%) to
model the optional load shedding initiated by the data center tenant (workload owner). M = 100% means
NO load shedding, and M = 0% means full load shedding. Any intermediate value of M is to be interpreted
as shedding the compute load of lower priority. Hyperscale data centers already have priority-based load
shedding/reduction implemented [7], [8], and in practice the manifestation of the load shedding would be a
signal to the IT workload owner, and they would be the one to curtail the lower-priority I'T workloads. In
this report, we use the multiplier M to simulate the actions of the IT workload owner to execute the load
shedding. The total IT load, IT.P, is given as:

ITP=YIT,Pic{l,....p}
i

The IT load domains have in-line uninterruptible power supply (UPS) to provide momentary power during
grid outage events until backup power is restored. The UPS is modeled as a voltage source with a switch-
ing logic to transition the load between stable power on the feeder or the UPS. The total cooling load,
Cooling.P, is modeled assuming a constant power usage effectiveness (PUE), that is:

Cooling.P = (PUE — 1) xIT.P

This study uses a PUE of 1.3. The total cooling load is assumed to be split equally across the g cooling
domains. The j—th cooling domain’s active power is given by:

Cooling j.P = Cooling.P/q,j={1,2,...,q}.

Note that constant PUE modeling is assumed for simplicity of the study. In a real scenario, PUE is a
function of environmental variables, such as temperature and humidity, which have temporal variations.
Additionally, cooling power allocation is not equally spread across the cooling load domains, but for the



simplicity of the study, it is assumed that the load is equally spread. Power consumption of the cooling
air and water movement in the server halls is not considered because it typically represents a small frac-
tion (< 3%) of the total power consumption. The cooling loads are NOT supported by UPS, and will go
through a restart during utility outage and transition to back up power. The total system load, Pjyqq, in
the power system is IT.P + Cooling.P. The IT and cooling load domains are modeled as a P — Q loads in
the DRTS.

The BESS units, as shown in Figure 2, are rated at 4.5 MW (Pll;lg"éts) with an energy capacity of 18 MWh.
These units are capable of operating in grid-following mode (GFL) and grid-forming mode (GFM). The
BESS units connect to the medium-voltage distribution system through breakers X, 1,Xp 2,...,Xp u. The
BESS breakers are nominally closed. The aggregate BESS inverter capacity is 81 MW. For a duration of
4 hours, the aggregate energy capacity is 324 MWHh for the entire data center building; thus, the BESS

is sized to support the entire 70 MW of rated IT and cooling loads. Each BESS unit, i € {1,2,...,m}, is
represented as a data object, BESS;:

« BESS;.SOC € [0,100]%

* BESS;.P

* BESS;,.V

* BESS;.I

« BESS,.f

« BESS;.P* € [0,4.5\MW

* BESS;.V* €[90,110]% X Vominai

* BESS;.f* €1(98,1021% X fuominal

« BESS;.Mode € {GFL,GFM,Idle},
* BESS,;.Available € {True,False}

where BESS;.SOC,BESS;.P,BESS,;.V,BESS;.I, BESS,.f denotes the state of charge (SOC), active power,
voltage, current, and frequency of the i-th BESS, respectively. The operating range for BESS;.V* and
BESS;.f* is based on common practice, which can differ across manufacturers. BESS;.P* is the active
power command/set point for the i —th BESS when the operating mode BESS;.Mode = GFL. When the
operating mode of the i —th BESS is GFM, the voltage set point and frequency set point are denoted

as BESS;.V* and BESS;.f", respectively, and they are specified as a percentage of the nominal voltage
(Voominar := 480 V) and frequency (fuominai := 60 Hz). The idle mode represents a state where the BESS unit
is ready to operate in either GFM or GFL mode and is awaiting a command from the PFMS. The BESS
unit could be available if it has sufficient stored energy, or it could be unavailable for use if the SOC is too
low or due to any other internal fault condition of the unit. The availability aspect of the unit is defined
by BESS;.Available field. The BESS units are modeled using a DRTS library model.

