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Session Outline

* Data Center Architecture and Power Infrastructure

* Recent Data Center Grid Integration and Operation Challenges

* Mitigation Considerations

* Data Center Modeling: Cyber-Physical Power System Perspective

e Data Center Development Platforms and Testbeds
HILLTOP+ as a Service for High-Fidelity Data Center Cyber-Physical Testing and Solutions
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1- Al Data Center Recent Challenges fi

* Data centers (DaCe) have been the recent drivers of electric load growth in the US power system.
Data Center Classification: Enterprise, Managed Services, Colocation, Cloud, Edge, and Al

Al power consumption is projected to grow at a CAGR of 25-33%, reaching 14-18.7GW by 20281
(which is ~ 50% of entire TVA’s peak demand in 2024).

* This large load growth from Al DaCe critical infrastructure has led to one of the most significant
near-term reliability challenges in both resource adequacy and grid interconnection, according to
the North American EIectrlc Rellablllty Corporat|0n3 (NERC)

'™ Power plan
in Mississippi

Fig. 1. World Largest Al Data Center (1GW), in Memphis, TN
(xAls Colossus 2 Supercomputer)?2
Memphis total peak load is ~3.5GW — resource inadequacy
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Al Data Center Operational Challenges
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Fig. 2. Al DaCe Large Rapid Ramp Up with Start of a Training Run (EdgeTunePower) A L L L
Time
* Fig. 2 shows the power consumption of an Al DaCe. * Another challenge is the lack of fault-ride through or fast
When Al training happens in large clusters, it causes reactive power support® for DaCe loads. During 2024, a
rapid power swings during training periods. The fastest sudden disconnection of 1.5GW data center loads occurred
load-change is 1.9pu in just ?SOmsec (gengratlon- during a 230kV transmission line fault.
demand fast-enough balancing is challenging -> FREQ.
INSTABILITY) . * This was the large load protection action instead of utility
disconnect request.
* We also see multi-MW spikes happening during the Al
training (gray line), which further complicates the * The auto-reclosing sequence had triggered DaCe UPS
DaCe operations. systems to island from the grid and not reconnect post-fault
clearance.
Note: “Al training refers to the creation and modification of an Al model and its associated model weights. The electrical demand is different for training an Al model versus using an Al model to create inferences. Generally, Al training executed in large clusters has rapid 4

fluctuations during training periods and while saving checkpoint progress. Additionally, the transition from training to saving checkpoint progress (or vice versa) may happen in under one second-4.”
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Fig. 5. Data Center Investment Breakdown?2

* IT equipment (Silicon and Compute, Storage, and
Networking) have more than half of the total
investment cost.

* Power infrastructure (including the facility
substation and power distribution system) is 20%
and Cooling is 15%.
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Fig. 6. Annual Average PUE Across all U.S. Data Centers and Projection’

Power Usage Effectiveness (PUE), is a key metric for
evaluating the energy efficiency of a DaCe. It is
calculated by dividing total energy consumed from the
facility by the energy used only by IT equipment.

Steady decline from 1.6 in 2014 to about 1.4 in 2023.
Future scenarios can reach as low as 1.1 through
advancements in cooling and renewable integration.
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Data Center Critical Infrastructure Tiers fiz

-99,995% uptime (26.3 minutes of downtime annually)
‘Redundancy for every component
2N or 2N+1 redundancy
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Cap? 99.671% uptime (28.8 hours of downtime annually)
‘A single path for power and cooling
7" -Few redundant and backup components

T uptime

Key certifications for modular data centers | N S T | T U T E

Uptime Institute Tier Classification System

Uptime Institute Tier Classification System? serves as a
globally recognized benchmark for traditional data center
performance. It focuses on uptime reliability through Tiers
1-4, with Tier 1 being the least reliable and Tier 4 ensuring
fault-tolerance operation with 2N devices redundancy.
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Fig. 4. Tier 1-4 Data Center Single-Line Diagram#
Power | Cooling | IT Equipment, i.e., Computing (GPU, CPU), Storage, Network)
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Fig. 5. Al DaCe Mifigation'Strategy’2: GPU Power Smoothing to the MPF2 (0.8-1pu) Fig. 6. Al DaCe Mitigation Strategy'3: Rack-Level Energy Storage? (0.8pu)

Conclusion: Proposal for combining the solutions, where GPU-level solution can be used to meet the ramp-up, ramp-down specs, and any corner case scenarios
where the rack-level energy storage runs out of capacity. Such a combination of solutions is optimal from wasted energy, cost, and space. perspectives?.

