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Executive Summary

The electric power industry is entering a new dynamic regime. Load growth alone is not the only issue. The
more difficult issue is that some of the fastest-growing loads - Al data centers, cryptocurrency mining
campuses, hydrogen electrolyzers, very large charging depots, semiconductor facilities, and power-
electronic industrial processes - can behave as large, fast, and sometimes correlated dynamic systems
rather than as passive demand. Their aggregate behavior may include repetitive active-power oscillations,
steep ramps, fast reactive-power variation, harmonic and sub-synchronous content, disturbance-sensitive
trip behavior, and highly synchronized responses to software, market, or protection logic.

Traditional utility planning methods remain necessary, but they are insufficient when a single load or group
of correlated loads can change by tens or hundreds of megawatts on timescales comparable to
electromechanical or converter-control dynamics. The technical problem is therefore not simply how to
serve more megawatts. It is how to interconnect and operate large dynamic loads without reducing
damping, exciting existing modes, misoperating protection systems, undermining balancing authority
obligations, or introducing new failure modes that are invisible to conventional SCADA and steady-state
studies.

Recent work by NERC, PNNL, LBNL, ESIG, and academic researchers confirms that the industry is moving
quickly from anecdotal concern to formal reliability response. NERC has identified risk categories including
power quality, stability, operations and balancing, long-term planning, load observability, and protection
impacts. PNNL has shown that PMUs may misrepresent higher-frequency oscillations from data-center
loads because of reporting-rate and phasor-estimation filter limitations (NERC/PNNL analysis of
measurement limitations PNNL-39191). Recent research on Al workload profiles shows that periodic
compute behavior can act as a sustained forcing function on the grid, potentially interacting with local and
inter-area modes.

This white paper presents an integrated technical, mathematical, operational, and socioeconomic
framework. It reviews the nature of the problem, current utility practices, and the most promising modern
approaches: dynamic interconnection requirements, validated load models, PMU and point-on-wave
monitoring, oscillation source-location analytics, adaptive protection, grid-facing load controllers, local
energy buffers, model-predictive and robust control, Al-assisted situational awareness, coordinated
workload scheduling, improved load forecasting, and voltage/VAR optimization.

It also draws parallels to other fast-changing systems - financial markets, social networks, commodity
markets, warfare, traffic systems, biological evolution, and supply chains - where tight coupling, algorithmic
synchronization, and insufficient damping have created sudden systemic events.

The next stage of grid reliability will require treating very large dynamic loads as active grid participants with
defined performance obligations, telemetry requirements, validated models, and controllable grid-facing
behavior. The well-established classical stability analysis is necessary butincomplete. Al-era infrastructure
also requires a broader measure of adaptive survivability: the System Vitality Index (SVI). SVI evaluates how
well a complex system can remain coherent, observable, adaptive, damped, recoverable, controllable, and
resistant to harmful synchronization under persistent disturbance and structural change. Power-system
vitality is an emergent property arising from the balanced interaction of multiple system capabilities,
not from the optimization of any single performance metric.

|
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Future large-load integration may therefore need to be evaluated not only through traditional stability
criteria, but also through broader “vitality” oriented measures that explicitly consider observability,
adaptability, recoverability, synchronization resistance, controllability, and operational learning. Vitality is
a new term, with associated metrics, defined in this paper to denote a system's ongoing capacity to
maintain, adapt, and recover stable operation under dynamic stress — distinct from classical stability,
which evaluates a single operating point in time. SVI may be applied hierarchically, from individual facilities
and transmission corridors through regional operating areas to an integrated system-wide vitality
assessment, providing operators with a continuous multi-scale view of grid health.This document is the
main white paper document Volume 1, which describes the current challenges of large load oscillations and
proposed conceptual analysis. A companion technical supplement in Volume 2 provides worked fuzzy
vitality examples, SVI calculation procedures, a dynamic 90-minute scenario, and an optimization
framework illustrating how the proposed concepts may be quantified.

1. Introduction: From Passive Demand to Dynamic Infrastructure

For much of the history of electric power systems, load was modeled as a comparatively slow, passive, and
statistically diversified quantity. Residentialdemand, commercial lighting, induction motors, and traditional
industrial processes certainly varied, but the variation was usually slow compared with the
electromechanical time constants of generators, turbine governors, excitation systems, and system
operators. In planning studies, this allowed load to be represented by static or composite models that
captured aggregate voltage and frequency sensitivity without needing to describe software-driven,
synchronized, sub-second behavior.

The emergence of Al infrastructure challenges that assumption. A hyperscale Al training campus is not
simply a large office building with servers. It is a cyber-physical machine containing thousands to hundreds
of thousands of GPUs, high-density power supplies, high-speed networks, UPS systems, cooling plants, and
software schedulers. The compute process itself may be repetitive: mini-batch training cycles alternate
between high-power compute phases and lower-power synchronization or memory-transfer phases. If the
facility is large enough, the resulting power profile can become a grid-facing forcing function.

This changes the utility framing. A500 MW facility with predictable, slow variation is a planning and resource-
adequacy issue. A 500 MW facility with periodic 20-50 MW swings at frequencies near system modes is a
dynamic stability issue. A fleet of facilities whose workload managers are synchronized by cloud-service
requirements, common market signals, or similar software behavior becomes a correlated contingency
issue.

The industry response is now accelerating. NERC established a large-load effort to characterize risks and
identify gaps. The work explicitly includes data centers, cryptocurrency mining, hydrogen electrolysis,
manufacturing, and similar large commercial or industrial loads whose demand or operating characteristics
can create bulk-system reliability risks. At the same time, utilities are beginning to create their own
interconnection criteria because the development timeline of large-load projects often outpaces standards
development.
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2. Demand Growth Context and Why Scale Matters

The rapidity of data-center and Al load growth matters because dynamic phenomena that are tolerable at
small scale can become reliability-significant at large scale. Afew megawatts of periodic compute variation
may be invisible in bulk-system measurements. The same waveform scaled to a 300 MW or 1 GW campus
can affect voltage, frequency, generator damping, balancing authority performance, and protection
operation.

The growth also has a locational dimension. Data centers often cluster near fiber routes, tax incentives,
water availability, land, existing transmission, and proximity to customers. Clustering can create local grid-
strength problems even when regional energy supply appears adequate. A strong 500 kV network may
absorb disturbances that would be problematic in a weaker 230 kV or sub-transmission environment. The
risk is therefore not only national energy consumption; it is the relationship between load magnitude, local
short-circuit strength, nearby generation, transmission topology, and the spectral content of the load
variation.

This scale effect is familiar in other parts of power engineering. Arc furnaces, rolling mills, rail traction, and
HVDC terminals have long required special studies because their dynamic characteristics can dominate
local voltage and flicker behavior. What is new is the number of facilities, the speed of deployment, the
computational origin of the dynamics, the possibility of geographic synchronization, and the fact that the
same software or market logic can influence many sites at once.

U.S. data center electricity use: historical growth and 2028 scenario range
—®— Historical estimate 2028 modeled range = “®- - [llustrative midpoint

620 TWh

500 TWh
400 TWh >
300 TWh .

200 TWh v’

Annual electricity use (TWh)

100 TWh

0 TWh
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

Source: LBNL/DOE 2024 U.S. Data Center Energy Usage Report

Figure 1. Data center growth changes the operating context. U.S. data center electricity use has grown quickly,
and the modeled 2028 range demonstrates why scale matters. Source: LBNL/DOE 2024 U.S. Data Center Energy
Usage Report.
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3. Mechanisms of Large-Load Oscillation

3.1 Periodic Al training workload behavior

Large-scale training jobs are often organized as repeated iterations. During one portion of the iteration, GPUs
and accelerators perform high-intensity parallel computation; during another portion, the system performs
communication, synchronization, memory transfer, checkpointing, or data movement. The electrical result
can be a repetitive high/low power envelope. Depending on architecture, batching, network design, and
cooling controls, the waveform can contain both low-frequency components and higher-frequency sub-
synchronous components.

PNNL summarizes the issue directly: Al training data centers can generate sustained forced oscillations with
broadband spectral content extending beyond the effective low-frequency measurement range of PMUs.
That conclusion is important because most wide-area monitoring systems were originally deployed for
electromechanical oscillations, not for persistent high-frequency components created by data center load
behavior.

3.2 Power-electronic and UPS control interactions

Not every oscillation from a data center is caused by Al training periodicity. Conventional data centers and
cryptocurrency loads may also oscillate because of power-electronic control interactions, UPS operating
modes, aggressive control setpoints, weak-grid connections, harmonic filters, or internal distribution
resonances. These phenomena can resemble inverter-based resource oscillations: a control loop that is
stable under one grid condition can become poorly damped when grid strength, fault level, operating point,
or nearby converter population changes.

Large facilities often include multiple layers of power conversion: utility transformers, medium-voltage
switchgear, UPS systems, rectifiers, DC distribution, server power supplies, variable-speed chillers, and
sometimes behind-the-meter BESS or generation. Each layer may have its own controller. Without
coordination, the controllers may fight each other, amplify a disturbance, or produce a limit-cycle oscillation
that persists until operating conditions change.

3.3 Correlation and common-mode behavior

A single dynamic load is already a challenge; a portfolio of correlated loads is more difficult. Correlation can
arise from common software, common workload scheduling, common price-response logic, common
equipment settings, common protection behavior, or common responses to voltage disturbances. The July
10, 2024 Data Center Alley event reported by Reuters - in which many data centers disconnected in response
to adisturbance and created a large sudden surplus of supply relative to demand - illustrates why planners
must consider correlated load loss, not only the loss of the largest generator. A lightning-arrestor failure on
Dominion's Ox-Possum 230 kV line caused repeated voltage dips that tripped roughly 1,500 MW of voltage-
sensitive data-center load to backup generation across ~60 sites/25 substations; frequency briefly rose to
~60.047 Hz, as documented in NERC's Jan 2025 incident review and Reuters.

________________________________________________________________________________________________________|
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The industry therefore needs to distinguish between diversified stochastic variation and synchronized
deterministic variation. A thousand unrelated small loads average out. A thousand GPU clusters executing
synchronized training steps do not necessarily average out. This is the same distinction between
background noise and a coherent forcing signal.

4. Power-System Stability Implications

Power-system oscillations are typically categorized as ambient, transient, natural, or forced. Ambient
variation is the small random movement always present in a power system. A transient response follows a
discrete event and should decay if the system is adequately damped. A forced oscillation persists because
an external input continues to inject energy at or near a particular frequency. Large dynamic loads are most
concerning when their periodicity creates sustained forced oscillations, or when their control interactions
reduce damping of a natural mode.
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Figure 2. Ambient, transient, and forced oscillatory response. Large dynamic loads may introduce persistent
forcing inputs rather than one-time disturbances. Source: Montana Tech, NERC Reliability Guideline: Forced
Oscillation Monitoring & Mitigation.

4.1 Interaction with inter-area and local modes

Interconnected power systems naturally possess electromechanical modes. Local modes may involve one
generator or plant oscillating against the nearby grid; inter-area modes may involve groups of generators
swinging against other groups over major transmission paths. If the forcing frequency of a large load lies near
a natural mode and the system has low damping, even modest forcing can produce visible oscillations over
a wide area.

|
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The problem is magnified under low-inertia, inverter-rich, or weak-grid conditions. As synchronous
resources retire or operate less frequently, the modal structure and damping characteristics of the grid
change. A dynamic load added in the wrong location or operated with an unlucky periodicity may become
the practical trigger for an existing weakness.

