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Abstract

The rapid growth of large-scale data centers, driven by artificial intelligence (AI), cloud
computing, and high-performance computing workloads, has introduced new challenges
for modern power systems. Unlike traditional loads, data center loads exhibit fast dy-
namic behavior, high power density, and nonlinear characteristics, which can significantly
impact system stability, oscillatory behavior, and power quality. Consequently, tradi-
tional modeling approaches are insufficient for capturing the true impact of data centers
on power system dynamics.

This report presents a comprehensive dynamic modeling framework for integrated data
center power systems, capturing the interactions between grid infrastructure, co-located
generation resources, power electronic interfaces, and server-level loads. Detailed models
are developed for key components, including power supply units (PSUs), uninterruptible
power supplies (UPS), IT loads, and Al-driven load profiles. Each component is rep-
resented using control-oriented dynamic models and validated under various operating
conditions to ensure accurate system-level representation.

An integrated system model is constructed by coupling the data center architecture
with a benchmark transmission system, enabling the study of grid—data center interactions
under realistic operating scenarios. The framework supports analysis of both steady-state
and transient behaviors, including voltage and frequency dynamics, oscillatory modes,
and harmonic distortion.

A series of case studies are conducted to evaluate the impact of data center operation
on power system performance. These include large load variations, source transitions, and
disturbance scenarios. The results demonstrate that data center loads can significantly
influence system dynamics, including shifts in oscillatory modes, reduction in damping
characteristics, and increased harmonic content.

The proposed modeling and analysis framework provides a systematic approach for
evaluating the dynamic impact of large-scale data centers on power systems. The findings
highlight the importance of accurate load representation and coordinated control strate-
gies in maintaining system stability and ensuring reliable operation in future power grids
with high data center penetration.
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Acronyms and Abbreviations

AC — Alternating Current

AT — Artificial Intelligence

BESS — Battery Energy Storage System
CCM — Continuous Conduction Mode
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DC — Direct Current
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PFC — Power Factor Correction
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PLL — Phase-Locked Loop

PSS — Power System Stabilizer

PSU — Power Supply Unit

PUE — Power Usage Effectiveness
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1.0 Introduction

1.1 Motivation: Data Center Impact on Power Systems

The rapid expansion of data centers has become a defining feature of modern power
systems, driven by the increasing demand for cloud computing, artificial intelligence (Al),
and large-scale data processing. These facilities are characterized by high power density,
continuous operation, and rapidly varying load profiles, which distinguish them from
traditional industrial and commercial loads.

Recent advancements in Al training and high-performance computing have further
intensified the dynamic nature of data center loads. Al workloads, in particular, exhibit
fast ramping characteristics and significant variability over short time scales. Such behav-
ior introduces new challenges for power system operation, including increased stress on
generation resources, voltage fluctuations, and potential degradation of system stability.

Unlike conventional loads that are often modeled as static or slowly varying, data
center loads are predominantly interfaced through power electronic converters. These
converters introduce nonlinearities, fast control dynamics, and interactions with the grid
that can lead to oscillatory behavior and harmonic distortion. As a result, traditional
modeling approaches are insufficient for capturing the true impact of data centers on
power system dynamics.

Furthermore, modern data centers are increasingly integrated with co-located gener-
ation resources such as gas turbines (GT) and battery energy storage systems (BESS).
These configurations provide operational flexibility and resilience but also introduce ad-
ditional dynamic interactions that must be carefully analyzed.

1.2 Need for Dynamic Modeling and Analysis

Accurate dynamic modeling of data center power systems is essential for understand-
ing their impact on grid stability and performance. Traditional steady-state analysis
methods are inadequate for capturing fast transient phenomena, control interactions, and
oscillatory behavior introduced by converter-based loads.

Electromechanical and electromagnetic dynamic studies have long been used to assess
system stability and oscillations in power systems [1]. However, the increasing penetration
of converter-dominated loads requires enhanced modeling frameworks that incorporate
detailed representations of power electronic devices and their control systems.

Dynamic modeling enables the analysis of key phenomena such as:

» Voltage and frequency response under disturbances

Oscillatory interactions between grid and load dynamics
« Stability margins and damping characteristics

o Harmonic distortion and power quality issues



In the context of data centers, these analyses are particularly important due to the
fast and coordinated behavior of large aggregated loads. Accurate representation of PSU,
UPS, and IT load dynamics is necessary to capture system-level responses under realistic
operating conditions.

Moreover, the integration of co-located generation resources introduces additional con-
trol layers and dynamic interactions. These systems can support grid stability but may
also introduce new modes of oscillation if not properly coordinated.

1.3 Objectives and Contributions

The primary objective of this work is to develop a comprehensive dynamic modeling
framework for integrated data center power systems and to evaluate their impact on grid
performance. The key contributions offered in this report are summarized as follows:

o Development of detailed dynamic models for key data center components, including
power supply units (PSU), uninterruptible power supplies (UPS), and IT loads.

o Representation of Al-driven load profiles capturing fast ramping and variability
characteristics.

« Integration of data center models with a benchmark transmission system based on
the Kundur two-area model [2]

o Inclusion of co-located generation resources such as gas turbines (GT) and battery
energy storage systems (BESS) within the modeling framework.

« Validation of component-level models under various operating conditions to ensure
accurate dynamic representation.

o Evaluation of system-level performance through case studies involving load varia-
tions, source transitions, and disturbance scenarios.

o Analysis of key dynamic phenomena, including voltage and frequency response,
oscillatory behavior, damping characteristics, and harmonic distortion.

Through these contributions, the report provides a systematic approach for analyzing
the dynamic interactions between large-scale data centers and power systems, with a focus
on stability and power quality.



2.0 Computing Architecture of Modern Al Dat-
acenters

2.1 Introduction

Modern AI data centers differ from conventional enterprise and cloud data centers
not only in scale, but also in the way computation is organized. Large AI workloads
increasingly execute on accelerator-centric systems in which GPUs or other specialized
accelerators dominate both computational throughput and electrical demand. These ac-
celerators are interconnected within servers, across racks, and across larger scale-out fab-
rics, while software schedulers determine which resources become active, where workloads
are placed, and when they execute. As a result, the electrical load presented by an Al
data center is not determined by installed hardware alone. It emerges from the interaction
of workload characteristics, scheduler decisions, network topology, compute architecture,
and local power-management mechanisms.

This distinction is important in the context of power-system studies. From the per-
spective of the electrical system, a data center ultimately appears as a time-varying load.
However, the magnitude, temporal variability, spatial concentration, and flexibility of
that load are shaped upstream by the computing system. A distributed training job may
activate hundreds or thousands of accelerators concurrently, an online inference service
may maintain a persistent but variable load, and an offline inference workload may be
delayed or preempted with relatively little impact on user-facing performance. Likewise,
the same number of nominally available accelerators may not be interchangeable if they
differ in model, host configuration, or network locality.

Therefore, the purpose of this chapter is to describe the computing architecture that
generates the I'T electrical demand subsequently supplied by the data-center electrical
system. The focus is on Al workloads, accelerator servers and rack-scale systems, network
and logical resource organization, scheduling, and the mapping from computation to rack
and facility I'T power. The detailed electrical path from rack input through power supplies,
power distribution, uninterruptible power systems, medium- and low-voltage distribution,
generation, energy storage, and grid interconnection is addressed in the following chapter.

2.2 Al Compute Infrastructure

2.2.1 From Accelerator Servers to Rack-Scale Al Systems

The basic building block of an AT data center is the accelerator-enabled compute node.
A typical node combines one or more host CPUs with several GPUs or other accelerators,
local high-bandwidth accelerator memory, system memory, network interfaces, local stor-
age, and power-conversion hardware. In current production fleets, these nodes are often
heterogeneous. The Alibaba Al workload traces, for example, reveal servers with 1, 2,
8, and 16 accelerators, multiple accelerator models and generations, and a range of CPU
capacities [3]. This type of environment is representative of a shared hyperscale infras-



tructure that has evolved over time rather than a greenfield deployment built around a
single hardware generation.

The architectural trend in new Al systems, however, is toward much tighter integra-
tion at rack scale. Rather than treating the rack as a passive enclosure for independent
servers, modern systems increasingly treat the rack itself as a computational unit. Rack-
scale systems combine accelerator trays, CPU resources, high-bandwidth interconnect,
switching, power conversion, and cooling into a coordinated platform. NVIDIA’s GB200
NVLT72 is an example of this approach. In such systems, many accelerators participate in
a common high-bandwidth communication domain, reducing the distinction between an
individual server and the larger rack-level compute fabric.