Solution Reliability Performance Energy Cost Ability to meet Dependency on the Lifetime
tightest spec developer

Software-only mitigation Medium Medium High Medium High High High

GPU power smoothing High Medium High Low Medium Medium Medium

Rack-level energy storage High High Low High High Low High
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Data Center High-Fidelity Modeling Requirements &4
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Fig. 7. Typical Structure of a Data Center AC Power Distribution System (PDS)12 UPS | IT Equipment |

* Main DaCe modeling building blocks are the different types of power electronics

converters, and their associated control circuitry, e.g., as typically in (a,b,c). Fig. 8. Different Power Electronics Converter Circuit
. . . . Topologies in the Data Center!%: (a) UPS circuit, (b)
* There is also a plant controller that communicates with the agents to coordinate PSU circuit, (c) VFD-Based Induction Motor Circuit.

DaCe operation and EMS during grid-connected and islanded operation. UPS 1T Equipment |

v Thus, a Data Center Plant (with AC/DC/hybrid PDS) can be modeled in high-fidelity as a Cyber-Physical Power System (CP2S).
8



CP?S Development Platforms and Testbeds
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Fig. 9. EMT Modeling Time-Scales!2 for CP2S

= Offline EMT model: More convenient, but low fidelity at the grid POI. It can lead to product not working as advertised (vaporware).

= Full-scale and scaled power testbed: High testing fidelity, but at high non-recurring engineering cost and risk of equipment damage.

simulations.

PHIL or/and CHIL model is the recommendation. It has both from the real-world, i.e., hardware under test and real-time EMT



HILLTOP-Based Design and Testing g
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Evaluate potential investments and
test of edge conditions prior to roll-
out of new infrastructure

CP?S [EHDEP=S Platform (HILLTOP1:1%) at Tennessee Tech,
originally developed by MIT Lincoln Laboratory

= Two Vendor Inverter Controllers (PV and BESS)

= T1 C2000 Controllers (emerging Gen/Load control testing)
» Vendor Plant/Microgrid Controller (supervisory controls)

= Typhoon HIL Device (real-time simulator)

Verify compliance with industry
standards and interconnection rules
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HILLTOP+ as a Service

HILLTOP has been expanded into HILLTOP+ by Tennessee Tech’s Center for Energy Systems Research
(CESR). Through this expanded platform, Tennessee Tech is offering grid modernization modeling
services under the Smart Grid Deployment Consortiumt (SGDC) and beyond.

HILLTOP+ enables distribution utilities and industry to:

v/

KKK

Do state-of-the-art distribution planning (hosting capacity, optimal allocation/scheduling, etc.)
Build digital twins of their power distribution system and subsystems

Build DER/EVCS/MG/DaCe high-fidelity cyber-physical models for performance test & validation
Improve grid/plant resilience through data-driven insights

Access training, analysis, and technical support tailored to their operations

From optimal resource scheduling to hardware-in-the-loop testing, HILLTOP+ provides a unique
environment for planning, testing, and training — helping utility and industry to make confident
decisions in an evolving energy landscape.

11



HILLTOP+ Workforce Training and Curriculum

Training material (simulation files and codes, online training sessions and recordings) for
onboarding universities (PSU, WVU, MIT), utility, and industry partners on HILLTOP+ concepts.

The ARISE HILLTOP+ Curriculum topics include:

Preliminary Training: Review Software & Hardware Requirements of HILLTOP+
Basic Short Lessons on Using OpenDSS for Distribution System Analysis

PV Hosting Capacity Studies on Utility Distribution Networks Using OpenDSS
Basic Modeling of Power Electronics Converters for Distributed Energy Resources

BESS Plant Modeling & Grid Application Using Typhoon HIL and OpenDSS

U O 0 0 0O O

HILLTOP+ Case Studies (Community Microgrid, EV Charging Station, ...)
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Thank You!
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