[ Within PMU range @ Extends beyond PMU range

4—) PMU-observable range (0 - 5 Hz)

Inter-area electromechanical modes
Local plant / control modes

Converter, UPS, and control interactions

0 Hz 10 Hz 20 Hz 30 Hz 40 Hz 50 Hz 60 Hz
Frequency (Hz)

Figure 3. Relevant oscillation frequency ranges. Al load variation can contain components in the
electromechanical range as well as higher-frequency sub-synchronous ranges; different measurement
systems and mitigations are needed at different frequencies. (Source PNNL-39191)

4.2 Torsional and sub-synchronous concerns

Large periodic load components in the sub-synchronous range can interact with turbine-generator shaft
systems or converter controls. The practical consequence is not merely oscillatory power flow; it may
include shaft stress, fatigue, and protection trips. This is why some utilities have begun considering
generator shaft studies, torsional screening, and high-frequency measurement requirements for large-load
interconnections.

4.3 Voltage stability, flicker, and power quality

Fast changes in active power are often accompanied by changes in reactive power, converter current,
transformer loading, and voltage. Where the grid is weak, voltage variation can be amplified and may trigger
UPS transfer, static switch operation, undervoltage ride-through behavior, tap changer action, capacitor
switching, or protection logic. The resulting feedback can become discontinuous: a modest voltage sag
triggers load reduction on customer-set protection thresholds, since no mandatory ride-through standard
]
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for large loads yet exists (cf. PRC-029-1, which applies only to inverter-based resources). This was
demonstrated in the July 10, 2024 Data Center Alley event, in which repeated voltage dips caused roughly
1,500 MW of data-center load to disconnect to backup generation.

Flicker and harmonics must therefore be integrated into the broader dynamic-stability conversation.
Treating power quality as a separate customer-service issue may miss its role as a trigger for bulk-system
dynamics.

5. Mathematical Apparatus for Understanding and Controlling
Oscillations

The problem of large dynamic load oscillations should not be approached only as an electrical
interconnection issue. It is fundamentally a problem of dynamic systems, feedback, damping, uncertainty,
observability, and control. The appropriate mathematical apparatus therefore extends beyond conventional
load-flow and contingency analysis. Large-load behavior is best understood as a disturbance-control-
observation problem with feedback between the customer facility and the bulk power system. This loop can
be traced through the physical layers of a real event. At the workload level, thousands of GPUs reaching a
synchronized memory-transfer barrier create a coherent demand step. At the facility level, high-density
power-supply units translate that step into an abrupt multi-megawatt drop and recovery within
milliseconds. At the point of interconnection, the repetitive software cycle becomes a persistent sub-
synchronous power swing, and at the bulk-grid level that forced oscillation can align with a pre-existing
corridor mode and actively erode its damping. The progression in Figure 4 illustrates why a facility that
remains within its own ramp limits can still degrade system-wide damping.

At the most basic level, large-load oscillation behavior can be represented using nonlinear state-space
models:

X=fxuwt)

y=h(xuwt)
where x represents the system state, including generator rotor angles, speeds, voltage states, inverter
states, control states, and load internal dynamics; u represents controllable inputs (for a grid operator,
generation dispatch, reactive/voltage-support resources, breaker and topology actions, and
BESS/STATCOM setpoints; on the data-center side, controllable load ramp-limiting and UPS/BESS
buffering); w represents disturbances such as workload-driven power fluctuations; and y represents
measured outputs such as voltage, current, frequency, phase angle, and power. The disturbance term w is

retained in the output equation for generality, since power fluctuations can directly affect measured
quantities, though this feedthrough is small for most monitored signals.

This formulation is important because the modern grid can no longer be adequately described as a static
network with slowly varying demand. It is a dynamic cyber-physical system subject to fast disturbances,
nonlinear controls, discrete switching, and uncertain behavior.

________________________________________________________________________________________________________|
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THE ANATOMY OF AN AI-DRIVEN GRID OSCILLATION

From synchronized workload to system-wide oscillation and reduced damping
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Figure 4. Anatomy of an Al-driven grid oscillation. A synchronized workload event propagates through facility power
electronics and the point of interconnection to the bulk grid, where forced oscillatory content can align with and erode a
pre-existing corridor mode. Illlustrative figure developed by authors.

5.1 Modal analysis and small-signal stability

For small disturbances around an operating point, the system can be linearized:

A% = Adx + BAu + EAw

The eigenvalues of matrix A reveal the natural modes of the system. Poorly damped eigenvalues indicate
vulnerability to oscillations. The damping ratio, modal frequency, participation factors, and mode shapes
become essential tools for identifying which generators, loads, or control systems participate in a given
oscillatory mode.

This is particularly relevant for Al data centers because a repeated workload-induced forcing function may
excite a natural system mode. Even if the load variation is not large enough to cause a thermal or voltage
violation, it may still be dangerous if it aligns with a weakly damped electromechanical or control-system
mode.

5.2 Forced oscillation analysis

Large dynamic loads can act as persistent forcing functions:

AP, (t) = A *sin(wt + @)

or, more realistically, as a non-stationary stochastic process:

________________________________________________________________________________________________________|
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AP (t) = s(t) + n(t)
where s(t) contains structured workload-driven oscillations and n(t) represents random variation.

The grid response depends not only on the magnitude of the disturbance but also on its frequency content.
A 20 MW oscillation at an unfavorable frequency may be more harmful than a larger but slower variation.
This suggests that interconnection criteria should evolve beyond simple MW thresholds toward spectral
performance limits, including frequency-domain envelopes for acceptable load variation.

5.3 Frequency-domain and spectral methods

Fourier analysis, Prony analysis, wavelet transforms, and spectral estimation methods are central to
identifying oscillatory behavior. These techniques allow utilities to distinguish between random load noise,
periodic workload cycles, poorly damped natural modes, forced oscillations, sub-synchronous
components, and control-induced interactions.

Wavelet analysis is particularly useful because Al workloads are non-stationary: their frequency content
may change over time. Unlike a simple Fourier transform, wavelets can show when a particular oscillation
appears, grows, shifts, or disappears.

5.4 Stochastic modeling and uncertainty

Al data center load behavior is not fully deterministic from the utility's perspective. It is influenced by
workload scheduling, cooling behavior, market incentives, customer controls, equipment protection, and
cloud-computing demand. Therefore, probabilistic modeling is necessary.

Useful tools include stochastic differential equations, Markov processes, Monte Carlo simulation,
probabilistic stability margins, scenario trees, and extreme-event statistics. The goal is not merely to ask,
Can the system survive this one assumed event? It is to ask: What is the probability distribution of harmful
dynamic events under realistic operating conditions?

5.5 Robust control, adaptive control, Model Predictive Control, and mathematical
guardrails

Because models are uncertain, robust control theory becomes highly relevant. A utility may not know the
exact internal control logic of every Al data center, UPS system, or inverter-connected process. Therefore,
controls must remain stable under uncertainty. Robust control, including H-infinity methods, is designed to
maintain performance despite modeling errors and disturbances. Adaptive control is also important
because the system changes continuously as loads, generation dispatch, inverter penetration, and topology
change.

Model Predictive Control (MPC) is especially promising because it explicitly considers constraints,
forecasts, and future system trajectories. In a large-load context, MPC could coordinate ramp-rate limits,
flexible load response, battery storage, reactive power support, voltage control, generator dispatch, and
emergency load modulation.

The grid is a network of coupled dynamic systems. Large data centers, generators, inverter-based resources,

and protection systems are nodes in a coupled network. The mathematics of networked oscillators, graph
|
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theory, and synchronization can help explain why geographically separated loads may still behave
coherently if they are driven by common cloud-computing schedules, market signals, or automated
controls.

Modern control theory also offers tools such as Lyapunov functions and control barrier functions. Lyapunov
methods help prove whether a system returns to equilibrium after a disturbance. Barrier functions help keep
the system inside safe operating boundaries. In future Al-assisted grid operations, these mathematical tools
could provide real-time safety envelopes around voltage, frequency, damping, and oscillation limits. In
simple terms, the grid needs not only forecasts but mathematical guardrails.

These mathematical tools describe stability, controllability, and oscillatory behavior under defined
operating conditions. However, future infrastructure systems must also be evaluated for their ability to
survive persistent adaptation, uncertainty, synchronization pressure, opaque control interactions, and
structural evolution. This broader requirement motivates the transition from classical stability analysis
toward a vitality-oriented framework.

6. System Vitality Index (SVI): Adaptive Stability for Al-Era
Infrastructure

Classical power-system stability asks whether a system returns to an acceptable operating condition after
a disturbance. That question remains essential, but it is no longer sufficient for Al-era infrastructure. Very
large dynamic loads, software-driven controls, opaque customer systems, market-coupled operation, and
synchronized digital behavior require a broader measure of adaptive survivability.

The proposed System Vitality Index (SVI) asks a wider question: can a system remain coherent, functional,
adaptive, observable, and recoverable under persistent disturbance, uncertainty, synchronization pressure,
and structural change?

A rigid structure may be stable until it fractures. A living ecosystem is vital because it absorbs disturbance,
adapts locally, maintains diversity, learns from stress, and preserves functional coherence. The future grid
should increasingly be evaluated not only as a stable machine, but as an adaptive cyber-physical
ecosystem.

The System Vitality Index (SVI), Fuzzy Vitality Framework, and Vitality Optimization Framework introduced in
this paper are proposed engineering constructs intended to complement, not replace, established power-
system stability methodologies. They are not presently recognized in utility standards, NERC reliability
metrics, or regulatory requirements. Rather, they are offered as conceptual and analytical frameworks for
evaluating adaptive survivability, observability, recoverability, synchronization resistance, and related
characteristics that may become increasingly important in Al-era infrastructure systems.

6.1 Formal definition of SVI

Conceptually, SVI may be represented as:
SVI=f(D,OARECSL)
And in normalized weighted formulation may be expressed as:

________________________________________________________________________________________________________|
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SVI(t) = Z WiXi(t)
i=1

n

Z w; =1

i=1
where Xj(t) are real-time normalized scores for the eight vitality dimensions — damping (D), observability (O),
adaptability (A), recoverability (R), flexibility (F), controllability (C), synchronization resistance (S), and
learning capability (L) — and w;j are the domain-specific weights specified in Volume 2, Appendix B. Unlike
conventional alarm systems based on a single threshold, SVI(t) integrates multiple dimensions of
operational health simultaneously. A utility could track this value on an EMS or WAMS display alongside
conventional stability indicators, with SVI,;, established from the decision table in Volume 2, Appendix B.9
providing the operational floor.

D
Damping
Modal stability
L @)
Learning Observ.
Model updates PMU/POW
S System Vitality A
Sync res. Index (SVI) Adapt.
Correlation f(D,0,A,R,F,C, S, L) Controls

scored 0 — 10

C R
Control. Recover.
VAR authority Restoration
F
Flexibility

Ramp reserve

Figure 5. System Vitality Index: Eight Dimensions of Adaptive Operational Survivability

6.2 SVl in electric power systems

For electric grids, SVI measures the ability of the system to maintain coherent, adaptive, observable, and
recoverable operation under persistent disturbances, uncertainty, dynamic load behavior, and structural
evolution.