This trend matters because the power density of the rack has risen rapidly. The
Siemens Al data-center blueprint uses GB200 NVL72 racks with a nominal power level of
approximately 127 kW [4]. More recent Vera Rubin NVL72 designs move toward roughly
190-230 kW per rack [5]. At these densities, internal power delivery becomes an archi-
tectural issue rather than merely a facility-design detail. Low-voltage distribution that
was practical for earlier servers can require very large currents when scaled to hundreds
of kilowatts within a rack.

The transition toward higher-voltage internal distribution illustrates this shift. For
rack demands above roughly 200 kW, maintaining a 48-51 V DC backbone would require
currents on the order of several kiloamperes, increasing conductor size, thermal losses,
and mechanical complexity. Emerging rack designs therefore move toward an approxi-
mately 800 V DC internal backbone, with higher-voltage distribution through the rack
and localized step-down conversion close to the compute trays. Conceptually, the internal
rack power path becomes:

facility AC — high-voltage rack DC — localized conversion — GPU/CPU point of load.

This architecture reduces distribution current and allows power conversion to be placed
closer to the silicon.

The move toward rack-scale Al systems also changes short-timescale power behavior.
Workload phases can cause rapid variations in accelerator activity, particularly in large
training and inference systems. Newer rack designs therefore incorporate greater local
energy storage and closed-loop power smoothing so that the electrical demand seen at
the rack input is less volatile than the instantaneous power requested by the silicon. At
sufficiently short time scales,

Psilicon(t) 7A Prack input (t), (201)

because the rack-level power subsystem can buffer and shape transient demand. This dis-
tinction becomes important when developing dynamic data-center load models for power-
system studies.

2.2.2 Network and Logical Resource Architecture

The computing capacity of an Al data center cannot be understood independently
of its network. Large training and inference workloads frequently rely on communica-



tion among many accelerators, and the communication cost depends strongly on locality.
Within a node or rack-scale system, accelerators may communicate through specialized
high-bandwidth interconnects such as NVLink and NVSwitch. Across servers and racks,
communication is carried by scale-out fabrics such as InfiniBand or high-performance
Ethernet. At still larger scale, these fabrics are embedded in the broader data-center
network.

This hierarchy means that physically available accelerators are not always computa-
tionally equivalent. A workload may require a set of GPUs that can communicate within
a favorable network domain, while another set of otherwise idle accelerators may be unus-
able because it would require communication across a slower or more congested portion of
the network. For this reason, schedulers increasingly incorporate topology into placement
decisions.

The Alibaba traces provide a useful operational example. They expose both logical
cluster identifiers and access-switch locality identifiers. The observed data do not support
a simple physical hierarchy in which every cluster contains a fixed set of access switches
and every access switch contains a fixed set of servers. Instead, the evidence is better inter-
preted as overlapping logical views of the same server fleet. A server may simultaneously
belong to a scheduling or administrative domain and to a network-locality domain. This
distinction is important because the scheduler’s resource topology need not correspond
one-to-one with the physical building, rack, or electrical topology.

Thus, a modern Al data center should be understood as both a physical compute fabric
and a set of software-visible resource domains. The physical fabric contains accelerator
hardware and network links. The logical fabric contains clusters, resource pools, locality
domains, quotas, priorities, and other abstractions used to control access to that hardware.
These two views interact continuously through the scheduler.

2.3 Al Workloads and Resource Management

Al data centers commonly serve several classes of workload with very different com-
putational and temporal characteristics. Model training often involves large distributed
jobs that require many accelerators concurrently and can be highly sensitive to communi-
cation locality. Online inference tends to emphasize latency, availability, and continuous
service. Offline inference is often throughput-oriented and can be more tolerant of delay
or interruption. Development and experimentation workloads are generally smaller and
more irregular. Production traces such as Alibaba’s show that these workload classes
coexist within the same shared infrastructure rather than operating in isolation.

The scheduler translates these workload requirements into physical activity. A job typ-
ically arrives with a set of constraints, including requested accelerator model, accelerator
count, CPU capacity, memory demand, and possibly topology or locality requirements.
The scheduler must identify a feasible placement that satisfies these requirements while
respecting tenant quotas, resource reservations, and service priorities. In heterogeneous
fleets, this can partition the available hardware into several partially substitutable capac-
ity pools. An idle accelerator of the wrong model, or an accelerator attached to a host
lacking sufficient CPU capacity, may not be useful to the arriving job.

Placement also creates fragmentation. A small job assigned to a large multi-GPU



server may leave residual resources that cannot satisfy a later whole-node request. Simi-
larly, sufficient free accelerators may exist globally while being distributed across network
domains that do not satisfy the locality requirements of a communication-intensive work-
load. As a consequence, installed accelerator capacity and usable accelerator capacity are
not the same quantity.

Priority and preemption introduce another layer of control. Large shared infrastruc-
tures often divide workloads into guaranteed or high-priority classes and lower-priority,
best-effort, or spot classes. Lower-priority workloads can be suspended, terminated, or
migrated when higher-priority work arrives. These mechanisms were introduced primar-
ily to improve utilization and service guarantees, but from a power-system perspective
they also create different degrees of computational flexibility. A persistent online infer-
ence service is relatively inflexible, while a low-priority batch workload may be delayed
or preempted with much less impact.

Scheduling therefore acts as the control layer between software demand and physical
electrical activity. In a conventional scheduler, the primary objectives are typically per-
formance, utilization, fairness, and service quality. In a grid-aware environment, the same
control layer could additionally incorporate power, energy, or external grid constraints.
The architecture does not imply that such coordination is universally deployed today, but
it establishes the mechanism through which computational flexibility could be translated
into electrical flexibility.

2.4 From Al Computation to IT Electrical Demand

The central relationship for power-system analysis is the causal chain from workload
activity to the aggregate electrical demand of the I'T equipment. Figure 2.2 summarizes
this relationship.

The Alibaba trace provides an empirical illustration of the resulting temporal behavior.
Figure 2.1 shows a seven-day trace-derived GPU workload activity profile together with
an illustrative H20-equivalent GPU-only electrical scenario. The upper panel reports the
workload activity directly from the trace, while the lower panel maps that activity to
GPU electrical demand using a 400 W peak-power assumption and an assumed 90 W idle
power per GPU. The resulting MW profile is intended to illustrate the temporal shape
and priority composition of workload-driven GPU demand; it is not a measurement of
Alibaba’s server-input, facility, or grid power.
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Figure 2.1: Seven-day trace-derived GPU workload activity and illustrative H20-equivalent
GPU-only electrical scenario. Panel (a) shows the reported aggregate GPU workload activity
from the Alibaba trace. Panel (b) translates a capacity-consistent representation of the same
workload into illustrative GPU electrical power using a 400 W peak-power assumption and an

assumed 90 W idle power per GPU. The shared idle baseline is kept separate from
workload-priority attribution, while the dynamic component is decomposed into high-priority

(HP), low-priority (LP), and other activity. The MW values are illustrative and represent
GPU electrical demand only; they do not represent measured Alibaba server-input, total IT,

facility, or grid power.

Workloads generate resource requests and transition through execution phases. The
scheduler selects physical resources and determines placement, priority, preemption, and
migration. Those decisions determine which GPUs, CPUs, memory devices, and network
interfaces are active. Device-level activity produces silicon power demand, which is then
modified by local power conversion, energy storage, and rack-level power smoothing before



appearing as rack input power. Aggregate rack demand becomes the IT load presented
to the downstream electrical architecture.

Scheduler ! e - !
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Figure 2.2: Causal chain from AI workload activity to IT electrical demand. Workload
behavior and scheduler decisions determine the active compute resources, while rack-level
power conversion and energy storage can mediate the relationship between silicon power

demand and the electrical demand observed by the facility.

The resulting electrical demand has three characteristics of particular importance to
the grid. The first is magnitude. Aggregate I'T power depends on the number and type of
active accelerators, the degree of CPU and network activity, the utilization level of those
devices, and the configuration of the servers or rack-scale systems in which they operate.
Installed capacity therefore provides only an upper bound and should not be equated with
actual demand.

The second characteristic is temporal behavior. Job arrivals, job completions, work-
load phase transitions, preemption, migration, and power-management actions can all
create changes in load. Some changes are gradual, while others can be highly synchro-
nized. For example, a large distributed job may activate many accelerators at nearly
the same time. At sub-second time scales, rack-level energy storage and active power
smoothing may reduce the magnitude of the transient seen by the facility. At longer time
scales, scheduler behavior becomes increasingly important because jobs may be delayed,
consolidated, migrated, or preempted.