Although any type or count of backup power units can be added to the Verrus medium-voltage power do-
main (up to the rating threshold of the medium-voltage power infrastructure), for demonstration purposes,
the representation in the Vulcan model is a full complement of standby diesel generators (70 MVA). The
diesel generator units, rated at 3.5 MVA each (Péé’;}’"), connect to the medium-voltage power distribution
through breakers X, 1,X,»,...,X, ,. The aggregate generator capacity is 77 MW, and it has the redundant
generator unit capacity baked in. The diesel generator units are used only during grid outages after the
energy stored in the BESS has depleted to a minimum threshold; thus, the generator capacity is sized to
support the entire 70 MW of the data center IT and cooling loads. Each diesel generator, i € {1,2,...,n}, is
represented as:

Gen;.P* € [30,100]% x Plmit

gen >

Gen;.Available € {True,False}



where Gen;.P* denotes the active power set point of the i-th generator, and Gen;.Available denotes whether
that unit is available to serve the load. The generator units are modeled using a DRTS library model.

All BESS, IT, cooling, and generator breakers described here are controllable with power monitoring
capability, and they are represented as:

X, p-State € {Open,Close}
Xap-P
XupV

Xa,lrf
Xopd

where X, ;, denotes any generic breaker mentioned here; and V, P, f,I denote the voltage, active power,
frequency, and current measured at the breaker. The X, ;.State denotes the open or closed status, which
can be controlled by the PFMS.

This study focuses on the control of the active power in the power system; hence, for a simpler presen-
tation, we do not define the reactive power representations for these loads and sources. In this power
system, the BESS units are to be operated in GFL mode when the data center is grid connected, and they
would be used to provide a reduction in the demand of utility power from the data center by discharging
the BESS upon request of the utility. For the rare cases of a loss of utility power, the BESS units would
be operated in GFM mode to provide stable backup power to the data center loads. For longer-duration
utility outages, the generators would ramp up as the stored energy of the BESS units deplete. When the
utility power returns, the data center would reconnect to the power grid, and the BESS would recharge to
its target SOC. The PFMS, described in the next section, is responsible for coordinating the various assets
in the data center power system to accomplish the desired operational behavior described here.
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4 Power Flow Management System

The PFMS is a secondary control system responsible for ensuring stable, uninterrupted power delivery to
the loads in the data center and for using the data center assets, such as the BESS, to respond to requests
from the grid. The PFMS is critical to ensuring the stability of the data center power system while im-
proving the resilience of the grid by responding to utility dispatch requests. The stable power delivery to
loads requires the PFMS to constantly monitor the status of the grid, BESS, generators, and loads, and
decide on the control actions/sequences of operation to be executed. The design of the PFMS is based

on open standards, such as IEEE 2030.7 and IEEE 1547-2018; and it uses standard communication inter-
faces, such as Modbus Transmission Control Protocol (TCP), DNP3, and International Electrotechnical
Commission (IEC) 61850. It monitors and controls power hardware, such as the BESS, generators, and
relays; and it can also interface with higher-level systems, such as supervisory control and data acquisition
systems and advanced distribution management systems. For this study, we focus on the PFMS control
actions for the following:

¢ Responding to a grid request of active power dispatch from the BESS units

* Isolating the data center power system from the grid (also referred to as islanding) in case of unsta-
ble grid conditions

¢ Reconnecting the data center to the grid when the voltage or frequency disturbance has subsided.

For simplicity, note that in this study we do not consider reactive power dispatch, but it can be included
in the same framework. In addition, generators are not used to respond to the dispatch requests from

the utility, but rather they are used by the PFMS solely to provide backup power to the data center in
case of an extended outage (after the BESS units have reached their predefined minimum SOC). Next,

we define algorithms for the PFMS to accomplish these scenarios by testing on the Vulcan platform. Note
that these algorithms are not the only way to accomplish the desired functionalities, and Vulcan provides
the flexibility to test other algorithms in the future.