Possible grid-specific components include minimum modal damping ratio, PMU and point-on-wave
observability coverage, dynamic reactive reserve, ramping reserve availability, restoration time, load-model
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confidence, voltage-schedule controllability, oscillation propagation sensitivity, and model-update
frequency.

A practical grid formulation may be written as:

SVIgrid =Wy * ( + Wy * OPMU + w3 * Actrl + Wy * Rrest + Wg * Framp + We * Cdyn + Wy * Ssync +
Wg * Ladapt

Where w; are weights, {is a damping metric, Opy,; is measurement observability, A, is adaptive-control
capability, Ry is recoverability, F.qmy, is flexible ramping capability, C4yy, is dynamic controllability, Sgyne
is synchronization resistance, and Lgqqp¢iS the ability of the utility and customers to learn from events and
update models and controls.

The SVI framework and associated thresholds are proposed analytical constructs; production use will
certainly require calibration against site-specific PMU/DFR/SCADA data, validated dynamic models,
customer-control tests, and post-event operating records.

6.3 Al as both a threat to vitality and a source of vitality

Al has a unique relationship to SVI because it can reduce or increase system vitality depending on how it is
designed and governed. Al-driven systems react faster, optimize continuously, coordinate across larger
domains, and adapt autonomously. Those same properties can also amplify instability, synchronize
disturbances, accelerate cascades, and reduce natural damping.

Al may reduce SVI when it creates excessive synchronization, over-optimization, hidden coupling, opaque
decision-making, and machine-speed feedback loops. Examples include algorithmic trading flash crashes,
synchronized GPU workload ramps, automated social-media amplification, Al-driven cyber propagation,
and tightly coupled cloud orchestration.

Conversely, Al may increase SVI when used for oscillation detection, dynamic state estimation, adaptive
coordination, predictive load forecasting, contingency prediction, damping control, voltage-schedule
assistance, and wide-area situational awareness. In this role, Al becomes part of the nervous system of
infrastructure: sensing disturbance, anticipating risk, coordinating response, and learning from events.

This duality may be captured through an Al-augmented vitality expression:
SVIg = SVipgse + a x Iy — B * Ig

where [, represents predictive and adaptive Al contribution, I; represents synchronization or amplification
risk introduced by Al, a represents the beneficial weighting of Al-enabled observability and adaptation, and
B represents the destabilizing weight of Al-driven synchronization, opacity, and over-optimization.

Because SV, is @ convex combination of scores in [0, 10] it is always bounded, but the Al augmentation
term can push SV, outside [0, 10]. With a and B each capped at 0.20 and I, I; each is in [0, 10], the
theoretical range of SVl is [-2.0, 12.0]. SV Ifinq is therefore defined as the clamped value:

SVIrina = clamp(SVly;,0,10)

________________________________________________________________________________________________________|
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The clamp is consequential: when SV, falls below zero, SV = 0 understates the severity of the Al
synchronization risk, and the raw SV1,; value must be reported separately. When SVIs;,,; exceeds 10, the
Al benefit is capped at the physical maximum. In normal operating conditions with well-governed Al (a <
0.20, B =0.20), the clamp rarely activates; itis most relevant in crisis scenarios where 8 * I, dominates, and
in best-practice scenarios where the combined base score and Al benefit approach the upper bound. The
quantitative analysis of all four worked scenarios and the conditions under which the clamp binds are given
in Volume 2, Appendix B, Section B.2.2.

6.4 SVI as a cross-domain framework

SVI is not limited to electric grids. Financial systems with high SVI exhibit liquidity, transparency, circuit
breakers, diverse participants, and adaptive regulation. Biological systems with high SVI exhibit biodiversity,
redundancy, local adaptation, and regenerative capability. Supply chains with high SVI exhibit routing
diversity, inventory flexibility, decentralized production, and rapid adaptation. Cyber systems with high SVI
exhibit segmentation, detection, redundancy, containment, and recovery.

The common principles are observability, damping, adaptability, redundancy, distributed intelligence,
synchronization resistance, and learning. These principles appear repeatedly because fast, tightly coupled
systems fail in similar ways even when their physical substrates are different.

6.5 Strategic value of SVI

SVl creates a unifying language for utilities, resilience engineers, Al developers, economists, cyber planners,
defense planners, and infrastructure operators. For utilities, it can become an assessment framework: not
only whether a large load can be served, but whether its integration increases or decreases the vitality of the
grid.

This distinction is strategically important for electrical utilities and system operators, who could position
themselves not only around large-load interconnection studies, but around SVI-based dynamic-load
integration: assessing how large Al-era loads affect damping, observability, adaptability, recoverability,
flexibility, controllability, synchronization resistance, and learning capability. This framing turns a technical
compliance problem into a broader discipline of adaptive infrastructure engineering.

Future infrastructure systems may also require the equivalent of a “vitality reserve.” Traditional power
systems maintain reserves for generation capacity, frequency response, reactive support, and contingency
recovery. Al-era infrastructure may additionally require intentionally preserved adaptive margin: reserve
observability, reserve flexibility, reserve damping capability, reserve desynchronization capability, and
reserve controllability.

A system optimized too aggressively for efficiency, utilization, synchronization, or economic performance
may unintentionally eliminate the adaptive margin necessary for survivability under disturbance. In this
sense, vitality reserve represents intentionally preserved systemic adaptability.

Examples may include maintaining unused ramping flexibility, preserving workload scheduling diversity,
retaining additional reactive capability, maintaining observability redundancy, preserving operator
intervention authority, geographically distributing synchronized compute activity, or limiting excessive
control-loop coupling across infrastructure layers.

|

AUTHORS: CH, KE, SA, KR 15



L o
D_\' Large Load Oscillations | Main White Paper ‘ Uti | icast

DUQUESNE LIGHT CO.

In future vitality-aware infrastructure operations, reserve margin may therefore need to be evaluated not
only in megawatts, VARs, or inertia, but also in terms of adaptive survivability and synchronization
resistance.

The reserve concept also admits a complementary dissipative interpretation, but it should be treated as
a supplemental diagnostic rather than as another SVI dimension. The SVI dimensions measure capability
— the resources available to damp, observe, control, and recover. A complementary question is stress:
how much organized oscillatory activity the synchronized system is carrying, and whether that activity is
becoming more coherent across the grid.

Recent screening analysis suggests that the mean entropy-production or damping-dissipation rate is not,
by itself, a reliable universal early-warning metric. In saddle-node or voltage-collapse proximity, the
critical behavior may appear mainly in angle or voltage-like coordinates while mean damping dissipation
remains nearly flat. The more useful quantity appears to be the spectrum of instantaneous dissipation,
estimated from PMU or dynamic-simulation data as an aggregate measure of oscillatory stress.

This distinction is important for wide-area monitoring. A well-placed local PMU frequency channel
remains the strongest detector when the critical machine or bus is known. However, signed frequency
averages across an area can cancel when machines participate in an inter-area mode with opposite
signs. A dissipation-based aggregate, formed from nonnegative frequency-deviation contributions, is less
vulnerable to this cancellation and can preserve evidence of oscillatory stress that may be hidden in
signed aggregate frequency measurements.

Accordingly, the proposed entropy-production spectrum should be reported alongside SVI as a research-
supported diagnostic, not absorbed into the SVI weighted sum. High SVI together with a quiet dissipation
spectrum suggests strong capability with low oscillatory stress. Declining SVI together with a rising
spectral peak suggests that capability is eroding while organized oscillatory stress is increasing. This use
remains subject to further validation with utility-grade dynamic models, PMU data, measurement noise,
and comparison against established modal-monitoring methods.

6.6 Classical Stability versus System Vitality

Classical power-system stability theory remains one of the fundamental concepts of modern electrical
engineering. Small-signal stability, transient stability, voltage stability, frequency stability, and dynamic
stability assessments continue to provide essential tools for evaluating whether the grid can survive
disturbances while maintaining synchronism, acceptable voltages, and controllable operating conditions.

These methods remain essential and irreplaceable. However, the operating environment of modern
infrastructure systems is evolving rapidly. Large Al data centers, cloud-computing campuses, inverter-
based resources, battery systems, adaptive digital loads, and electronically coupled industrial facilities
increasingly introduce:

e rapid load variability,
e persistent oscillatory forcing,

e synchronized demand behavior,
|
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e nonlinear control interactions,

e continuously changing operating points,

e machine-speed control actions,

e and opaque internal dynamics that are not always observable by utilities or reliability coordinators.
At the same time, renewable generation introduces additional variability associated with:

e solarintermittency,

e wind ramps,

e weather-driven production changes,

e geographic correlation,

e and continuously evolving power-flow patterns.

Weather itself is also becoming an increasingly dominant operational factor affecting:

renewable production,

e coolingdemand,

e transmission capability,

e wildfire exposure,

e stormresilience,

e and infrastructure survivability.

Modern infrastructure increasingly operates within continuously evolving disturbance environments where
variability, synchronization pressure, renewable intermittency, inclement weather conditions, cyber-
physicalinteraction, and adaptive behavior become intrinsic characteristics of normal operation rather than
exceptional events. In this sense, future infrastructure increasingly behaves not as a contingency-driven
system, but as a persistently excited adaptive system. SVI expands the framework toward adaptive
operational survivability under evolving conditions. While stability determines whether the system survives
disturbance, the vitality determines whether the system remains capable of coherent adaptation while the
disturbance environment itself continues to evolve.

A system may therefore be:
e dynamically stable,
¢ small-signal stable,
e transiently stable,
while simultaneously becoming:
e operationally fragile,
e poorly observable,

e excessively synchronized,
|
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e orvulnerable to cascading degradation.

Comparative Framework: Classical Stability versus System Vitality

& Utilicast

Classical Stability Framework

System Vitality Index Framework

Stability around equilibrium

Adaptive survivability under evolving conditions

Primarily electromechanical

Cyber-physical and sociotechnical

Disturbances are discrete and
relatively infrequent

Disturbances are continuous, persistent, and structurally embedded in
normal operation

Focus on faults, outages, switching
events, and contingency response

Focus on persistent oscillations, renewable variability, synchronization
pressure, weather-driven volatility, and adaptive cyber-physical
interaction

Disturbances often treated as
independent contingencies

Disturbances increasingly correlated across infrastructure layers and
geographic regions

Binary or threshold-oriented

Continuous and multidimensional

Event-oriented

Condition-oriented

Evaluates stability margins

Evaluates vitality margins

Primarily local dynamic assessment

System-wide adaptive assessment

Assumes reasonably stationary
operating structure

Assumes continuously evolving operating structure

Focus on synchronism, damping,
and voltage recovery

Includes adaptability, recoverability, observability, flexibility, and
synchronization resistance

Model-centric

Operational-context-centric

Assumes known or bounded
dynamics

Accepts uncertainty, incomplete observability, and evolving behavior

Reactive after disturbance

Continuously adaptive during disturbance evolution

Evaluates survivability of individual
events

Evaluates survivability under persistent dynamic stress

Deterministic contingency
framework

Adaptive resilience framework

Optimization focused on efficiency
and reliability margins

Optimization focused on vitality preservation and adaptive survivability
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Figure 6. Classical Stability and System Vitality: A Two-Dimensional Operating Space with Volume 2, Appendix
C Scenario Trajectory

SVI therefore provides utilities, reliability coordinators, ISOs, market operators, and infrastructure planners
with a broader operational framework for evaluating:

e adaptability,

e synchronization resistance,
e observability quality,

e resilience margin,

e recoverability,

e operational diversity,

e and vitality reserve

under continuously evolving operating conditions.
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As infrastructure systems become increasingly software-driven, electronically coupled, and dynamically
adaptive, vitality-oriented assessment may become an increasingly important complement to traditional
stability analysis.