The third characteristic is spatial concentration. Scheduling determines where within
the compute fabric the load occurs. A topology-aware scheduler may intentionally place
many accelerators within the same locality domain, causing substantial power concentra-
tion in a particular rack or group of racks even if the total facility load is unchanged.
This matters for electrical distribution because local feeders, busways, cooling systems,
and other infrastructure respond to the spatial distribution of IT demand as well as to
the facility total.

These mechanisms operate over multiple time scales. Sub-second behavior is domi-
nated by accelerator activity, local conversion, and rack-level power smoothing. Seconds-
to-minutes behavior can reflect power management, preemption, and changes in workload
concurrency. Minutes-to-hours behavior is increasingly influenced by scheduling, queue-
ing, and job deferral. Over still longer intervals, workload relocation, maintenance, and
capacity planning may alter the spatial or temporal distribution of demand. The precise
boundaries between these time scales depend on workload and system design, but the
hierarchy is useful when determining which computing mechanisms should be represented
in a power-system model.

The same architecture also determines which portions of the IT load may be flexi-
ble. Computational flexibility can arise from workload deferral, preemption, migration,
concurrency control, and power capping. However, computational flexibility should not
be equated with unconstrained electrical controllability. Service deadlines, checkpoint



overhead, data locality, communication topology, latency requirements, and hardware re-
strictions limit the degree to which a workload can be shifted or curtailed. Grid-oriented
models should therefore distinguish between critical and potentially flexible compute de-
mand rather than treating the entire data center as a uniform controllable load.

2.5 Interface to the Data-Center Electrical System

The computing architecture described in this chapter produces the I'T electrical load
that must be supplied by the downstream data-center power system. At an abstract level,
that load may be written as

PIT(t) = f(W<t>’S(t)7H7 N7O<t>> ) (2'0°2)

where W (t) represents workload activity, S(t) represents scheduler and placement deci-
sions, H represents the installed compute hardware, N represents the relevant network
and locality structure, and C(t) represents device- and rack-level power-control behavior.
This expression is not intended as a detailed analytical model, but rather as a statement
of the principal mechanisms that determine I'T demand.

The electrical architecture begins at the point where this I'T load is supplied and con-
ditioned. The following chapter describes the power supplies, power distribution units,
uninterruptible power systems, low- and medium-voltage distribution, co-located genera-
tion, energy storage, and grid interconnection that deliver power to the computing system.
In this sense, the two chapters form a continuous modeling chain: computing architecture
determines the characteristics of the I'T load, while electrical architecture determines how
that load interacts with the facility power system and the external grid.

2.6 Case Studies

2.6.1 Alibaba ASI: A Heterogeneous Production Al Infrastructure

The Alibaba Al infrastructure provides a useful production example of a large shared
accelerator fleet. The available traces indicate a heterogeneous environment with mul-
tiple accelerator models, several accelerator counts per server, varying CPU capacities,
and recurring server resource configurations. The fleet changes over time through server
additions, removals, and changes in reported resource attributes. This makes it represen-
tative of an operational hyperscale system that has evolved incrementally rather than a
greenfield facility built around a single hardware generation.

The workload mix is similarly heterogeneous. Training, online inference, offline in-
ference, and development workloads coexist within the same shared infrastructure. Jobs
differ in duration, accelerator count, priority, and resource requirements. The scheduler
must therefore balance hardware compatibility, CPU/GPU coupling, locality, fragmenta-
tion, and service priority. The paper associated with the trace further describes topology-
aware placement, consolidation and migration, and the use of lower-priority or spot-like
capacity to increase utilization [6].

The logical organization exposed by the trace is also informative. Servers are associ-
ated with cluster identifiers and, where available, access-switch locality identifiers. These



should be interpreted conservatively as scheduler-visible resource and network-locality do-
mains rather than as a complete reconstruction of the physical data-center topology. The
observed data do not establish how many buildings, racks, power domains, or physical
access switches are represented, and some access-switch identifiers overlap more than one
released cluster. For power-system modeling, the main lesson is that workload place-
ment is constrained by several overlapping resource dimensions that are not captured by
accelerator count alone.

2.6.2 Siemens/NVIDIA: A High-Density Greenfield Reference Archi-
tecture

The Siemens 100 MW Al data-center blueprint provides a complementary view. Whereas
the Alibaba trace reveals the operational structure of a heterogeneous production fleet,
the Siemens design illustrates a standardized greenfield architecture built around rack-
scale Al systems. The blueprint uses NVIDIA GB200 NVL72 systems with a nominal rack
demand of approximately 127 kW and organizes them into modular high-density infras-
tructure blocks with dedicated liquid cooling, network support, and redundant electrical
distribution.

From the perspective of this chapter, the importance of the Siemens design is not
the detailed electrical topology, which is treated in the following chapter, but the physical
instantiation of rack-scale compute. The blueprint illustrates the consequences of treating
the rack as a computational system: compute density, cooling requirements, network
organization, and power delivery must be coordinated as part of a common architecture.
Direct-to-chip liquid cooling is not an optional enhancement at these densities but an
integral part of the compute platform.

The evolution from GB200-class systems toward Vera Rubin-class NVL72 systems
pushes this trend further. Rack demand approaching 200 kW or more motivates a tran-
sition toward higher-voltage DC distribution inside the rack, localized conversion near
the compute trays, larger rack-level energy storage, and more active power smoothing.
Thus, the architecture of the computing rack itself increasingly contains mechanisms that
were once considered only at the facility level. This evolution is particularly relevant for
grid studies because it means that fast computational power transients may be partially
shaped before they reach the external data-center electrical system.

Taken together, the Alibaba and Siemens/NVIDIA cases illustrate two complemen-
tary forms of modern Al infrastructure. The first is a heterogeneous shared production
fleet shaped by years of operational evolution and complex scheduling. The second is a
highly standardized, high-density rack-scale architecture designed for new Al facilities.
Both are important for power-system analysis. The former emphasizes workload diver-
sity, scheduling, and operational flexibility, while the latter emphasizes the electrical and
thermal consequences of rapidly increasing rack-scale compute density.

2.7 Summary

Modern Al data centers should be viewed as software-controlled, accelerator-centric
electrical loads. Their demand is generated by a chain that begins with workload arrivals
and service requirements, passes through scheduling and topology-aware placement, acti-
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vates specific compute and network resources, and is then shaped by device- and rack-level
power-management mechanisms before appearing as facility IT load.

This architecture has direct implications for power-system modeling. Installed accel-
erator capacity is not equivalent to active electrical demand, network topology influences
the spatial distribution of load, scheduler decisions shape temporal behavior, and newer
rack-scale systems can modify short-timescale transients through local power conversion
and energy storage. At the same time, workload priority, preemption, and deferral create
potential flexibility that may be relevant to future grid-interactive operation.

The next chapter begins at this compute-to-power boundary and develops the electrical
architecture that supplies, conditions, distributes, and supports the IT load described
here.
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3.0 Data Center Electrical Architecture

3.1 Introduction and Overview

Modern data centers are characterized by high power density, precise reliability re-
quirements, and extensive use of power electronic interfaces. The electrical architecture
is therefore designed to ensure uninterrupted power delivery, high power quality, and the
ability to accommodate rapid and large variations in load demand [7, §].

Unlike conventional load centers, data center power systems consist of multiple inter-
connected subsystems, including utility supply, local generation, energy storage, power
conditioning units, and distributed I'T loads. These subsystems are typically organized
hierarchically, with successive voltage levels and multiple stages of power conversion. Such
architectures enable isolation of sensitive loads from grid disturbances while allowing flex-
ible operation and integration with emerging large-scale loads [9-11].

The electrical architecture considered in this work is illustrated in Fig. 5.3. The system
represents a grid-connected data center with co-located generation and energy storage,
designed to capture both steady-state operation and dynamic interactions with the grid.
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Figure 3.1: Conventional Grid Connected Data Center Power Distribution System.
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3.2 Electrical Architecture and Power Flow Description

Data center electrical architectures are generally structured across multiple voltage
levels, including high-voltage (HV), medium-voltage (MV), and low-voltage (LV) stages.
Power is supplied from the transmission grid at HV levels, stepped down to MV for
distribution, and further converted to LV for utilization within IT and auxiliary systems.

In the system considered in this work, bulk power is supplied from a 230 kV utility
grid, which is stepped down to a 13.8 kV MV bus through transmission and transformer
stages. This MV level serves as the primary point of common coupling (PCC) for the
data center.