1. Grid-connected operation: When the grid voltage and frequency are within an acceptable range (as
defined by IEEE 1547-2018), the PFMS operates the data center with power from the grid and keeps
X1 closed. The PFMS keeps the BESS units charged to a target SOC (SOCy) to have sufficient ca-
pacity to provide backup power to the data center in case of a grid outage or to respond to requests
from the utility for demand response. The same active power set point (Peparee) (charging is consid-
ered negative, and discharging is considered positive) is applied to all the available BESS units, and
it is capped by the physical upper limits of charging (Pf}l"’l‘;ie) Peparge is computed based on the avail-
able headroom from the power system physical limit (Facility'™") to support the total load (Ppoaq)
with some buffer (P?//¢"). The description is summarized in Algorithm 1.

Algorithm 1 Grid-Connected Operation

X,,1 < Close
Peparge = Facility
fori=1,...,mdo,
if (BESS;.Available == True) and (BESS;.SOC < SOCy) and(Grid.DR == False) then
BESS;.Mode < GFL
BESS;.P* + —min(Puarge /m,PZZZi{ge)
end if
end for

limit __ PLoad _ Pbuffer

2. Grid-connected operation with utility-requested BESS dispatch: When the data center is operat-
ing in grid-connected mode, the PFMS keeps the BESS units charged (with Py as the charging
power) to the target upper SOC limit (SOCy ), and it discharges the available BESS units (N) to
meet the aggregate dispatch (p;) requested by the utility. When the utility requests a dispatch from
the PFMS, Grid.DR is set to true, and false otherwise. The PFMS commands equal active power



dispatch from the available BESS units to balance the run time across the units. Upon discharging,
when the BESS units reach the low SOC limit (SOCy), they are deemed unavailable and placed in
idle mode by the PFMS. Once the utility-requested dispatch event concludes, the PFMS resumes
normal grid-connected operation and charges the BESS units to the target SOC. The PFMS control
action in the form of a pseudo code is described in Algorithm 2.

Algorithm 2 Grid-Connected Operation with Utility-Requested BESS Dispatch

if Grid.DR == True then
fori=1,...,mdo,
if BESS;.Available == True then
if ((BESS;.SOC > SOCp) and ) then
BESS;.Mode = GFL
BESS;.P* < min(Pi" .pa/N)
else if BESS;.SOC < SOC;, then
BESS;.Mode < Idle
else
BESS;.P* 0
end if
end if
end for
else
Continue grid-connected operation
end if

3. Grid-connected to off-grid/islanding process: The PFMS monitors the voltage, frequency, and rate
of change of frequency of the incoming power from the grid and compares that against the mini-
mum and maximum allowable thresholds with the associated time durations. If the grid voltage,
frequency, or rate of change of frequency are outside the allowable range for a sustained duration,
the PFMS confirms the criteria for grid power being unstable as being met and disconnects the data
center by opening breakers X, 1 and X, ». For this study, we implemented the thresholds and time
durations as defined in IEEE 1547-2018. After disconnecting the data center power system from the
utility, the PFMS then commands the available BESS units to initiate a black-start process in GFM
mode to provide stable nominal voltage and frequency in the islanded power system. In this phase,
the IT load is powered by the UPS while the cooling loads (not backed by the UPS) shut down.
Once the BESS restores the nominal voltage and frequency on the medium-voltage power distribu-
tion with a sufficient number of units online to support the data center load, the UPS units transfer
the IT load to the BESS, and the cooling systems restart. The islanding process is summarized in
Algorithm 3.

4. Off-grid/islanded operation: In the case of a longer-duration outage from the grid, the data center
power system will deplete the energy stored in the BESS units. As the median BESS SOC drops
below a defined threshold SOCrs (SOCy > SOCrs > SOCp), the PFMS would create alerts for the
data center IT workload owner that the remaining energy on the BESS is limited, and the operator
could consider shedding less critical compute workloads to increase the run time on the BESS. To
simulate the action of the IT operator shedding lower-priority compute workloads, in this study, the
multiplier of M = 0.7 is used when the median SOC across the BESS units reaches below SOCrs. At
this stage, only critical workloads are being supported, and shedding noncritical workloads would
extend the run time on the BESS. As the SOC of the BESS units drops below SOC, the PEFMS
would consider that BESS unit as unavailable for use and bring an appropriate number of generator
units online to meet the critical load demand while accounting for the load increases in the form of
reserve capacity, Pregerve. The off-grid/islanded operation is summarized in Algorithm 4.