Once vitality can be quantified, the next practical question becomes operational: what actions should be
taken when vitality falls below acceptable levels, and what is the minimum-cost path to restore
compliance? This transition from assessment to decision support motivates the vitality optimization
framework introduced below. The objective is not merely to measure vitality, but to identify economically
efficient actions that preserve adaptive survivability while maintaining acceptable operational performance.

6.7 Vitality Optimization: From Assessment to Minimum-Cost Compliance

Sections 6.1 through 6.6 establish what SVI measures and why it matters. A natural operational question
follows: when SV s falls below the minimum threshold, what is the minimum-cost set of mitigation
actions that restores compliance? That question is an optimization problem, and its rigorous formulation
reveals insights that the assessment framework alone cannot provide.

The SVI optimization problem can be stated in two dual forms. The first maximizes SVI for a fixed investment
budget. The second — more useful for operators and regulators — minimizes investment cost subject to a
hard vitality constraint. In mathematical terms: find the u that minimizes cost, subject to the condition that
SVIging is atleast SV, ,damping score is at least Xp, .., and synchronization resistance score is at least
XSmin , which can be expressed in the following formulation:

min, cTu

subject to SVIginaiu) = SVInin »
Xp(w) = Xp,; >
Xs(w) = Xs,in
u € [0,1]”

where u €[0,1] is the decision vector of seven mitigation controlvariables. The superscript 7 means the vector
u lives in a 7-dimensional space — in other words, u has exactly 7 components, each of which is a number between
0 and 1. The notation [0,1]7 is shorthand for: [0,1] x [0,1] % [0,1] x [0,1] x [0,1] x [0,1] % [0,1]. Which simply means:
seven separate variables, each independently constrained to the interval from 0 to 1. The damping and
synchronization-resistance floors are imposed in addition to the aggregate SVI constraint. These two dimensions
map most directly to the physical instability mechanisms of concern. The weighted-sum index lets a deficit in one
dimension be offset by strength in another. A damping or synchronization-resistance score that is too low cannot
be safely compensated this way, so it is bounded explicitly.In this problem those seven slots are the seven
mitigation control variables:

1. uUggss — BESS active damping commissioning depth
2. Ugesync — workload desynchronization intensity

3. Upow @ — POW instrumentation fraction deployed
4. Uypc — MPC coordination level

________________________________________________________________________________________________________|
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5. Ugefer — workload deferral agreement percentage
6. Uyyo — VVO automation tier
7. u — learning program establishment

Thus, c is the cost vector — a list of seven numbers, one per control variable, representing how expensive each
mitigation action is in normalized investment units. For example, BESS commissioning costs 8.0 units, workload
desynchronization costs 1.5, establishing the learning program costs only 0.5, and so on. The expression
cTu (i.e., "c transpose u") is the dot product of the two vectors. It multiplies each cost by its corresponding
control level and adds them all up: ¢;-u; + C2-Uz + C3-U3 + ... + C7-U7

The Lagrangian dual of this problem produces a shadow price A* for the vitality constraint, where the asterisk
denotes the optimal value of A. This shadow price quantifies the marginal cost of tightening SVI,,,;, by one
unit—the regulator’s quantitative toolfor calibrating compliance thresholds with explicit knowledge of their
infrastructure cost. For the 600 MW Al campus baseline from Volume 2, Appendix B, the solved optimization
yields A* = 1.92: each 0.1-unit increase in SVI,;, requires approximately 0.19 additional normalized
investment units at the margin. Applied to three optimization methods — Sequential Quadratic
Programming for offline planning, Lagrangian relaxation with subgradient ascent for dual price analysis, and
Model Predictive Control for real-time rolling-horizon operation — the framework is fully developed with a
complete worked numerical example in Volume 2, Appendix D.

Three structuralinsights emerge from optimization analysis and carry direct operational implications. First,
workload desynchronization and learning program establishment have the highest cost-efficiency of all
available mitigation actions. These are behavioral and programmatic changes, not capital investments. Any
facility in a constraint-violated state should implement them immediately, independent of any broader
engineering program. Second, the vitality constraint has a measurable, finite shadow price; it is not a binary
pass/fail criterion but a continuous economic trade-off surface. Third, the multi-objective extension of the
optimization reveals that satisfying SVI,,,;,, = 5.0 for the baseline campus imposes approximately a 7.6%
reduction in peak Al training throughput, almost entirely from workload staggering (the #21% figure arises at
SVImin = 5.5, where full workload deferral activates) — the quantitative cost that the Al operator must weigh
against the reliability benefit. This number, derived from first principles, reframes SVI not as a regulatory
burden but as a negotiation instrument between utilities and large-load customers.

A 12-step MPC commissioning trajectory for the baseline campus demonstrates that SVI,,,;, = 5.0 can be
satisfied within five weeks of controlled implementation — well within the 90-day timeline that Volume 2,
Appendix B.9's operational decision table already requires for sub-threshold facilities (the baseline itself, at
SVlsna = 2.618 , lies in the more severe [2.0, 3.9] band). The optimal solution commits fully to the learning
program and deep workload desynchronization (95% of full staggering) — both near-zero capital cost — with
a token BESS commissioning (2% of rated modulation depth) required only by the damping sub-floor, at a
totalnormalized cost of 2.03. Workload deferral, POW expansion, MPC, and VVO remain in reserve for higher
thresholds. The resultis a final SV ¢ = 5.0.

Looking beyond the present formulation, most Al systems are trained primarily for performance, cost,
speed, prediction accuracy, or local optimization. Very few are explicitly trained to preserve damping,
diversity, recoverability, operational flexibility, or systemic resilience. This is an important gap. Future Al
systems that participate in infrastructure operations may require vitality-aware objectives: minimizing

________________________________________________________________________________________________________|
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synchronization risk, preserving damping, maintaining operational diversity, maximizing recoverability,
preserving flexibility, and avoiding systemic fragility.

The combination of Al, adaptive controls, and vitality assessment may lead to continuous vitality-estimation
systems capable of detecting degradation trends, identifying synchronization risk, estimating adaptive
margins, predicting cascading vulnerability, and recommending corrective actions before classical
instability emerges. Infrastructure systems need to optimize performance, economics, and efficiency only
inside a boundary that preserves acceptable vitality membership. For Al data centers, this may mean
workload scheduling that avoids synchronized ramps across campuses, BESS dispatch that smooths grid-
facing power, and cloud orchestration that treats grid condition as an operating constraint rather than an
externality.

6.8 Hierarchical Application of SVI in Utility Operations

While the System Vitality Index can be evaluated for an individual facility, transmission corridor, or operating
region, its operational value may emerge when implemented as a hierarchical assessment framework
spanning the entire power system. Modern electric grids are inherently hierarchical: measurements are
collected at substations, operating decisions are made at regional control centers, and reliability is
ultimately managed at the balancing-authority or interconnection level. A vitality-oriented assessment
should naturally follow the same organizational structure.

Rather than representing an entire transmission network with a single undifferentiated value, SVI may be
computed at multiple spatial scales. At the lowest level, individual substations, generating plants, large
dynamic loads, renewable facilities, or transmission corridors may each possess their own local vitality
assessment derived from available PMU, SCADA, point-on-wave, and operational data. These local indices
provide visibility into geographically localized degradation, allowing operators to identify emerging areas of
reduced damping, limited controllability, insufficient observability, or increasing synchronization pressure
before broader system impacts develop.

Regional SVI values may then be obtained by aggregating local vitality assessments across electrically or
operationally coherent areas. Such regions may correspond to transmission zones, operating districts,
balancing-authority regions, renewable development areas, metropolitan load centers, or other utility-
defined operational boundaries. Regional aggregation provides a dynamic picture of where vitality is
improving or deteriorating while avoiding excessive sensitivity to isolated local events.

Potentially, SVI may conceptually envision even a system-wide SVI, which is constructed by combining
regional vitality indices through an appropriate weighted aggregation. The weighting methodology should
reflect operational significance rather than simple geographic size. Possible weighting factors include
regional demand, criticalinfrastructure concentration, transfer capability, reliability importance, generation
contribution, or other utility-specific planning criteria. This approach prevents localized disturbances from
disproportionately influencing the vitality assessment of an otherwise healthy system while ensuring that
degradation within strategically important regions is appropriately reflected in the overall system vitality.
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The resulting hierarchy enables operators to move naturally from a system-wide overview to progressively
finer levels of detail. A declining system SVI immediately identifies that adaptive capability is being lost
somewhere within the network. Regional indices identify the affected operating area, while local SVI values
reveal the specific facilities, corridors, or dynamic loads contributing most strongly to the reduction in
vitality. This hierarchical "drill-down" capability closely mirrors existing utility operational practices in which
abnormal system conditions are progressively localized before corrective action is initiated.

The hierarchical framework does not replace existing stability analysis, contingency evaluation, or
oscillation monitoring. Instead, it provides an additional operational layer that summarizes the adaptive
health of the system across multiple spatial scales. Conventional stability tools continue to answer whether
the grid remains dynamically secure under specified disturbances. Hierarchical SVI complements these
analyses by continuously indicating how much adaptive capability remains available throughout the system
and where that capability is being progressively eroded. In this sense, SVI functions less as another alarm
and more as a continuously evolving operational health indicator for the modern electric grid.

Provides a single

Level 1

vitality indicator for
System-wide SVI System SVI > the entire grid.
(Overall Grid Vitality) Used for strategic

Integrated vitality of the

entire power system situational awareness

and trend evaluation.
“ _

Highlights which

Level 2
Regional SVI Region A Region B Region C } operating regions
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This hierarchy enables continuous drill-down from the overall system view to the underlying drivers of vitality degradation,
supporting faster situational awareness and more targeted operational actions.

Figure 7. Conceptual vision of the Hierarchical SVI framework. Multi-scale visibility from local assets to
system-wide adaptive vitality. Illustrative figure developed by authors.
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7. Fuzzy Vitality Theory: Mathematical Reasoning for Adaptive
Infrastructure

Classical engineering analysis frequently relies on crisp thresholds and binary classifications: stable versus
unstable, secure versus insecure, acceptable versus unacceptable. However, modern Al-era infrastructure
systems rarely operate in sharply defined states. A power system may remain technically stable while
simultaneously becoming fragile, weakly observable, poorly damped, or vulnerable to synchronization
cascades. The concept of vitality is therefore inherently continuous, contextual, and probabilistic rather
than binary.

Fuzzy set theory provides a natural mathematical framework for describing these intermediate and partially
adaptive states. Instead of assigning a system to a rigid category, fuzzy logic allows partial membership in
multiple states simultaneously. A system may therefore be characterized as partially stable, moderately
adaptable, weakly observable, or highly synchronized with varying degrees of membership.