A co-located generation plant is connected at the MV level, consisting of a gas turbine
(GT) generator and a battery energy storage system (BESS). The integration of such local
resources enhances system resiliency, enables partial islanded operation, and provides fast
dynamic support during disturbances [12,13].

The MV bus is further stepped down to a 480 V LV distribution level, supplying both
the IT infrastructure and auxiliary loads, such as cooling systems. At this level, power
is conditioned by an uninterruptible power supply (UPS) before being delivered to IT
equipment. Power flow in the system follows a hierarchical path:

o Utility grid and co-located plant supply power to the MV bus,
o« MV bus feeds LV distribution through transformers,

o UPS system conditions and regulates power,

PDUs distribute power to racks,
« PSUs convert power to low-voltage DC for IT loads.

This layered architecture enables both electrical isolation and controlled interaction
between different subsystems.

3.3 Architecture Representation and Modeling Approach

To enable system-level dynamic analysis, the data center electrical architecture is rep-
resented using a modular modeling framework. Each subsystem is modeled independently
and then interconnected through electrical interfaces. This approach is consistent with
modular data center modeling, in which individual components are modeled, preserving
overall system dynamics.

The architecture is therefore categorized into the following major subsystems:

« Utility grid and transmission system,
o Co-located generation and energy storage,
o Uninterruptible power system (UPS),

« Power distribution network (PDU),
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« End-use loads (PSU and IT load),
 Auxiliary loads (cooling systems).

Each subsystem is modeled based on its electrical characteristics, control behavior,
and interaction with adjacent components. This modular representation allows scalable
modeling and facilitates integration with higher-level grid studies.

3.4 System Topology and Operating Modes

3.4.1 System Topology

The electrical system follows a AC/DC topology, with AC power used for bulk trans-
mission and distribution, while DC subsystems are employed at the UPS and IT load
interfaces.

At the LV level, the UPS employs a double-conversion topology along with a bypass
and battery mode, comprising a rectifier, a battery, a DC link, and an inverter system.
The DC link, typically operating at 800 V, interfaces with the battery system and serves
as an energy buffer.

Downstream of the UPS, power is distributed in AC form and converted locally at the
rack level through PSUs to a regulated low DC voltage required by I'T equipment.

3.4.2 Operating Modes

To ensure an uninterrupted power supply at any grid conditions, the system operates
in multiple modes depending on grid conditions:

» Eco (Bypass) Mode: Under stable conditions, the UPS operates in bypass mode to
improve efficiency, allowing AC power to feed the load directly [14].

e Double Conversion Mode: Power is supplied from the grid and a co-located plant.
The UPS performs continuous AC-DC-AC conversion, ensuring voltage regulation
and isolation from upstream disturbances.

» Battery-Supported Mode: During grid disturbances such as voltage sags or outages,
the DC link is supported by the battery system. The inverter continues to supply
regulated AC power to the load, ensuring uninterrupted operation.

These operating modes enable the data center to maintain high reliability while optimizing
efficiency and dynamic performance.

3.5 Component-Level Description

The overall system comprises several key components, each contributing to the func-
tionality and dynamic behavior of the data center electrical architecture.
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3.5.1 Utility Grid and Transmission System

The utility grid serves as the primary power source using the Kundur two-area system
to capture inter-area dynamics and system-level interactions [1,2]. Transmission lines and
transformers connect the grid to the data center’s MV bus.

3.5.2 Co-located Generation and Energy Storage

To enhance system reliability, operational flexibility, and dynamic performance, mod-
ern data centers increasingly incorporate co-located generation and energy storage sys-
tems. These resources provide local power support at the medium-voltage level, reducing
dependency on the utility grid and enabling improved response to disturbances.

The integration of co-located generation allows the data center to operate under both
grid-connected and partially islanded conditions. In particular, fast-acting energy stor-
age systems complement conventional generation by providing rapid transient support,
while mechanical generation sources contribute to sustained power delivery. Together,
these resources play a critical role in maintaining system stability under dynamic loading
conditions associated with data center operation.

3.5.2.1 Gas Turbine Generator

The gas turbine generator provides local generation support at the MV level. It con-
tributes to a steady-state power supply and enhances system stability during disturbances.

3.5.2.2 Battery Energy Storage System

The BESS provides fast dynamic support, including frequency regulation, transient
stabilization, and load balancing. Its fast response complements the slower dynamics of
the gas turbine.

3.5.3 Uninterruptible Power Supply (UPS)

The UPS system ensures continuous power delivery to I'T loads. The double-conversion
topology isolates the load from grid disturbances and maintains voltage and frequency
stability. The DC link serves as an energy buffer and interfaces with the battery system
[15].

3.5.4 Power Distribution Unit (PDU)

The PDU distributes conditioned AC power from the UPS to multiple downstream
feeders. It provides protection and isolation functions.

3.5.5 Power Supply Unit (PSU)

PSUs convert AC power into a regulated DC voltage for IT equipment. These units
include power-factor correction and DC-DC conversion stages, which contribute to non-
linear load characteristics and harmonic interactions.

15



3.5.6 IT Load

IT loads exhibit highly dynamic and nonlinear behavior driven by computational work-
load and server utilization. These loads introduce rapid power variations and can signifi-
cantly impact system stability and power quality [10, 16].

3.5.7 Cooling System Loads

Cooling systems are essential for maintaining the thermal operating limits of I'T equip-
ment by removing the heat generated during computation. These systems typically con-
sist of chillers, cooling towers, pumps, and air handling units, which together regulate
temperature and airflow within the data center [8,17].

From an electrical perspective, cooling systems account for a significant portion of the
total data center load and are directly supplied by the AC distribution network. Their
power consumption is primarily driven by the thermal load, which is closely related to
the I'T power demand [7].

In operation, cooling systems respond to changes in IT load by adjusting cooling capac-
ity through control mechanisms such as variable speed drives and temperature regulation
loops. As a result, cooling load variations are inherently coupled with I'T load dynamics,
introducing both steady-state and transient power variations that must be considered in
system-level analysis.

3.6 Discussion and Summary

The electrical architecture presented in this work reflects the structure of modern
large-scale data centers, combining conventional AC distribution with power electronic
subsystems. The modular representation adopted enables scalable modeling and facili-
tates integration with power system studies. Furthermore, the inclusion of co-located gen-
eration and energy storage highlights the growing trend toward flexible, grid-interactive
data center operations. The next chapter discusses the data center modeling approach
with grid and co-located generation system modeling, including the protection system
(fault ride through).
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4.0 Data Center Modeling Approach with Grid
and Co-Located Generation System Model-
ing with Protection System (Fault Ride Through)
Included

4.1 Dynamic Modeling Framework for Data Center Electri-
cal System

This chapter focuses on the dynamic modeling of key data center electrical subsys-
tems to accurately represent their behavior under varying operating conditions and their
interaction with the grid. The modeling is developed with an emphasis on capturing the
electrical and control dynamics of individual components that influence the overall system
response.

The objective is to establish detailed and physically representative models of the data
center subsystems, particularly those interfaced through power electronic converters and
control loops. These components govern the dynamic characteristics of the system, in-
cluding voltage regulation, power flow behavior, and transient response under distur-
bances [9, 10, 18].

The modeling is carried out in a modular manner, where each subsystem is developed
independently based on its role within the power delivery architecture. This approach
allows clear representation of component-level dynamics while maintaining flexibility for
system-level integration in subsequent studies.

The modeling sequence follows the power-delivery path within the data center. It
begins with the Power Distribution Unit (PDU), which represents the intermediate AC
distribution and protection interface. This is followed by the Power Supply Unit (PSU),
including the power factor correction (PFC) stage and DC-DC conversion, where con-
verter dynamics and control behavior are modeled in detail.

Subsequently, the IT load is modeled to capture its dynamic and nonlinear character-
istics driven by computational demand. The Uninterruptible Power Supply (UPS) is then
developed, including its topology, operating modes, filtering elements, and control archi-
tecture of both rectifier and inverter stages. The modeling further includes a simplified
representation of cooling system loads, with their contributions modeled as functions of
IT load demand, allowing the combined IT and cooling effects to be represented through
an aggregated load consumption.

In addition, a brief representation of co-located resources, such as gas turbine gen-
eration and battery energy storage systems, is included to reflect their interaction with
the data center electrical system. The chapter also incorporates fault-ride-through (FRT)
modeling, ensuring that the system’s response to grid disturbances is appropriately rep-
resented.