5. Off-grid to grid-connected /reconnection process: When the utility power has returned and the volt-
age and frequency are within the acceptable range for a sufficient time duration, the PFMS would

10



Algorithm 3 Islanding Process

if islanding criteria == true then,
Grid.State + Unstable
X,,1.8tate < Open, X, >.State < Open,
fori=1,2,...,mdo
if (BESS;.SOC > SOC}) and (BESS;.Available == true) then,
Xpi.State < Close
BESSi~V* < Vaominat
BESSi-f* — fnominul
BESS;.Mode < GFM Mode
else
BESS;.Available < False
end if
end for
else
Continue grid-connected operation
end if

Algorithm 4 Islanded Operation

BESS units in GFM support P a4
if median([BESS;.SOC]) < SOCps then,
Send alert to IT operator to consider shedding load to increase remaining run time of the BESS units,

M+ 0.7,
else

fori=1,2,....mdo

if (BESS;.SOC < SOCy) and (BESS;.Available == true) then,
if Y4 4£i BESS.P < Preserve + Proaa then
Generatorcoun = ceiling[(Preserve + Proad — Li ki BESSk-P) / Plimit)

en

Xg r.State < Close,r = {1,......,Generatorcoun }, ¢
Gen,.P* < Pgli’,'l’i’, r=A{1,...,Generatorcoun },

BESS;.Mode + Idle

end if
end if
end for
end if

consider the grid reconnection criteria (sometimes referred to as the enter service criteria) as met
and would initiate the reconnection process. In this study, we adopted the thresholds and time du-
ration as specified in IEEE 1547. We adopt an open transition approach [9] to transition the power
system from operating with backup power sources to operating with power from the grid. Once
the reconnection criteria are met, the PFMS first disconnects the loads from the medium-voltage
distribution system and then turns OFF /disconnects the generators and commands the BESS into
idle mode. It then closes the breakers X, ; and, finally, closes all the load breakers. Once the grid
power is restored in the power system, the PFMS commands the BESS units to charge if their SOC
is below SOCy by changing the mode to GFL. The reconnection is described in Algorithm 5.
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Algorithm 5 Reconnection Process

if reconnection criteria == true then,
Grid.State < Stable
Xir,.State <— Open, X, j.State +— Open,foralli e {1,...,p},j€{l,...,q},
Geny.Mode + OFF,forallk € {1,...,n}
Xg i < Open forall ke {1,...,n}
BESS;.Mode + Idle,foralll € {1,...,m}
Xy,1 < Close
X, j.State < Close,for all j € {1,...,q},
Xir,i.State < Close,for alli € {1,...,p},
BESS;.Mode + {GFL}
Continue grid-connected operation

else
Continue islanded operation

end if
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5 Results

In this section, we review the results from the integration of a real-time simulation model of Verrus’s
data center power system and controller hardware for the PFMS in the Vulcan test platform. We show
that Verrus’s data center power system can provide grid support when requested by the utility while
maintaining the high uptime requirements of the IT loads. We illustrate this claim through the following
two scenarios.

5.1 Scenario 1: Utility Demand Response

Table 1 shows the steps of the demand response scenario that are simulated in the Vulcan test platform.
The process starts with the grid providing 100% of power to the IT and cooling loads and the BESS
being idle at the target SOC of 80 % (Step 1). Next, 35 MW of BESS dispatch is requested by the utility
(Step 2). The PFMS then provides the requested BESS dispatch (Step 3, Algorithm 2). Once the demand
response event ends, the PFMS starts to charge the BESS (Step 4) to the target SOC of 80%(Step 5). We
show four plots in Figure 3 for Scenario 1: (a) the utility demand response request, (b) the grid and BESS
power, (c) the average SOC of the BESS units, and (d) the IT and cooling load.