A detailed worked example of fuzzy vitality assessment applied to a large oscillatory Al-driven load is
provided in Volume 2, Appendix A. The appendix includes representative membership functions, fuzzy
inference rules, vitality aggregation concepts, and an example operational assessment workflow for large-
load oscillation analysis.

7.1 Fuzzy Vitality Representation

A generalized fuzzy vitality representation may be written as:

tsyr (x) € [0,1]
where p represents the degree of membership of the system state x in a healthy vitality condition. A value

close to 1 indicates strong vitality membership; a value close to 0 indicates weak vitality membership.
Intermediate values capture the reality that system health is often partial rather than binary.

Individual vitality dimensions may similarly be represented through fuzzy membership functions:
Up (x)= damping adequacy membership
U, (x) = adaptability membership
Ugr (x) = recoverability membership

Us (x) = synchronization-resistance membership

For example, instead of declaring that damping below a fixed threshold is categorically unacceptable, a
fuzzy representation allows gradualinterpretation: 2% damping may correspond to low vitality membership,
5% damping to moderate membership, and 10% damping to high membership. This is closer to real
operating practice, where the acceptability of one metric depends on the broader operating condition.

7.2 Fuzzy Inference Rules for SVI

A fuzzy-inference vitality framework can combine engineering measurements, operator judgment, Al
analytics, and uncertainty into interpretable rules. For example:
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IF damping is LOW AND synchronization pressure is HHGH AND observability is POOR, THEN system vitality
is VERY LOW.

IF adaptability is HIGH AND recoverability is HIGH AND learning capability is HIGH, THEN system vitality is
HIGH, EVEN IF disturbances are frequent.

These rules are not substitutes for physics-based analysis. They are a complementary decision layer that
allows the system operator to reason under uncertainty, incomplete information, and interacting risk
factors. This is especially relevant when large loads contain proprietary controls or programmatic behavior
that cannot be fully modeled in conventional stability cases.

7.3 Fuzzy SVI Aggregation
A fuzzy aggregation model can combine multiple fuzzy memberships into an overall SVI estimate:

Usyr (x) = F(up, lo » Ma, KR » Hes e s Hs 5 ML)

where Up, o, 1a, Ur, U Ue» Us » U, represent fuzzy memberships for damping, observability, adaptability,
recoverability, flexibility, controllability, synchronization resistance, and learning capability. The function F
may be implemented through weighted fuzzy aggregation, fuzzy inference systems, neuro-fuzzy models, or
domain-specific rule bases.

For an electric grid, this allows a more nuanced assessment than a single deterministic threshold. A system
with moderate damping may still have acceptable vitality if observability, adaptive control, and recovery
capability are strong. Conversely, a system with apparently adequate damping may have low vitality if
synchronization pressure is high, observability is poor, and customer-side controls are opaque.

7.4 Why Fuzzy SVI Matters for Al-Era Infrastructure

Fuzzy SVI is important because future grids will increasingly operate under uncertainty, incomplete
observability, evolving controls, non-stationary Al workloads, and nonlinear interactions among millions of
distributed intelligent devices. Classical deterministic thresholds remain necessary, but they do not fully
capture partial degradation, hidden fragility, or adaptive recovery capacity.

This represents a significant conceptual transition. Traditional engineering sought deterministic stability
around fixed equilibrium points. Future infrastructure may increasingly require probabilistic, adaptive, and
fuzzy vitality management for systems operating far from static equilibrium.

8. Observed Events and Measurement Lessons

The most important recent lesson is that the phenomenon is observable in real systems. PNNL describes an
October 25, 2024 ERCOT event where PMU data at 30 frames per second indicated a 7.5 Hz oscillation with
a peak-to-peak magnitude around 25 MW, while higher-resolution digital fault recorder data at
approximately 120 samples per second showed the true oscillation mode was about 23 Hz; a follow-up test
conducted on November 1, 2024 at reduced load measured the 23 Hz oscillation at approximately 50 MW
peak-to-peak. The conclusion is operationally significant: the monitoring system can understate both
frequency and magnitude if the measurement technology is not appropriate for the phenomenon.
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Figure 8. Same event as seen by higher-resolution waveform data. DFR data showed approximately 23 Hz and
50 MW peak-to-peak, demonstrating aliasing and attenuation in PMU-based observation of higher-frequency
oscillations. Source: PNNL-39191.

A separate body of work on Dominion Energy's grid describes 14.7-14.8 Hz oscillations emerging from a data
center. The value of that case is not merely the frequency; it is the demonstration that converter-rich
customer facilities can produce dynamics that are difficult to explain with traditional steady-state tools and
require collaboration between utility and customer.

These observations create a practical warning for interconnection policy: a utility cannot manage what it
cannot observe, and it cannot enforce a dynamic performance requirement if the measurement system
aliases or filters away the violation. Monitoring architecture is therefore a policy and compliance question,
not only an instrumentation question.

9. Existing Utility and Industry Responses

Current approaches are developing along several tracks. They include screening thresholds, more detailed
interconnection studies, voltage and frequency ride-through requirements, ramp-rate limits, oscillation
maghnitude limits, power factor requirements, telemetry obligations, and post-energization performance
validation. These approaches are similar in spirit to the evolution of inverter-based generation requirements:
as the equipment becomes material to bulk-system reliability, voluntary behavior gives way to measurable
performance obligations.

9.1 Planning and interconnection studies

A large-load study package increasingly needs to include more than load flow and short circuit. Depending
on size and location, it may require transient stability, small-signal stability, EMT, harmonic analysis, flicker
evaluation, motor-start or process-start studies, protection coordination, UFLS/UVLS interaction
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assessment, and dynamic model validation. The study should not assume that the load is a constant P/Q
block unless there is evidence that the grid-facing behavior is actually controlled to that envelope.

9.2 Performance envelopes

Utility performance envelopes translate dynamic behavior into enforceable requirements. Examples include
maximum MW variation over a specified time window, maximum ramp rate above a deadband, no-trip
voltage and frequency ride-through curves, reactive power or power factor ranges, harmonic limits,
oscillation magnitude limits, and telemetry and monitoring obligations. The most valuable criteria are
technology-neutral: they do not dictate how the customer must comply, but they define what the grid is
allowed to see at the point of interconnection. Emerging frameworks may also incorporate cumulative
vitality compliance metrics. The Vitality Deficit Integral (VDI), defined formally in Section 11.3.2,
accumulates only the periods when SVI falls below its minimum threshold, producing a fatigue-style metric
expressed in hour-SVI-point units. A utility could specify, for example, that VDI shall not exceed a defined
limit over a 24-hour or 30-day window — analogous to a cumulative energy-imbalance penalty — giving a
contractually measurable obligation that is impossible to satisfy by gaming a point-in-time snapshot.

9.3 NERC gap assessment and future registered obligations

NERC's 2026 gap assessment concluded that existing Reliability Standards and practices are not sufficient
in all cases to address risks posed by emerging large loads. It recommends pursuing new registered entity
concepts or functions, standard authorization requests, improved interconnection procedures, better
modeling, collaboration with large-load entities, and regulator engagement. The direction is clear: large
loads that can materially affect the BPS may eventually face more formal reliability obligations.
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Figure 9. Reliability risk mitigation portfolio. The large-load issue is moving from ad hoc engineering concern
toward formal reliability-risk governance. Source: NERC Assessment of Gaps in Existing Practices,
Requirements, and Reliability Standards for Emerging Large Loads.

10. Forecasting, Voltage Scheduling, and Model Availability

The emerging large-load problem is not only a dynamic-stability question. It also affects day-ahead, hour-
ahead, and real-time operations. Load forecasting is becoming a first-order reliability concern. Poor
forecasts affect unit commitment, reserve procurement, transmission congestion management, market
settlement, resource sufficiency, and balancing-area control. ISOs and some electrical utilities are already
expressing significant concern regarding large-load forecasting, and that concern is justified: a data-center
forecast error can propagate across almost every operational and planning function.

Forecasting for Al campuses is different from traditional weather-normalized load forecasting. The load may
depend on workload schedules, cloud-customer demand, training-job timing, maintenance events, cooling
optimization, market signals, and internal automation. Some of these drivers are external to the utility and
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may be proprietary to the customer. This creates a mismatch between the utility's need for operational
predictability and the customer's need for commercial flexibility and confidentiality.

Transmission voltage scheduling and volt/VAR optimization are similarly affected. A tool that maintains
voltage schedules and coordinates reactive resources can help utilities remain within reliability margins
during large load ramps, partial outages, UPS transfers, or rapid changes in data-center operating mode.
Theissue is especiallyimportantin weak areas where reactive-power swings and voltage sensitivity are high.

Transient stability analysis is also complicated by the limited availability of customer-side models. Large-
load control systems are often programmatic, proprietary, and frequently updated. There are currently
limited NERC requirements compelling a large-load entity to share validated and current dynamic models
with TOPs or RCs. This can leave utilities attempting to evaluate voltage or frequency performance using
incomplete assumptions about customer controls, trip logic, UPS behavior, and internal load-rejection
schemes.

Forecasting Voltage Scheduling Stability Studies Operations
commitment L VAR dispatch ) transient — alerts
reserves tap/cap control small-signal curtailment
market schedules voltage profiles EMT/harmonics customer actions

Figure 10. Operational consequences of large-load forecast and model uncertainty. Forecast errors, voltage
schedules, stability assessments, and real-time operations become coupled when very large loads are fast and
programmatically controlled.

11. Monitoring: PMUs, Point-on-Wave Data, and Wide-Area
Analytics

The measurement question is central. SCADA is typically too slow for oscillation analysis. PMUs are
excellent for time-synchronized wide-area visibility, frequency, phase angle, and low-frequency
electromechanical oscillations. However, PMUs are not a universal waveform recorder. Their reporting rates
and filters can attenuate or alias higher-frequency behavior. Point-on-wave measurements and digital fault
recorders capture richer signal content, but they create data-volume, communications, storage, and
analytics challenges.

The correct architecture is therefore hybrid. PMUs should continue to provide system-wide low-frequency
visibility. Local waveform devices should capture high-frequency and sub-synchronous content. Edge
analytics canreduce data volumes by extracting oscillation metrics, event triggers, spectra, and compliance
indicators locally before forwarding summarized data to centralized systems.
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Figure 11. Measurement bandwidth matters. PMU filter and sampling choices can significantly attenuate
higher-frequency components. Source: PNNL-39191.

11.1 Oscillation source location

Source location is often more difficult than detection. A PMU at one location may see an oscillation
propagated from a remote source, and the largest measured amplitude is not always the source. Modern
methods include dissipating energy flow, mode-shape analysis, forced-oscillation source localization,
spectral coherence, Prony analysis, dynamic state estimation, and machine-learning classification. NASPI
and NERC have documented operating tools for source localization of sustained oscillations, and these
tools should be adapted to large-load applications.

11.2 From monitoring to operating procedures

Monitoring is only valuable if it leads to action. Utilities should develop procedures that specify when to
contact the customer, when to require load reduction, when to change topology, when to adjust reactive
resources, when to arm remedial action, and when to declare an operating limit violation. The thresholds
should be designed so operators can act before oscillations become protection or stability events.