The interconnection of these subsystems and their integration with the external power
system are addressed in a subsequent chapter.
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4.2 Modeling of Power Distribution Unit (PDU)

The Power Distribution Unit (PDU) serves as the intermediate distribution stage
between the centralized Uninterruptible Power Supply (UPS) and the downstream rack-
level Power Supply Units (PSUs) within the data center electrical architecture. In the
data center model, the PDU distributes regulated 480 V. AC power from the UPS output
to multiple feeders supplying I'T racks and auxiliary loads, such as cooling equipment,
while providing protection and selective isolation capability.

4.2.1 PDU Functional Representation

In this study, the PDU is modeled as a low-voltage AC distribution subsystem rather
than a power-electronic conversion stage. Its primary functions include:

o Distribution of 480 V AC power to multiple downstream branches,
« Incorporation of circuit breakers (CBs) for feeder-level protection and isolation,
o Aggregation of downstream rack and auxiliary load demands.

4.2.2 Electrical Modeling Approach

Each PDU feeder is modeled as an independent branch supplying an aggregated load
representing one or more I'T racks. The total active and reactive power drawn at the PDU

output is given by:
Ny

Ny
Pprpy = ZPia Qrpu = ZQ@ (4.0.1)
i=1

i=1
where Ny is the number of outgoing feeders, and F;, (); denote the active and reactive
power demands of the ¢-th feeder.

The PDU input voltage is assumed to be regulated by the upstream UPS. Therefore,
voltage dynamics at the PDU terminals are primarily influenced by upstream grid distur-
bances and UPS control actions rather than internal PDU behavior. Line losses and the
PDU’s internal impedance are neglected.

4.2.3 Protection and Switching Representation

Each feeder branch includes a circuit breaker modeled as an ideal controllable switch.
The breaker logic enables:

o Selective isolation of individual I'T racks or load groups,
o Disconnection under abnormal operating conditions,
o Simulation of maintenance and fault scenarios.

Overall, the proposed PDU modeling framework provides a physically consistent repre-
sentation suitable for analyzing data center dynamics, grid interactions, and protection
scenarios.
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4.3 Modeling of Power Supply Unit (PSU)

The Power Supply Unit (PSU) converts AC input power into a regulated DC output
required by IT loads. A typical PSU consists of a front-end Power Factor Correction
(PFC) stage followed by a DC-DC conversion stage. The PFC stage rectifies AC power
to DC, ensuring high power quality by regulating the DC-link voltage and shaping the
input current, while the DC-DC stage provides voltage step-down, electrical isolation, and
maintains the desired output voltage by DC voltage regulation.
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Figure 4.1: PSU Model.
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As illustrated in Fig. 4.1, the PFC stage interfaces with the AC supply, performs rec-
tification, and regulates the DC-link voltage while shaping the input current to achieve
near-unity power factor. The regulated DC-link voltage is then processed by the DC-
DC isolated converter, which provides voltage scaling, galvanic isolation, and a stable
low-voltage DC output suitable for rack-level IT equipment.

The modeling of each stage, including topology, filter design, control architecture, and
switching, is presented in detail in the following subsections.

4.3.1 Modeling of Power Factor Correction (PFC) Converter

The PFC converter forms the front-end stage of the PSU and is responsible for con-
verting the input AC power into a regulated DC-link voltage. In addition to voltage
conversion, the PFC stage ensures near-unity power factor and low total harmonic dis-
tortion (THD) by shaping the input current to follow the supply voltage waveform.

This functionality plays a critical role in improving power quality and minimizing har-
monic injection into the grid, while providing a stable DC-link voltage for the downstream
DC-DC conversion stage.

4.3.1.1 Topology

The implemented PFC converter consists of a single-phase diode-bridge rectifier fol-
lowed by a controlled-switching stage for current shaping and DC-link voltage regulation.
The input AC voltage is first rectified using a diode bridge to produce a unipolar DC
waveform.

This rectified voltage is then processed by an inductor-based switching stage compris-
ing an inductor L, a MOSFET switch, and a diode. The switching action regulates the
DC-link voltage while shaping the input current to follow the supply voltage waveform,
thereby improving power factor and reducing harmonic distortion. The rectified voltage
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can be expressed as:
Vdc,rect (t) = |Us (t) | (402)

where:
e Ugcrect(t) is the rectified DC voltage,
 v4(t) is the input AC voltage,
e t represents time.

Under steady-state conditions, the DC-link voltage is related to the duty ratio of the
switching device as:

Vdc,rect
Vge = ———. 4.0.3
dc 1-D ( )
where:
o g is the DC-link voltage,
* Uderect 15 the rectified input voltage,
e D is the duty ratio of the switching device.
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As shown in Fig. 4.2, the implemented model includes the rectifier, inductor-based switch-
ing stage, DC-link capacitor, and measurement blocks. The switching stage interfaces the
rectified AC input with the DC-link, ensuring both voltage regulation and input current
shaping.

4.3.1.2 Filter Design

The PFC converter employs an input inductive filter and an output DC-link capacitive
filter, forming an effective L—-C' filtering structure. The inductor L is connected in series
with the rectified input, while the capacitor Cy. is placed across the DC-link.

This filtering stage shapes the input current, suppresses high-frequency switching har-
monics, and stabilizes the DC-link voltage, thereby ensuring improved power quality and
reliable operation of the downstream conversion stages.

Figure 4.2: PFC Converter Model.
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Inductor Dynamics: The inductor governs input current shaping and ensures continuous
conduction mode (CCM) operation. Its voltage-current relationship is given by:

di
v = LdTL' (4.0.4)
where:
o vy, is the inductor voltage,
e L is the inductance,
e 47 is the inductor current.
During switching operation:
T I s (403

where:
o vqc is the DC-link voltage,
* Uderect 1S the rectified input voltage.

This relationship highlights that the inductor controls the rate of change of current,
enabling current shaping and reduction of harmonic distortion.

DC-Link Capacitor: The DC-link capacitor smooths the output voltage and maintains

energy balance: .
dc

Cch =1L — G- (4.0.6)
where:
o (g is the DC-link capacitance,
o Vi is the DC-link voltage,
e 1 is the inductor current,

e i, is the load current.

A sufficiently large capacitance reduces voltage ripple and provides energy buffering
during transient conditions.

The selection of L and Cy. is based on allowable current and voltage ripple limits, as
well as the desired dynamic response of the converter.
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Figure 4.3: Control architecture of the PFC converter.

4.3.1.3 Control Architecture

The PFC converter employs a cascaded dual-loop control structure consisting of an
outer voltage loop and an inner current loop. This structure regulates the DC-link voltage
while ensuring that the input current follows the input AC voltage waveform, thereby
achieving near-unity power factor operation.

PLL and Reference Current Generation: A phase-locked loop (PLL) is used to synchro-
nize with the input AC voltage vs(t) and extract its phase angle 6. This phase information
is used to generate a sinusoidal signal that is in phase with the input voltage. The outer
voltage control loop determines the amplitude of the reference current, which is multiplied
by a sinusoidal signal to produce the reference inductor current. This ensures that the
input current remains sinusoidal and aligned with the input voltage.

Outer Voltage Loop: The outer control loop regulates the DC-link voltage by comparing
the measured DC-link voltage with its reference value. The resulting error is processed
through a proportional-integral-derivative (PID) controller to generate the reference in-
ductor current. This reference current represents the required input current magnitude
needed to maintain the DC-link voltage under varying load conditions and determines the
amount of active power drawn from the input source.

Inner Current Control Loop: The inner control loop regulates the inductor current
to track the reference current generated by the outer loop. The difference between the
reference and measured inductor currents is processed through a PID controller to generate
a control signal that determines the PWM duty cycle. By continuously adjusting the duty
ratio, the controller ensures fast and accurate current tracking.

In continuous conduction mode (CCM), the inductor current iy, closely represents the
input current. Therefore, regulating the inductor current effectively achieves input current
shaping.

Power Factor Operation: Since the reference inductor current is proportional to the
instantaneous input voltage waveform, the input current remains in phase with the input
voltage. This results in near-unity power factor operation with reduced reactive power
and harmonic distortion.
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Control Operation: Overall, the cascaded control structure enables the DC-link voltage
to be regulated through the outer loop, while the inner loop enforces input current shaping.
Variations in load or input conditions are compensated by dynamically adjusting the duty
ratio, ensuring stable operation, improved power quality, and fast dynamic response.