Table 1. Scenario 1 Sequence of Events

Step State Description

No.

1 Grid-connected operation Loads are 100% powered by the grid.

2 Demand response event starts Utility issues demand response call for 35 MW of dispatch for 35 min
(shortened from 4-8 h for the simulation)

3 BESS dispatch BESS discharge at 35 MW, loads powered by utility and BESS

4 Demand response event ends Return to normal grid-connected operation, BESS starts charging

5 Grid-connected operation 100% grid powered and BESS recharged to target SOC

Figure 3(a) shows the utility demand response request, where 1 indicates that the data center is being
requested by the utility for an active power dispatch from the BESS units, and 0 means there is no BESS
dispatch request from the utility. The utility demand response is true from (time denoted as t) t =5 min
to t = 35 min, during which the utility-requested active power dispatch from the BESS units is 35MW;
outside this window, there is no utility dispatch request.

When # < 5 min: Figure 3(a) shows that the demand response request is false; and Figure 3(b) and Figure
3(d) show that the entire load is supported by the grid, and the BESS power output is zero. The SOC in
Figure 3(c) is constant at the target SOC of 80%(using Algorithm 1).

When 5 <t <35 min: In Figure 3(a), the utility demand response request for 35 MW of BESS active power
dispatch is received around ¢ = 5 min, and the PFMS responds to this request (using Algorithm 2). The
BESS total output increases to 35 MW within 5 s (see Figure 4 for a zoomed-in view around the ¢ = 5-
min or 300-s time window), and the power drawn from the grid decreases accordingly, as shown in Figure
3(b). In this time frame, the average SOC of the BESS units is decreasing linearly in Figure 3(c) due

to the constant power output from the BESS units. Although the power drawn from the grid decreases
substantially, the total IT and cooling loads do not experience any interruption, as no effect is observed

on the load profiles in Figure 3(d). The PFMS helped reduce the effective data center load on the grid to
cater to the utility’s request during the peak demand hours and thus improved the grid resilience.

When ¢ > 35 min: The utility demand response ends, as shown in Figure 3(a). The PFMS starts to charge
the BESS to the target the SOC (Algorithm 2) with 15 MW of charging power, which explains the neg-
ative BESS output power curve shown in Figure 3(b). The charging of the BESS can also be verified by
the increasing SOC in Figure 3(c) for # > 35 min. The total IT and cooling load, along with the additional
load due to charging the BESS, is supported by power from the grid. Accordingly, the power drawn from
the grid increases compared to the grid power drawn for t < 5 min. Throughout Scenario 1, the IT and
compute loads do not experience any power-related interruptions while the energy mix changes between
grid power and the BESS units to meet the load requirements during the demand response.
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Figure 3. Scenario 1: Utility demand response simulation in Vulcan
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5.2 Scenario 2: Utility Outage, Islanded Operation, and Grid Reconnection

This scenario is focused on the power system islanding after a grid power outage and reconnection to the
grid when a stable grid is available. First, the PFMS uses the BESS units to provide backup power, and
then, as the energy stored in the BESS units depletes and they reach below the low SOC threshold, it
makes use of the generators. Once the power provided by the grid is stable, the PFMS will reconnect the
system to the grid and initiate charging of the BESS units.

Table 2 describes the specific steps involved in this scenario that are simulated in the Vulcan test plat-
form. The first step is the initial state of the system, where the grid is stable and provides power to all
the loads in the data center. In Step 2, there is an outage in grid power (simulated by a grid voltage drop
from 230 kV to 2 kV ), which triggers the islanding process in the PFMS (using Algorithm 3). In this

open transition, the IT loads are momentarily supported by UPS, following which all loads are supported
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Figure 4. Scenario 1: Utility demand response request for 35 MW of BESS discharge received
(around ¢t = 304 s) and the response of the PFMS dispatch of the BESS units in less than 5 s.