11.3 Real-Time SVI Monitoring and Cumulative Vitality Stress

The monitoring architecture described in Sections 11.1 and 11.2 —hybrid PMU plus point-on-wave coverage
feeding automated oscillation analytics and operator procedures — is a necessary but not fully sufficient
operational capability for Al-era infrastructure. The SVI framework developed in Sections 6 and 7 and
quantified in Volume 2, Appendix B reveals why: Al-era infrastructure can remain technically stable in the
classical sense while simultaneously experiencing gradual deterioration in damping reserve, observability
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quality, synchronization resistance, or adaptive control capability. No single threshold alarm captures that
composite condition. The transition from event-driven monitoring to continuous vitality-aware monitoring is
therefore the logical operational extension of the SVI framework.

Classical stability assessment is event-driven: an operator studies whether the system can survive a defined
contingency, fault, or modeled disturbance. Al-era infrastructure, however, operates under persistent
dynamic excitation where oscillatory behavior, renewable variability, synchronization pressure, and cyber-
physical interaction become continuous characteristics of normal operation rather than discrete
departures from it. A system that survives every individual contingency can still accumulate progressive
vitality erosion across multiple dimensions simultaneously. This motivates the concept of real-time SVI
monitoring combined with cumulative vitality metrics.

11.3.1 Vitality Reserve Margin

The concept of vitality reserve introduced in Section 6 extends naturally into real-time operations through a
vitality reserve margin analogous to operating reserve, voltage stability margin, transient energy margin, or
reactive reserve. Drawing directly on the SVI(t) expression above, the vitality reserve margin at time t is

VR(t) = SVI(t) = SVl i

where SVl,i, is the minimum acceptable vitality threshold (5.0 on the 0-10 scale in the worked example of
Volume 2, Appendix B.8). Positive VR(t) indicates headroom; negative VR(t) indicates a vitality deficit
triggering the constraint conditions of Section 6.7’s vitality-constrained optimization. Operators and system
operators tracking VR(t) gain a running view of how much adaptive margin remains, analogous to the margin
metrics that have long been standard for voltage and thermal security.

11.3.2 Cumulative Vitality Stress and Vitality Deficit Integral

An instantaneous value alone may not fully characterize operational risk. Short-duration vitality degradation
may be acceptable; prolonged operation under marginal vitality conditions may progressively weaken
infrastructure resilience in ways that do not manifest in any single snapshot. This motivates two
complementary integral measures whose mathematical structure parallels measures already familiar in
reliability engineering.

The first, the Cumulative Vitality Stress (CVS), accumulates all below-unity normalized vitality over an
evaluation window of length T:

T
CVS(T) = fo ¢! —SS\\/’IIIE?X) dt

where SVlax is the maximum attainable vitality score (10.0 on the normalized scale). CVS(T) is always non-
negative and grows whenever the system operates below its theoretical maximum vitality, penalizing
sustained degradation regardless of whether the formal threshold SVl,, has been breached. This is
conceptually analogous to cumulative thermal aging in transformer insulation, where the Arrhenius aging
integral accumulates across every hour of elevated temperature even if the instantaneous temperature
never triggers an alarm.
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The second, the Vitality Deficit Integral (VDI), accumulates only the below-threshold exceedances, focusing
attention on periods when SVI(t) has fallen into the constraint-violation region identified in Volume 2,
Appendix B.9:

T
VDI(T) = f max(0, SVl — SVI(Y) dt
0

The max(0, -) term keeps the integrand non-negative, so the integral is zero whenever SVI(t) = SVl ,;, and
grows only during violations: VDI(T) is a fatigue-accumulation measure. The analogy to transient energy
margin is direct — VDI accumulates exposure to below-threshold vitality just as transient energy methods
accumulate kinetic and potential energy during a fault-on trajectory. A utility might specify a maximum
acceptable VDI over a 24-hour or 30-day window in large-load interconnection agreements, providing a
contractually measurable compliance metric that goes beyond point-in-time snapshots.

11.3.3 Synchronization Pressure as a Continuous Vitality Indicator

Sections 3.3, 6.1, and 12.6 establish that synchronization resistance (the S dimension of SVI) is one of the
most novel risk factors introduced by Al-era infrastructure. Real-time vitality monitoring elevates
synchronization resistance from a design-time assessment to a continuous operational metric. Traditional
power systems benefited from statistical diversity: independent customer behavior naturally damped
aggregate variation. Al-era infrastructure may erode that diversity through synchronized training workloads,
coordinated cloud orchestration, market-driven automation, correlated renewable behavior, and common
algorithmic response patterns. The result is an increase in synchronization pressure that may not
immediately produce instability but may substantially reduce VR(t) and accelerate VDI accumulation before
a classical instability event becomes visible in conventional SCADA or PMU alarms.

Practical indicators of synchronization pressure include the spectral coherence between load profiles at
multiple large campuses, the cross-correlation of Al workload ramp events across geographic regions, and
the degree to which forced-oscillation source localization (Section 11.1) detects multiple co-located or
temporally aligned sources. Embedding synchronization pressure metrics in the real-time SVI(t) calculation
allows the S-dimension score to fall as cross-campus coherence rises, feeding VR(t) and VDI(T) before a
forced oscillation reaches threshold magnitude.

11.3.4 Real-Time Vitality Analytics Architecture

A practical vitality-monitoring architecture builds directly on the hybrid measurement platform described in
Sections 11 and 11.1. PMUs provide time-synchronized wide-area input for damping and observability
scores. Point-on-wave measurements and digital fault recorders supply the high-frequency content needed
to score sub-synchronous oscillation behavior. SCADA telemetry and EMS applications feed flexibility and
controllability metrics. Al workload forecasts and weather forecasts contribute to the adaptability and
learning scores. Oscillation analytics pipelines provide real-time damping ratio estimates that populate the
D-dimension score in SVI(t).

These inputs feed a vitality computation engine that updates SVI(t), VR(t), CVS(T), and VDI(T) on appropriate
intervals — seconds for instantaneous vitality and reserve margin, minutes to hours for the cumulative
integrals. Outputs are presented to operators and system operators on WAMS or EMS displays alongside

conventional stability indicators. When VR(t) approaches zero or VDI accumulation exceeds an agreed
|
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threshold, the system generates operator advisories or initiates the procedures defined in Section 11.2. The
objective is not to detect instability after it occurs but to identify degrading vitality before classical instability
becomes visible in conventional monitoring.

11.3.5 Operational Value and Connection to the SVI Roadmap

Real-time SVI monitoring closes a gap that exists between the theoretical SVI framework of Sections 6-7 and
the operational roadmap of Section 17. The SVI framework answers the question of what to measure and
why. Section 17’s roadmap answers the question of what to build and in what sequence. Section 11.3
answers the question of how SVI lives continuously in a control room. Specifically, it establishes that SVI(t)
and VR(t) are appropriate real-time display quantities for WAMS and EMS consoles; that VDI(T) is an
appropriate compliance metric for large-load interconnection agreements; and that synchronization
pressure, derived from cross-campus spectral coherence and workload correlation, is the most novel
continuous indicator the Al era requires.

Traditional grid operations focused on maintaining stability after disturbances; the procedures of Section
11.2 embody that model. Future operations under Al-era infrastructure will increasingly need to preserve
vitality continuously while the disturbance environment itself evolves dynamically. The CVS and VDI
formulations introduce a fatigue-accumulation concept that has no precise equivalent elsewhere in current
utility practice but is already familiar to the reliability-engineering community through thermal aging,
transient energy margin, and cumulative fatigue in mechanical systems. Embedding these measures in
control-room operations represents the natural next step from the SVI framework to operational practice.

12. Modern and Promising Control Approaches

The long-term solution is not a single device or criterion. Itis a layered control architecture that coordinates
the grid-facing behavior of large loads with utility monitoring and operating requirements. The most
promising approaches combine local load controls, energy buffering, damping-oriented converter controls,
adaptive protection, predictive analytics, voltage/VAR optimization, and contractual performance
obligations.

A useful way to frame the problem is as a hierarchical multi-timescale control system. Fast inner-loop
converter and UPS controls operate on millisecond timescales; campus energy management and BESS
coordination operate on second-to-minute timescales; workload orchestration and utility dispatch
coordination operate on minute-to-hour timescales. Instability can emerge when these layers interact
without sufficient damping, bandwidth separation, impedance shaping, or supervisory coordination.

Future architectures will likely require explicit dynamic-performance objectives at the point of
interconnection, including bounded spectral content, ramp-rate envelopes, reactive-power response
characteristics, ride-through coordination, and oscillation damping performance. In this framework, large
loads become semi-autonomous grid participants whose control behavior must be validated similarly to
inverter-based resources or HVDC systems.
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Figure 12. Layered control architecture for dynamic large loads. A useful architecture separates workload
scheduling, campus energy management, power-electronic controls, protection logic, and utility WAMS/EMS
functions.

12.1 Grid-facing load envelope control

A data center can internally vary without forcing the grid to see the same variation. Grid-facing envelope
control uses local measurement, workload coordination, UPS/BESS dispatch, cooling inertia, and possibly
data-center job scheduling to maintain abounded power profile atthe point of interconnection. The concept
is similar to plant-level controls for wind and solar plants: individual internal components may fluctuate, but
the plant controller manages the aggregate grid interface. The local buffering and ramp-rate controlin Figure
13 is anillustrative conceptual representation of local-buffering effect; not measured field data. The curves
show synthetic dynamic-load profile (220 MW base, ~10 s periodicity, 25 MW p-p with additive noise) and
its grid-facing response after a first-order BESS/ramp-rate smoothing filter.
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Figure 13. Local buffering and ramp-rate control. Local energy buffering and ramp-rate control can reduce the
grid-facing oscillatory profile without eliminating internal workload dynamics. Illustrative figure developed by
authors.

12.2 Battery energy storage and DC-side buffering

BESS can be used for more than backup power or peak shaving. Properly controlled, it can provide fast
smoothing, ride-through support, synthetic inertia-like response, and damping. For Al campuses, a key
design question is whether buffering should occur at AC medium voltage, UPS/DC bus level, rack level, or
through a hybrid architecture. AC-coupled BESS is easier to interface with utility controls; DC-side buffering
may be more efficient for compute dynamics but requires tighter integration with facility electrical design.

12.3 Modern control theory

Classical PI controls may be adequate for many local tasks, but they are not always sufficient for multi-
variable, constrained, and fast systems. Model predictive control can explicitly manage ramp limits, state-
of-charge, thermal constraints, voltage schedules, and grid support obligations over a receding time
horizon. Robust H-infinity control can address model uncertainty and changing grid strength. Adaptive
control can retune behavior as operating conditions change. Passivity-based and impedance-shaping
methods are particularly relevant for converter-rich facilities because they focus on stable interaction at the
interface between the facility and the grid.