4.3.1.4 Switching and PWM Implementation

The control signal generated by the inner current control loop is used to determine
the switching duty ratio of the converter. The duty ratio is expressed as:

by = 0. (4.0.7)

where:
o D(t) is the duty ratio applied to the switching device,
o v*(t) is the control voltage generated by the inner current controller,
o g is the DC-link voltage.

This duty ratio represents a normalized control signal that determines the ON and OFF
durations of the switching device.

The duty command is applied to a PWM generator operating at a fixed switching
frequency of 10 kHz, which produces the gate signals for the MOSFET.

Through this switching action, the converter modulates the inductor voltage and reg-
ulates the energy transfer from the AC side to the DC-link. As a result, the input current
is shaped to follow the input voltage waveform, ensuring near-unity power factor and
reduced harmonic distortion.

Variations in load or input conditions are compensated by dynamically adjusting the
duty ratio, allowing the converter to maintain a stable DC-link voltage.

The selected switching frequency provides a trade-off between switching losses and
passive component size, enabling efficient operation while maintaining fast dynamic re-
sponse. The key parameters used in modeling the PFC converter are summarized in
Table 4.1.

Table 4.1: Key parameters of the PFC converter

Component / Description /

Symbol  Value

Parameter Remarks
Input AC Voltage Vs 480 V Input AC supply to the PFC stage
DC-link Voltage Vie 480 V. Regulated DC-link output
Boost Inductor L 0.002H Input current shaping and energy transfer
DC-link Capacitor Cae 0.045F DC-link voltage stabilization and energy

buffering
Switching Frequency fs 10 kHz PWM switching frequency
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4.3.1.5 Summary

The developed PFC converter model accurately captures the electrical behavior and
control dynamics of the front-end AC-DC conversion stage of the PSU. It ensures a
regulated DC-link voltage while shaping the input current to follow the supply voltage
waveform, thereby improving power quality and reducing harmonic injection into the grid
under varying operating conditions. The key characteristics are summarized as follows:

Regulated DC-link voltage,

Sinusoidal input current,
o Unity power factor,
o Low THD,

o Fast dynamic response.

4.3.2 Modeling of DC-DC Isolated Converter

The DC-DC isolated converter forms the second stage of the PSU and processes the
regulated DC-link voltage from the PFC stage to produce a low-voltage DC output (48 V)
suitable for rack-level IT equipment. In addition to voltage step-down, this stage provides
isolation, tight voltage regulation, and fast transient response, ensuring reliable operation
under dynamic IT load conditions.

4.3.2.1 Topology

The DC-DC stage is implemented as a full-bridge isolated converter employing a
high-frequency transformer for voltage scaling and isolation. This stage processes the
regulated DC-link voltage from the PFC converter and converts it to a low-voltage DC
output suitable for rack-level I'T equipment.

The primary-side full-bridge switching network generates a high-frequency alternating
voltage, which is applied to the transformer. The transformer provides isolation and scales
the voltage according to the turns ratio. The secondary-side voltage is then rectified and
filtered to produce a regulated DC output. The primary-side voltage can be expressed as:

0p(t) = d(t) Vi, (40.8)
where:
+ ,(t) is the primary-side voltage of the transformer,
o d(t) is the duty ratio generated by the control loop,
o Vi, is the input DC-link voltage from the PFC stage,

e t represents time.
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Figure 4.4: DC-DC Isolated Converter Model.
The transformer voltage relationship is given by:
1
vs(t) = — v,(t), (4.0.9)

n

where:
e v4(t) is the secondary-side voltage of the transformer,
» ,(t) is the primary-side voltage,
e n= % is the transformer turns ratio,
e N, and N, are the number of primary and secondary turns, respectively,
o { represents time.

After rectification and filtering, the output voltage is:
d Vin

Vout = — I Ron, (4.0.10)

where:
e Vou is the DC output voltage,

e d is the steady-state duty ratio,

Vin is the input DC-link voltage,
e n is the transformer turns ratio,
e [; is the output inductor current,

e R, represents equivalent conduction resistance of switches and transformer wind-
ings, which accounts for conduction losses in switches and transformer windings.
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The implemented model, shown in Fig. 4.4, includes the primary-side full-bridge converter,
high-frequency transformer, secondary-side rectification stage, output filter, and voltage
control loop. The converter interfaces with the PFC stage at the DC-link, while regulating
the output to the required low-voltage level for I'T loads.

The use of high-frequency switching enables reduced transformer size and improved
dynamic performance, while the isolation ensures safe and reliable operation in data center
power systems.

4.3.2.2 Filter Design

The DC-DC converter employs a secondary-side L—C' output filter to smooth the recti-
fied high-frequency waveform and provide a stable DC output. The inductor is connected
in series with the rectified secondary output, while the capacitor is placed across the load,
forming a low-pass filter.

This filtering stage attenuates switching ripple, regulates output current, and ensures
a stable voltage supply to the IT load.

Inductor Dynamics: The output inductor governs current smoothing and limits the rate
of current change. Its dynamics are given by:
v, = L— = v, — Vs, (4.0.11)
where:
» vy, is the voltage across the output inductor,
e L is the inductance of the output filter inductor,

e 4y, is the inductor current,

. d;—f is the rate of change of inductor current,

e w4 is the rectified secondary-side voltage,
o Viut is the output voltage.

This relationship ensures controlled current variation and reduces high-frequency ripple
in the output current.

Output Capacitor: The output capacitor maintains voltage stability and provides energy
buffering between the converter and the load. Its dynamics are expressed as:

dVou . .
C dtt = ip, — flond. (4.0.12)

where:
o (' is the output filter capacitance,

o Viu is the output voltage,

26



. % is the rate of change of output voltage,
e iy is the inductor current,

e iload 1S the load current drawn by the I'T load.

The capacitor absorbs switching ripple and supports the load during transient conditions,
thereby maintaining a regulated DC output voltage.

The selection of L and C' is based on the allowable current and voltage ripple limits,
as well as the desired transient response of the converter.

4.3.2.3 Control Architecture

The DC-DC converter employs a closed-loop control strategy to regulate the output
voltage under varying load conditions. A proportional-integral-derivative (PID) controller
is used to ensure accurate tracking of the reference voltage.

ILm

Vdcref Vefr I Lref

DUty Vout
PID PID >

»| PWM Converter -

) 2

\Y

m

Figure 4.5: Control architecture of the DC-DC isolated converter.

As illustrated in Fig. 4.5, the output voltage is continuously measured and compared
with a reference value, producing a voltage error. This error is processed through a PI
controller to produce a reference inductor current, iy, .., which represents the required
inductor current to maintain the desired output voltage.

The reference inductor current is then compared with the measured inductor current
17, to form a current error. This error is processed by a second PI controller to generate
the control signal that determines the PWM generator’s switching duty ratio.

Through coordinated regulation of the output voltage and inductor current, the con-
verter achieves stable output-voltage control while ensuring appropriate current dynamics
within the power stage.

Control Operation: An increase in load demand results in a temporary drop in the
output voltage, which increases the voltage error and consequently raises the reference
inductor current. The current control action then increases the duty ratio, allowing more
energy to be transferred through the transformer and restoring the output voltage to its
reference value.

The duty ratio directly determines the effective voltage applied to the transformer
primary, thereby controlling the transferred power and output voltage. By continuously
adjusting the duty ratio, the controller ensures stable operation under dynamic I'T load
conditions.

The controller bandwidth is selected to be sufficiently higher than the IT load’s dom-
inant dynamics to ensure fast transient response while maintaining stability.
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4.3.2.4 Switching and PWM Implementation

The duty-related control command obtained from the voltage control loop is applied
to a PWM generator to produce gating signals for the full-bridge switches. The PWM
generator operates at a fixed switching frequency of 10 kHz.

d(t) = (4.0.13)
where:

e d(t) is the duty ratio applied to the PWM generator,

o v*(t) is the control voltage output from the controller,

Vin is the DC-link input voltage,
e t represents time.

The switching action produces a high-frequency square-wave voltage at the transformer
primary. This voltage is transferred through the transformer, rectified on the secondary
side, and filtered to obtain a regulated DC output. The selected switching frequency
provides a balance between switching losses and passive component size, enabling compact
design and fast dynamic response. The key parameters of the DC-DC isolated converter
are summarized in Table 4.2.