Table 2. Scenario 2 Sequence of Events

Step State Description

No.

1 Grid-connected operation 100% grid powered
Utility outage Transition to islanded mode and 100% powered by BESS after UPS

transition

3 Full IT workload running on BESS | Depletion of BESS SOC

4 (Optional) load-shedding request Request via secure, open standard communication protocol (Ope-
to IT operator nADR [10])

5 Low-priority IT workload shed Extends BESS run time

6 Dispatch long-duration power Continue uninterrupted uptime for mission-critical IT workloads
backup (generators)

7 Utility recovery Return to grid-connected operation, interruptible workloads return

8 Grid-connected operation BESS starts to charge

entirely by the BESS units operating in GFM. In Step 3, there is continued power system operation in is-
landed mode (using Algorithm 4), which results in a decrease in the SOC of the BESS units. At this stage,
the IT workload owner could consider shedding low-priority/interruptible workloads to preserve the energy
stored in the BESS units and extend their run time. This is described in Step 4. The PFMS is capable of
interfacing with the IT workload owners to send the load-shedding requests (through open communication
interfaces, such as OpenADR). Step 5 simulates the load shedding of the interruptible workloads with a
multiplier, M, of 0.7. Eventually, the SOC of the BESS units drops below the low threshold of 15 %, and
the generators are brought online by the PFMS to meet the load demand (Algorithm 4). Finally, in Step
7, the grid is stable, and the PFMS reconnects the power system with the grid through an open transition
process (using Algorithm 5). Once the power system is reconnected to the grid, the interruptible work-
loads return, which is simulated using M = 1. In the last step, the PFMS starts to charge the BESS to the

target SOC, and the load is supported entirely by the grid (Algorithm 1).

Next, we discuss the results from the execution of Scenario 2 on the Vulcan test platform. We show four
plots in each figure, plot (a) shows the grid voltage and plot (b) shows the power from energy sources
(utility, BESS, Generators and UPS). In plot (c) the average SOC of the BESS units are shown and plot

(d) shows the total IT and cooling load.
The initial state of the power system is grid-connected mode with 100% of the load supported with power
from the grid, as shown in Figure 5 (a), when time ¢t < 180 second. The BESS and the generator aggre-

gate output is zero, and the SOC of the BESS is flat (because it is not discharging). Around 180 second
mark, we simulate a voltage sag event and drop the grid voltage from 230 kV to 2 kV as shown in Figure
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5 (a). The PFMS detects its islanding criteria to be met, and it executes the islanding process (see Algo-
rithm 3). As shown in Figure 5, between r = 180 and # = 210, the power from the grid drops to zero after
the utility breaker is opened by the PFMS. At this stage, there are no energy sources powering the power
system, and the IT load is supported by the UPS. Next, PFMS uses the BESS units in GFM mode to pro-
vide backup power to the IT and cooling loads, as confirmed by the BESS output power in the Figure 5
(b) after t = 210 seconds. The average SOC of the BESS units start to decrease. Overall, it took less than
30 seconds to island the 70 MW power system after detecting the unstable grid conditions.

The power system continues to operate in off grid/ islanded mode with backup power provided by the
BESS units. In Figure 6, as the SOC of the BESS drops below the threshold of 50 %(SOCys), the PEMS
alerts the IT workload owner (via communication interfaces such as OpenADR) to consider shedding the
low-priority/interruptible workloads to extend the run time of the BESS (Algorithm 4). We simulate a
load shed around 7 ~ 940 second by using a multiplier of M = 0.7, as shown in Figure 6 (d). The load drops
from approximately ~ 45 MW to ~ 35 MW, and the SOC curve of the BESS units shows the slowdown of
the BESS depletion through the change of slope around the inflection point (just after the # ~ 940 second
mark). Figure 7 shows the runtime remaining on the BESS increases by about 30 % due to shedding of
interruptible workloads. Here, the runtime remaining is computed using a ratio of the remaining energy in
the BESS units (based on average SOC of the units) to the last 5 second average load.