12.4 Al-assisted controls and analytics

Al should be used carefully. It should not be an opaque autonomous operator for critical protection actions.
However, it can be valuable for anomaly detection, event classification, oscillation clustering, workload
forecasting, predictive maintenance, voltage-schedule assistance, and operator decision support. Al
models can also help infer whether a detected oscillation is likely load-originated, generation-originated,
topology-related, or measurement-related.
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12.5 Workload scheduling as a grid reliability resource

One of the most powerful but least developed tools is workload scheduling. Some Al workloads are time-
sensitive, but others can be shifted by minutes or hours. If a data center can coordinate training jobs with
grid conditions, it can reduce stress during weak-grid conditions, avoid simultaneous ramps across
campuses, and provide demand flexibility. This requires a new interface between utility operations and
digital infrastructure operations. Research by Ko, Zhu et al. (2025) characterizes through simulation on the
WECC 179-bus system how large-scale Al workloads act as wide-area oscillatory forcing inputs, and shows
that workload fluctuation characteristics directly govern oscillation magnitude and pseudo energy at the
grid interface [arXiv:2508.16457]; companion work on power stabilization for Al training data centers
demonstrates that fluctuation suppression and active damping at the facility can materially reduce these
quantities, supporting the case for workload scheduling as a reliability resource.

12.6 Controlled Desynchronization as a Reliability Principle

One of the most important future mitigation principles may be controlled desynchronization. In tightly
coupled digital infrastructure, synchronized behavior can amplify oscillations, reduce natural damping, and
create coherent forcing signals across geographically distributed facilities. Future large-load coordination
frameworks may therefore intentionally introduce diversity in workload timing, ramp trajectories, cooling
cycles, dispatch intervals, or internal control responses to prevent coherent oscillatory behavior.
Geographic distribution reduces coherent forcing only if accompanied by workload desynchronization —
dispersed but synchronized campuses can excite multiple modes simultaneously, so siting decisions still
require modal analysis.

Controlled desynchronization does not imply random or uncontrolled operation. It is an engineered strategy
for reducing correlation and common-mode dynamic response. Examples may include randomized Al
training-job initiation windows, staggered GPU synchronization intervals, probabilistic workload scheduling,
geographically distributed batch phasing, adaptive ramp-rate offsets, or intentionally decorrelated BESS
dispatch profiles.

Similar principles already exist in internet congestion control, swarm systems, biological ecosystems,
packet-routing algorithms, and financial circuit-breaker design. In power systems, controlled
desynchronization may become a practical method for preserving damping margins and reducing the
probability that multiple large campuses inject energy into the same oscillatory mode simultaneously. This
concept aligns naturally with SVI because synchronization resistance is itself a vitality metric.
Desynchronization sharply raises the Synchronization Resistance dimension and reduces forced-oscillation
energy with little or no capital hardware, relying mainly on scheduling and control logic. This is why
synchronization ranks as a high-return defense and why it is the lever that moves the S axis outward on the
vitality radar.
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Figure 14. Controlled desynchronization as the highest-ROI defense. The before/after traces show extreme
coupling collapsing into a controlled, low-amplitude profile. lllustrative figure developed by authors.

13. Protection, Ride-Through, and Standards Evolution

Protection systems are designed to separate faulty equipment from the grid. They are not designed to make
coordinated economic or stability decisions unless explicitly engineered as remedial action schemes. Large
dynamic loads create new questions: Should a data center trip for voltage sags that generators or IBRs are
required to ride through? Should many loads share identical under-voltage thresholds? Should UPS logic
transfer in a way that creates a larger system imbalance? What settings must be disclosed to the
transmission planner and balancing authority?

Future large-load interconnection requirements will likely include disturbance ride-through curves,
frequency and voltage trip-setting disclosure, dynamic model submission, post-energization validation,
telemetry requirements, and potentially load-shedding coordination obligations. The principle is fairness
and reliability: if a load is large enough that its behavior affects other customers and the BPS, it should meet
measurable grid performance obligations.
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Adaptive protection is promising but must be implemented conservatively. PMU-informed logic can change
blocking thresholds, detect islanding, supervise out-of-step tripping, or arm remedial action. But adaptive
protection also introduces cyber, validation, and human-factors risks. The industry should start with
transparent, limited-scope adaptive schemes before moving toward fully automated wide-area protection
changes.

14. Cross-Industry and Socioeconomic Parallels

The comparisons presented in this section are heuristic analogies intended to illuminate recurring patterns
of adaptation, synchronization, resilience, and systemic fragility. They should not be interpreted as direct
physical equivalence to power-system behavior.

The large-load oscillation problem is part of a broader pattern in modern society: systems become faster,
more tightly coupled, more software-driven, and less naturally damped. In financial markets, algorithmic
trading created flash-crash dynamics where feedback loops operate faster than human intervention. In
social media, recommendation engines synchronize attention and amplify cascades. In supply chains, just-
in-time design can amplify small demand changes into large production swings. In traffic networks, small
disturbances can form shockwaves when vehicles are tightly coupled and reaction times are delayed.

The common engineering structure across these systems includes high-gain feedback, reduced diversity,
short control-loop latency, nonlinear thresholds, correlated response logic, and insufficient damping.
System fragility emerges when many independent actors respond to the same optimization signal with
insufficient temporal or structural diversity.

The corresponding mitigation principles are also structurally similar across domains: improve observability,
increase buffering capability, preserve operational diversity, slow or shape high-speed feedback loops,
implement circuit breakers and guardrails, validate dynamic models continuously, and coordinate
distributed controls without forcing complete synchronization.

The modern world adds additional classes of fast disturbance. Commodity prices can swing rapidly after
wars, sanctions, shipping disruptions, weather events, or policy announcements. Cyber vulnerabilities can
propagate across digital infrastructure faster than institutional response mechanisms can mobilize.
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Figure 15. Large-load oscillation as one example of fast coupled adaptive systems. The shared issue across
grid, financial, social, commodity, supply-chain, and digital systems is fast feedback and synchronization
without sufficient damping or governance. lllustrative figure developed by authors.

14.1 Common stabilizing mechanisms across systems
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The lesson is that fast-changing systems require damping, observability, flexibility, and adaptive control. In
financial markets, trading halts and circuit breakers temporarily slow destabilizing feedback loops and help
restore orderly price discovery. In electric grids, reserves, damping controls, protection systems, controlled
separation, and remedial action schemes serve different technical functions but a similar systemic
purpose: preventing local disturbances from escalating into uncontrolled system-wide instability. In supply
chains, inventory buffers function like operating reserves. In social systems, trusted institutions provide
damping by slowing panic and filtering noise. In biological systems, genetic diversity creates resilience. In
the grid, inertia, reserves, PMUs, adaptive controls, and flexible loads serve analogous stabilizing functions.

A system survives disruption not by preventing all change, but by detecting change quickly, absorbing it
locally, preventing harmful synchronization, and adapting before instability becomes systemic.

15. Evolutionary and Biological Analogies

The evolutionary and biological comparisons presented in this section are likewise heuristic analogies
intended to illuminate recurring patterns of adaptation, synchronization, resilience, and systemic fragility.
They should not be interpreted as direct physical equivalence to power-system behavior.

Evolution provides a useful analogy for grid modernization. Natural systems survive disruption through
several mechanisms.

First, they maintain diversity. A biologically diverse ecosystem is more resilient because not every organism
responds to stress in the same way. Similarly, a power system with diverse resources, diverse controls,
geographically distributed flexibility, and varied response characteristics is less likely to experience
synchronized failure.

Second, natural systems maintain redundancy. Multiple pathways allow function to continue when one
pathway fails. In the grid, redundancy appears as transmission topology, reserve margin, backup protection,
storage, demand response, and black-start capability.

Third, nature uses local response. Organisms and ecosystems do not wait for a central controller to approve
every action. They respond locally and rapidly. Future grids will need similar distributed intelligence at
substations, data centers, inverters, and protection devices.

Fourth, evolution does not optimize for a single perfect condition. It favors adaptability across changing
conditions. This is a critical lesson for utilities. A grid optimized only for today's peak load or today's dispatch
may be fragile tomorrow. Resilience requires optionality, headroom, and adaptive capability.
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Finally, nature learns through selection. Failed strategies disappear; successful strategies propagate. The
power industry needs a controlled version of this evolutionary process: continuous measurement, event
analysis, model validation, operating experience, and rapid updating of interconnection criteria.

The future grid should be designed less like a rigid machine and more like an adaptive ecosystem.

16. Strategic Implications for Utilities and Infrastructure Operators

Addressing the large dynamic load challenge requires utilities, system operators, and planning
organizations to combine power-system fundamentals with modern analytics and practical operations
experience. The gap in current industry practice is not simply writing new interconnection rules. The more
fundamental gap is building a complete dynamic large-load integration capability: criteria, studies, models,
telemetry, operating procedures, customer agreements, compliance monitoring, and forward-looking
controls.

Key technical program areas include dynamic large-load interconnection assessment frameworks; load
oscillation risk assessment; PMU/POW monitoring architecture; utility criteria development; adaptive
protection review; Al-assisted operations roadmap; forecasting and voltage-scheduling support; and
customer collaboration models. Future development of the Vitality Framework may include contingency-
based vitality assessment, where SVl is evaluated under N-1 and N-k scenarios to quantify post-contingency
vitality reserve and identify operating states that remain stable yet exhibit reduced adaptability and
resilience.

Electrical utilities, ISOs, RTOs, and market operators should be able to move from reactive case-by-case
interconnection review to a repeatable dynamic-load integration practice. That transition is timely because
the industry is still forming its standards on the subject of this paper, and utilities need actionable
engineering now.

17. Recommended Technical Roadmap

A practicalroadmap should proceed in phases. The purpose is to move from ad hoc large-load review toward
a repeatable program covering screening, studies, data requirements, monitoring, operations, advanced
controls, and compliance validation.

Phase Focus Deliverables

1. Screening Identify high-risk projects early MW threshold, grid-strength screen,
location sensitivity, dynamic data
request

2. Study specification Define required analyses Load-flow, short circuit, transient,

small-signal, EMT, harmonic, flicker,
ride-through

3. Model and data requirements Avoid black-box load assumptions Validated dynamic models, controller
descriptions, trip settings, ramp
envelopes

4. Forecasting and voltage scheduling Integrate large loads into operations Forecast exchange, load uncertainty
ranges, volt/VAR schedule automation

5. Monitoring architecture Measure what criteria require PMU/POW/DFR design, bandwidth

criteria, data retention, event triggers
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6. Operating procedures Convert visibility into action Alert thresholds, customer notification,
curtailment procedures, RAS/SPS
coordination

7. Advanced controls Mitigate dynamically BESS smoothing, MPC, damping
controls, workload scheduling, adaptive
protection supervision

8. Compliance and validation Close the planning-operation loop Post-energization testing, periodic
validation, model updates, performance
reports

18. SVI-Based Al Decision-Support Architecture

The SVI framework produces two complementary real-time signals: the instantaneous index SVI(t),
capturing the system’s present vitality and its drivers, and the integral measures CVS(T) and VDI(T), which
accumulate the depth and duration of degradation. Together they form a natural substrate for an Al-assisted
decision-support system (DSS): the instantaneous channel answers “how healthy is the system now, and
why,” while the integral channel answers “how much stress has accumulated, and when will limits be
breached.” The dynamic scenario of Volume 2, Appendix C illustrates the value: VDI monitoring projected a
contractual breach att = 37 min — 26 minutes before the classical alarm att = 63 min.