Table 4.2: Key parameters of the DC-DC isolated converter

Component / Description /

Symbol  Value

Parameter Remarks
Input DC Voltage Vi 480 V. DC-link input from PFC stage
Output Voltage Vout 48 V Regulated DC output for IT loads
Transformer Turns Ratio n 10 Voltage scaling and isolation
Output Inductor L 1.62pH  Output current smoothing
Output Capacitor C 0.271mF Output voltage stabilization
Switching Frequency fs 10 kHz  Full-bridge switching frequency

4.3.2.5 Summary

The developed DC-DC isolated converter model accurately represents the electrical
behavior and control dynamics of the second-stage PSU, enabling reliable voltage con-
version, isolation, and robust performance under dynamic IT load conditions. The key
characteristics are summarized as follows:

« Voltage step-down,
« Isolation,
o Low ripple,

» Fast transient response.
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4.4 Modeling of IT Load

The IT load represents the computational demand of a data center and is primarily
associated with servers, storage systems, and networking equipment. Unlike conventional
static loads, its power consumption is closely related to computational workload and can
vary significantly with server utilization, workload scheduling, and application character-
istics. Therefore, an appropriate I'T load model should represent both the magnitude and
temporal variation of computational demand while remaining scalable for system-level
power-system studies.

In this work, a generalized IT load modeling framework is developed to establish a
connection between data-center workload characteristics and the detailed electrical model.
Depending on data availability, the framework can utilize measured server or rack power,
historical or forecasted workload profiles, or direct server-utilization measurements. These
inputs are aggregated and normalized, when required, to obtain a representative work-
load trajectory. The resulting profile is subsequently translated into server utilization,
server power consumption, aggregate I'T demand, and finally an equivalent electrical load
connected to the power supply unit (PSU).

The proposed framework therefore provides a common modeling interface for different
data-center sizes, types, and workload characteristics. The physical interpretation of the
modeling process and the generalized mathematical workflow are illustrated in Fig. 4.6
and Fig. 4.7, respectively. The individual modeling stages are described in the following
subsections.

4.4.1 Overview of IT Load Modeling

The operating characteristics of IT loads depend strongly on the purpose, scale, com-
puting architecture, and workload of the data center. Data centers may generally be
categorized according to their application and ownership structure as hyperscale, coloca-
tion, wholesale colocation, enterprise, telecom, and other specialized facilities. Hyperscale
facilities typically contain large populations of interconnected servers and support cloud
computing, large-scale storage, high-performance computing, and increasingly artificial
intelligence (AI) applications. Enterprise data centers primarily support the computing
requirements of a particular organization, whereas colocation and wholesale colocation
facilities provide space, power, and cooling infrastructure for multiple customers or large-
scale tenants. Telecom data centers primarily support communication, content-delivery,
and network services.

These facility types can differ substantially in server population, computing density,
workload composition, resource allocation, and operating scale. Consequently, their ag-
gregate I'T power profiles may exhibit different magnitudes and temporal characteris-
tics. Highly coordinated computational workloads, such as Al training, may produce
relatively rapid changes in aggregate server activity, whereas diversified workloads dis-
tributed among many independent applications may produce comparatively smoother
demand. A generalized I'T load model should therefore be capable of accommodating dif-
ferent workload profiles without requiring a separate electrical model for every data-center
application.

Data centers are also commonly classified according to infrastructure availability us-
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ing Tier I-IV classifications. The tier classification primarily describes the redundancy,
maintainability, and fault-tolerance of the supporting electrical and cooling infrastructure
rather than the computational workload itself. Increasing tier levels introduce additional
capacity components, distribution paths, and redundancy to improve service continuity.
Accordingly, data-center type and workload characteristics primarily determine the com-
putational demand, whereas tier classification influences how that demand is supplied
and maintained during normal operation, maintenance, equipment outages, and other
operating conditions.

Considering these variations, directly developing a separate server-level model for ev-
ery data-center type, tier, capacity, and workload is impractical for system-level studies.
Instead, the proposed framework uses a common modeling procedure in which measured,
historical, forecasted, or representative workload data are translated into a generalized
IT load representation. The overall IT load modeling procedure can be summarized as
follows:

1. Characterize the data center based on its type, tier, capacity, and workload.

2. Obtain measured, historical, forecasted, or representative workload/load data.
3. Aggregate and normalize the available data, when required.

4. Map the processed workload profile to the aggregate server utilization U(t).

5. Convert U(t) into the corresponding IT power demand Pir(t).

6. Translate Prr(t) into the equivalent electrical load representation for simulation.

Depending on the available dataset, measurements or representative profiles may be
obtained at the individual server, rack, cluster, or aggregated I'T-load level. When multiple
load profiles are available, they are first combined to obtain an aggregate I'T demand:

Pt agg(t) = % Pi(t) (4.0.14)

where P;(t) represents the measured or estimated power consumption of the i-th server,
rack, cluster, or workload group, and N, is the number of aggregated groups.

Since the absolute power level can vary substantially among facilities, the aggregated
profile may be normalized before it is applied to the generalized model. A normalized
profile is expressed as

P a, t _P min
Prrp(t) = = as(t) — Fim (4.0.15)

PIT,maX - -PIT,min

where Pt min and Pt max denote the minimum and maximum power levels associated
with the selected profile or operating range. The resulting profile satisfies

0< Pralt) <1 (4.0.16)
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and preserves the temporal characteristics of the original workload while removing its
dependence on absolute facility capacity.

Within the utilization-based modeling approach adopted in this work, the normalized
workload profile is mapped to an aggregate server utilization trajectory U(t). If server-
utilization measurements are directly available, the normalization and mapping stage may
be bypassed and the measured utilization may be applied directly.

Figure 4.6 illustrates the physical interpretation of the proposed modeling framework.
The measured or prescribed server-utilization and workload information are processed
through the mathematical model to determine individual and aggregate I'T power. The
resulting power demand is then translated into a time-varying resistance connected to
the 48-V DC bus, thereby establishing a direct link between the computational workload
representation and its physical electrical implementation.

The complete generalized modeling workflow is shown in Fig. 4.7. The upper stages
identify the data-center characteristics and available workload information, while the sub-
sequent stages perform aggregation, normalization, utilization modeling, power calcula-
tion, coherent load aggregation, and physical electrical translation.
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4.4.2 Server Utilization Modeling

The generalized workload representation developed in the preceding subsection is
translated into server utilization for determining the corresponding I'T power consump-
tion. Let the data center consist of N, homogeneous or equivalently aggregated servers.
The utilization of the k-th server is denoted by uy, where

0<wu <1 (4.0.17)

The average utilization of the data-center server population is defined as

U=—> w (4.0.18)

where U may be obtained directly from server-utilization measurements or derived from
the normalized workload profile described in Section 4.4.1. This aggregate utilization
captures the combined effect of computational workload, task scheduling, and resource
allocation across the server cluster [19].

In addition to the average utilization level, the distribution of computational tasks
among the available servers can affect their individual operating points. To represent
different workload distribution strategies, such as load balancing and workload consol-
idation, a utilization shaping factor L is introduced. The effective server utilization is
expressed as

U

0T (4.0.19)

Up =
where

e L =1 corresponds to perfect load balancing, where the workload is uniformly dis-
tributed across the available servers, and

o L — 0 represents mazimum consolidation.

The parameter L therefore provides a mechanism for representing differences in workload-
management strategies without changing the underlying I'T load model. In this work,
L =1 is adopted to represent uniform workload distribution across the server population.

4.4.3 Server Power Consumption Model

Once the server utilization is determined, the corresponding electrical power demand is
calculated using a utilization-dependent server power model. Servers consume a nonzero
amount of power under idle conditions, while their power consumption generally increases
with computational utilization. Over the operating range considered in this work, this
relationship is represented using an approximately linear model [10,19].

The power consumption of the k-th server is expressed as

P, = Pl + (P — P (4.0.20)

where
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o Pide is the idle power consumption of the server, and

o PP is the server power consumption at full utilization.
The total IT load power is obtained by aggregating the power consumption of all
servers:

Ns
Pr =) P (4.0.21)
k=1
For a large-scale data center represented using homogeneous or equivalent servers, the
formulation can be simplified as

Pir = N, [P 4 (pmex — piie) ] (4.0.22)

This formulation separates the temporal characteristics of the computational workload,
represented by U(t), from the physical scale of the modeled data center, represented by
N,, P and P™a_ Consequently, workload profiles obtained from different facilities or
datasets can be mapped to an appropriate data-center capacity while preserving their
characteristic temporal variations.