As the SOC of the BESS units drop further and reaches below the minimum SOC threshold of 15%(SOC),
the PFMS brings online an appropriate number of generators to support the load (Algorithm 4). As
shown in Figure 8 (b), the output of the BESS units drop around ¢ ~ 1120 second, the generator units
come online at the same time and deliver an aggregate output power of 44 MW. Since the generator out-
put is higher than the loads, excess power of about 10 MW is used for charging the BESS units. This

is seen by the increase in SOC in Figure 8 (c¢). As seen in Figure 8 (d), the loads do not experience any
impact as the energy source is changing (between the BESS and generators).

Next, stable utility power returns, which is simulated by increasing the utility voltage back to 230 kV at

t ~ 1510 second, as seen in Figure 9(a). The PFMS initiates the grid reconnection process to reconnect
the power system to the grid using an open transition (Algorithm 5) after the reconnection criteria is met
around 7 ~ 1565 second. As shown in Figure 9 (b), the loads are disconnected at t ~ 1565 second, and
the compute/IT workloads are supported by the UPS. The PFMS then reduces the aggregate generator
power output to zero around # ~ 1565 and the generators are turned off, as shown in Figure 9(b). Next,
the PFMS puts the BESS units into idle mode, and their aggregate output is shown to drop to zero as
well. At this point, there are no energy sources supplying power to the loads, and the compute/IT load
are supported by the UPS. The PFMS then closes the utility breaker at t ~ 1600 second, and the power
supplied by the grid is shown to increase as it supports the total load in Figure 9(b). The interruptible
workloads return, which is simulated by the multiplier M = 1 around ¢ = 1620 second, and is confirmed by
the total load increasing from 35 MW to approximately 45 MW in Figure 9(d). Overall, it took less than
30 seconds to reconnect the power system to the power grid after confirming the stable grid conditions.
Finally, the PFMS commands the BESS units to GFL mode and start charging at ¢t ~ 2180 second, which
is verified by the increase in SOC in Figure 10(c) and by the negative output power of the BESS in Figure
10(b) .

16



2304

Grid Voltage(kV)

o
L

0 100 200 300 400 500

8

wu
o
L

5]
‘

Power (MW)
8

—-- BESS Output Power
10 1 --- uPs Output Power
—-= Utility Power Draw

0 :

N
o
L

0 100 200 300 400 500

SOC (%)

—— Average SOC

75 T i T T i T
0 100 200 300 400 500

Power(MW)
<t

10+ mmm 1T Load
B Cooling Load

0 100 200 300 400 500
Time(seconds)

Figure 5. Scenario 2, Step 1 and 2: Normal operation in grid-connected mode till t < 180 second. Grid voltage drops
from 230 kV to 2 kV, the PFMS executes then executes the islanding algorithm and transitions the power system
from grid connected mode to islanded mode using BESS units provide the backup power by operating in GFM mode.
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Figure 9. Scenario 2, Step 7: Grid voltage is restored to 230 kV. The PFMS reconnects
the power system back to the grid. The interruptible workloads return around r = 1620.
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Figure 10. Scenario 2, Step 8: The BESS units starts to charge after reconnection to the grid.
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6 Conclusion

Using the Vulcan test platform, we demonstrated that data centers can act as a grid asset by dispatching
on-site BESS to support utility grid events. Additionally, we showed that during unstable utility condi-
tions, the Verrus secondary control system (PFMS) can switch nearly instantaneously to the BESS units
to provide backup power to the data center. The PFMS can also reconnect the data center to the grid
once stable utility conditions return. The Vulcan test platform results confirm that the IT load is not
impacted and continues to operate within the customer uptime commitments. Beyond the scenarios pre-
sented in this report, the Vulcan platform can be used for future case studies on grid disturbances and
dynamic IT load profiles, and it is particularly well suited to study transient effects during interactions
between the data center and the grid.
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