The proposed five-layer architecture uses both instantaneous and integral SVI to derive the support
recommendation. Layer 1 aggregates PMU/WAMS oscillation telemetry, SCADA/EMS grid state, and data-
center telemetry. Layer 2 automates dimension scoring: D, O, A from modal estimation; R, F from asset and
reserve models; ML classifiers for C, S, L. Layer 3 recomputes SVI(t) every PMU reporting cycle. Layer 4 splits
into the instantaneous channel (band classification, dimension decomposition) and the integral/forecast
channel (one-sided CVS/VDI accumulation per Section 11.3, trajectory forecasting, projected breach
times). Layer 5 runs the rolling-horizon MPC of Volume 2, Appendix D.5 to generate ranked, costed
mitigations with shadow-price justification (A*).

The forecast channel must report uncertainty, not point estimates. Each projected breach time should carry
confidence bounds derived from the forecast error distribution, and advisories should trigger on a
conservative quantile — for example, the earliest credible breach time — rather than on the expected value.
Calibrating this trigger is the principal tuning decision of the DSS: it sets the trade-off between early-warning
lead time and false-alarm rate, and ultimately determines operator trust.

Because SVI(t) inherits the quality of its inputs, the architecture must degrade gracefully when telemetry
does not. Dimension-level data-quality flags, plausibility checks, and last-good-value holds with explicit
staleness indicators prevent corrupted PMU streams or data-concentrator dropouts from masquerading as
vitality changes — the measurement lessons of Section 11 apply directly. A dimension scored from
degraded data should be displayed as such, and persistent loss of data quality should itself raise an
advisory.

Deployment is staged: (i) an advisory real-time dashboard; (ii) predictive operation adding breach
forecasting; (iii) optimization-backed recommendations. The system is strictly advisory (open-loop),
consistent with operator accountability and NERC practice; external validation of SVI weights and rubrics
remains a deployment prerequisite. The additive SVI structure provides inherent explainability — every alert
decomposes into auditable dimension contributions, a practical advantage over opaque end-to-end ML

alternatives.
|
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Field validation precedes operational reliance. A pilot deployment should measure the lead-time
distribution of VDI-based advisories relative to classical alarms, the false-positive and missed-event rates,
and operator acceptance of the recommendations issued. Graduation between the three deployment
phases should be criteria-based: advancing from dashboard to predictive operation only after forecast
calibration has been demonstrated over a defined observation period, and to optimization-backed
recommendations only after recommendation quality has been benchmarked against actual operator
actions.

' ~
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. >
f ) advisory /
Advisory Decision Engine (Layer 5) O"%’;"/';"’p
rolling-horizon MPC (Appendix D.5): ranked mitigations, shadow prices A*, cost-to-comply
— =
) / \ .
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edrly-warning
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dimension decomposition (top drivers) SVI trajectory forecast (15-30 min)
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Figure 16. SVI-based Al decision-support architecture: instantaneous and integral vitality channels feeding an
advisory MPC decision engine; all outputs are open-loop operator recommendations. Illustrative figure
developed by authors.

19. Conclusions

Large dynamic loads are changing the reliability problem. The industry has spent decades refining tools for
generator stability, transmission adequacy, and conventional load forecasting. Those tools remain
essential, but they must now be expanded to address grid-facing behavior from software-driven demand.
|
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The central conclusion is that very large Al and electronically coupled loads should be treated as active
participants in grid reliability. They require dynamic models, performance envelopes, ride-through behavior,
measurement systems capable of seeing the relevant frequency ranges, and controls that manage the
power profile at the point of interconnection.

The rise of Al data centers and other large dynamic loads is not simply a new interconnection challenge. It is
asign thatthe electric grid is entering a new phase of its evolution. For most of the twentieth century, power-
system reliability was built around large synchronous machines, predictable demand, slow controls, and
centralized planning. That architecture was remarkably successful. But the twenty-first-century grid is
becoming faster, more electronic, more distributed, more automated, and more exposed to disturbances
that originate outside traditional utility planning assumptions.

Al data centers are particularly important because they convert information dynamics into electrical
dynamics. A training workload, an optimization algorithm, or a cloud-computing process can become a real
physical disturbance on the grid. In this sense, the boundary between the digital world and the electrical
world is disappearing.

The correct response is not to resist technological growth. The correct response is to modernize the
mathematical, operational, and institutional tools used to manage it. Future reliability will depend on the
ability to observe, model, predict, and control dynamic behavior in real time. This requires a new technical
foundation based on nonlinear system theory, modal analysis, stochastic processes, robust control, model
predictive control, network theory, synchrophasor analytics, adaptive protection, and Al-assisted
operations.

The System Vitality Index extends this conclusion. Classical stability remains essential, but future
infrastructure increasingly requires a broader framework for adaptive survivability. A system that is stable
under a single modeled contingency may still be operationally fragile if it lacks observability, damping
capability, flexibility, recoverability, adaptive controls, model fidelity, or resistance to synchronized
behavior.

SVI provides a way to translate this broader concern into an engineering and operational framework. It asks
whether a grid, region, utility, market operator, or large-load interconnection can remain coherent while
adapting to persistent disturbance, uncertainty, software-driven behavior, and structural change. System
vitality is not determined by one number. It is achieved by following the ROAD—Recoverability,
Observability, Adaptability, and Damping—supported by Controllability, Flexibility, Learning, and
Synchronization Resistance.

Al itself is central to this framework because it is simultaneously a source of vitality risk and a potential
vitality engine. Poorly governed Al can synchronize loads, optimize away resilience margins, amplify
cascades, andincrease coupling across infrastructure layers. Properly designed Al can improve forecasting,
detect oscillations, assist voltage scheduling, support adaptive controls, preserve damping margins, and
help operators identify degrading vitality conditions before instability becomes visible through conventional
tools.

Vitality reserve represents intentionally preserved systemic adaptability. Examples may include maintaining
unused ramping flexibility, preserving workload scheduling diversity, retaining additional reactive capability,
maintaining observability redundancy, preserving operator intervention authority, geographically
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distributing synchronized compute activity, or limiting excessive coupling between infrastructure control
layers.

But the deeper lesson extends beyond electricity. The modern world is becoming a tightly coupled dynamic
system. Wars, financial shocks, commodity-price swings, cyber events, information flows, climate
extremes, and technological changes now propagate with unprecedented speed. The common engineering
structure across these systems includes high-gain feedback, reduced diversity, correlated response
behavior, short control-loop latency, and insufficient damping.

Stability can therefore no longer rely only on static rules, deterministic assumptions, or slow institutional
response. It increasingly depends on adaptive systems capable of sensing change, absorbing disturbance,
preserving diversity, and reorganizing without collapse.

A stable grid is not one in which nothing changes. Itis one in which change is measured, bounded, damped,
observable, and intelligently coordinated. The same can be said of resilient economies, resilient societies,
and resilient ecosystems.

For utilities, this means moving beyond static interconnection studies and toward dynamic performance
frameworks. For large-load operators, it means accepting that electronically coupled demand mustbecome
a responsible grid participant. For regulators and market operators, it means developing standards that
recognize load as an active component of reliability rather than a passive endpoint. For the engineering
community, it creates a new interdisciplinary field at the intersection of power systems, controls, Al, data
science, adaptive systems, and resilience engineering.

The central question is no longer whether large loads can be connected. The question is whether they can
be integrated into a living, adaptive, intelligent grid capable of maintaining vitality under the speed, volatility,
synchronization pressure, and structural complexity of the modern world.

The future belongs not simply to systems that are large, efficient, or highly optimized, but to systems that
preserve sufficient vitality to adapt, absorb disturbance, maintain diversity, and continue functioning
coherently while the surrounding environment changes.
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Glossary

This glossary defines major acronyms, abbreviations, mathematical concepts, and technical terms used
throughout the document.

Term / Acronym

Definition

Al Artificial Intelligence

AHP Analytical Hierarchy Process — pairwise-comparison method (Saaty) used to
derive and validate the SVI dimension weights (Volume 2, Appendix B.4)

BESS Battery Energy Storage System

BPS Bulk Power System

Branch and Bound

Global optimization method for mixed-integer problems that partitions the
feasible space and prunes provably suboptimal branches (Volume 2,
Appendix D.5)

CVS Cumulative Vitality Stress — integral of normalized vitality deficit over a time
window; analogous to thermal aging accumulation

DFR Digital Fault Recorder

DLC Duquesne Light Company

DSS Decision Support System

DOE Department of Energy

EMT Electromagnetic Transients

EMS Energy Management System

ERCOT Electric Reliability Council of Texas

ESIG Energy Systems Integration Group

GPU Graphics Processing Unit

HVDC High Voltage Direct Current

H-Infinity Control

ISO

KKT Conditions

Robust control methodology designed to maintain stability and performance
under uncertainty

Independent System Operator

Karush-Kuhn-Tucker conditions — first-order necessary optimality conditions
for constrained optimization; basis of the shadow-price analysis (Volume 2,
Appendix D.4)
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Term / Acronym Definition

Lagrangian Relaxation Optimization technique that dualizes constraints into the objective via

LBNL

Lyapunov Function

multipliers, yielding shadow prices for constraint tightening (Volume 2,
Appendices D.4-D.5)

Lawrence Berkeley National Laboratory

Mathematical function used to assess system stability

MINLP Mixed-Integer Nonlinear Program — optimization problem combining
continuous and discrete decision variables with nonlinear objective or
constraints (Volume 2, Appendix D.5)

MPC Model Predictive Control

MW Megawatt

MWh Megawatt-hour

NERC North American Electric Reliability Corporation

NASPI North American Synchrophasor Initiative

Pareto Front

Set of non-dominated trade-off solutions in multi-objective optimization, e.g.,
vitality versus Al training throughput (Volume 2, Appendix D.8)

Pl Control Proportional-Integral Control

PMU Phasor Measurement Unit

PNNL Pacific Northwest National Laboratory
POW Point-on-Wave

Prony Analysis

Pseudo Energy

Signal-processing method for estimating modal frequency and damping from
measured ringdown or ambient power-system data

Analytical representation of oscillatory system energy

ROAD Recoverability/Observability/Adaptability/Damping

RC Reliability Coordinator

SCADA Supervisory Control and Data Acquisition

SCR Short-Circuit Ratio — ratio of available short-circuit strength to rated
converter or load capacity; commonly used measure of grid strength. Low
SCRindicates a weak grid requiring detailed dynamic study

Shadow Price (A*) Optimal Lagrange multiplier; the marginal cost of tightening a constraint, e.g.,

the SVI minimum vitality floor (Volume 2, Appendix D.4)
Small-Signal Stability Ability of the system to remain stable under small disturbances

Spectral Content Distribution of energy across oscillation frequencies
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Term / Acronym Definition

SQP Sequential Quadratic Programming — iterative gradient-based method for
constrained nonlinear optimization (Volume 2, Appendix D.5)

SSO Sub-Synchronous Oscillation

SVi System Vitality Index

TOP Transmission Operator

UFLS Under-Frequency Load Shedding

UPS Uninterruptible Power Supply

UVLS Under-Voltage Load Shedding

VDI Vitality Deficit Integral — integral of below-threshold SVI exceedances over a

time window; fatigue-accumulation compliance metric for large-load
interconnection agreements

VR(t) Vitality Reserve Margin — real-time difference between instantaneous SVI(t)
and minimum acceptable vitality threshold SVI,;,; analogous to operating
reserve or voltage stability margin

VAR Volt-Ampere Reactive

Volt/VAR Optimization Coordinated voltage and reactive power control

WAMS Wide Area Monitoring System

Wavelet Analysis Time-frequency analysis method for non-stationary signals
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