4.4.4 Dynamic Behavior of IT Load

The utilization and server power models provide a generalized mechanism for intro-
ducing time-varying computational demand into the electrical simulation. Unlike conven-
tional loads that are frequently represented using static or slowly varying characteristics,
data-center I'T loads can exhibit rapid changes associated with computational activity,
task scheduling, and workload transitions. These characteristics are particularly impor-
tant for large-scale high-performance computing and Al workloads, for which coordinated
changes in server activity can produce significant variations in aggregate power demand [9].

Accordingly, the dynamic IT load is represented as a time-varying function of server
utilization:

Pir(t) = f(U (1)) (4.0.23)

Using the server power relationship in (4.0.22), the dynamic aggregate power can be
expressed as . .
Pir(t) = N, [P 4 (Pm — ) U (1) (4.0.24)

Here, U(t) can represent a directly measured utilization trajectory or a utilization profile
derived from the aggregation and normalization of measured, historical, forecasted, or
representative workload data.

This formulation enables different temporal workload characteristics to be incorpo-
rated without changing the underlying electrical model. Different profiles associated with
enterprise computing, diversified colocation loads, cloud computing, or rapidly varying
AT workloads can therefore be represented by applying the corresponding U(t) trajectory
to the same generalized server-power formulation.
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4.4.5 Coherent IT Load Representation

Although the server-level formulation provides a direct relationship between computa-
tional utilization and electrical power, explicitly representing every individual server be-
comes computationally impractical for large data centers containing thousands of servers.
Therefore, the individual server loads are aggregated into a coherent equivalent represen-
tation suitable for system-level simulation.

The coherent IT load is expressed as

Prror = Ny » Nepy » Py (4.0.25)
where
e N, is the number of equivalent racks,
e N, is the number of servers per rack, and

e P, is the power consumption of a representative server.

It is noted that Pir ot is equivalent to the aggregated IT load Pt defined in (4.0.22),
with
N, = N, Ny,. (4.0.26)

The coherent formulation therefore preserves the aggregate power consumption and
temporal workload characteristics while avoiding explicit electrical representation of every
individual server. This reduces computational complexity and makes the model suitable
for integration with the detailed data-center power-delivery system.

The formulation also provides a convenient scaling mechanism for representing data
centers of different capacities. Once a workload profile has been mapped to U(t), the
modeled capacity can be adjusted through the equivalent number of racks and servers and
their corresponding power ratings. Thus, the workload profile determines the temporal
variation of IT demand, while the coherent rack/server representation determines its
aggregate power scale.

4.4.5.1 Implementation of IT Load in Simulation

The preceding modeling stages convert data-center workload information into the time-
varying aggregate I'T power demand Pir(t). To interface this computational load represen-
tation with the detailed electrical model, the I'T load is implemented as a variable-resistive
element connected to the PSU DC output at the 48-V bus, as illustrated in Fig. 4.6 and
Fig. 4.7.

For a specified IT power demand Prr(t), the corresponding equivalent resistance is
calculated using the fundamental power—voltage relationship:

2
R(t) = — i

= Pl (4.0.27)

where

o Ve is the PSU output/DC-bus voltage, and
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o Pip(t) is the time-varying aggregate IT load power obtained from the utilization-
based model.

The resistance R(t) is continuously updated according to the prescribed IT-load tra-
jectory. As a result, the effective electrical load seen by the PSU varies with the computa-
tional workload, ensuring that the instantaneous power consumption follows the desired
Prr(t) profile.

This implementation establishes the complete connection between the computational
workload representation and the detailed electrical model. Measured or representative
workload data are first aggregated and normalized, translated into server utilization,
converted into individual and aggregate server power, and finally implemented as a time-
varying electrical load at the PSU output.

The proposed approach therefore provides a common electrical interface for represent-
ing different data-center capacities and workload profiles while maintaining compatibility
with the detailed PSU and overall data-center model. The resulting implementation pro-
vides the basis for evaluating the developed I'T load model against representative workload
profiles in the following subsection.

4.4.6 Performance Evaluation of IT Load Model

The developed IT load model is validated by comparing its ability to reproduce real-
istic data center load profiles reported in [9,19]. The objective is to demonstrate that the
proposed modeling approach, with variable-resistive-load implementation, can accurately
reproduce time-varying IT load behavior. From the corresponding time-varying power de-
mand Prr(t), this power is translated into an equivalent resistance using (4.0.27), allowing
the load to be physically realized as a time-varying electrical load within the PSU-IT load
circuit.

4.4.6.1 Al Training Load Profile

Fig. 4.8 compares a Al data center load profile during training [9] with the correspond-
ing load profile generated by the proposed implementation.
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Figure 4.8: Comparison of reference and modeled Al training load profiles.
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The proposed implementation successfully reproduces the characteristic features of the
reference load profiles through dynamic resistance realization. This demonstrates that
the model with the dynamic resistance realization effectively captures the characteristics
of high-performance computing loads.

4.4.6.2 Utilization-Based Load Profile

Fig. 4.9 presents the relationship between server utilization and power consumption
[19], along with the corresponding load profile generated by the model.
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Figure 4.9: Comparison of reference and modeled server load profiles.

The results confirm that the proposed model accurately translates utilization-based power
variations into corresponding power demand profiles. The generated load closely follows
the expected temporal variations, validating the correctness of the utilization-to-power
mapping through the model.

4.4.6.3 Discussion
Overall, the validation results demonstrate that:

o The proposed framework is capable of representing a wide range of I'T load behaviors
by accommodating time-varying power demand profiles

» The approach enables integration of different types of workload-driven I'T load char-
acteristics within a unified modeling and simulation framework

o The utilization-based formulation, combined with the power-to-resistance mapping,
enables a physically consistent realization of I'T load behavior within the PSU-load
circuit

o The proposed approach provides a flexible, scalable interface for incorporating ad-
ditional subsystems, such as cooling loads, particularly when cooling demand is
modeled as a function of I'T load power.
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4.5 Modeling of Uninterruptible Power Supply (UPS)

The Uninterruptible Power Supply (UPS) ensures continuous and high-quality power
delivery to critical IT loads under normal and disturbed operating conditions. The UPS
operates in multiple modes, including bypass (eco mode), double-conversion mode, and
battery mode.

From a modeling perspective, the UPS system consists of three main subsystems:

« AC-DC conversion stage (rectifier),
o DC energy storage system (battery),
« DC-AC conversion stage (inverter).

4.5.1 Topology

The UPS topology follows a double-conversion architecture in which the input AC
power is first converted to DC by a controlled rectifier and then inverted back to AC
using a voltage-source inverter.

Inverter

—
J X Jd} X AL — .
out L —
v out Loyt lLoad,b
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T Cout T Cour T Cout
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Figure 4.10: UPS model showing rectifier, DC-link, battery, inverter, and output filter.

As shown in Fig. 4.10, the rectifier stage converts the input AC voltage into a regulated
DC-link voltage. The DC-link is interfaced with a battery system that provides energy
storage and backup capability. The inverter stage converts the DC-link voltage into a
controlled three-phase AC output.

The inverter output is interfaced with the load through an output filter, which smooths
the converter switching effects and ensures a high-quality sinusoidal voltage supplied to
the load.

4.5.2 Modes of Operation

The UPS operates in multiple modes depending on grid conditions and system re-
quirements. These modes determine the power flow path and control objectives of the
rectifier and inverter stages.
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Figure 4.11: Modes of operation of UPS.

4.5.2.1 Bypass Mode (Eco Mode)

In bypass or eco mode, the load is supplied directly from the utility grid via a bypass
path, while the UPS remains in standby.

» High efficiency due to reduced conversion losses,
o Limited power conditioning capability,
o Load is exposed to grid disturbances.

4.5.2.2 Double-Conversion Mode (Online Mode)

In double-conversion mode, the input AC power is first converted to DC through the
rectifier and then inverted back to AC to supply the load.

o Complete isolation from grid disturbances,

« Continuous operation of both rectifier and inverter stages.

In this mode, the DC-link voltage is regulated by the rectifier, while the inverter controls
the output voltage supplied to the load.

4.5.2.3 Battery Mode

In battery mode, the grid supply is unavailable or outside acceptable limits. The
DC-link is maintained by the battery, and the inverter continues supplying power to the
load.

o Ensures uninterrupted power supply,
o Inverter operates as a standalone (grid-forming) voltage source,

o Battery provides the required energy to support the load.
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4.5.2.4 Mode Transition

The transition between operating modes is governed by system conditions such as volt-
age deviation, frequency limits, and fault detection. The control system ensures smooth
transitions to avoid disturbances in the load voltage.

In the developed model, mode selection is implemented through control logic that switches
between:

« Rectifier-controlled DC-link regulation (double-conversion mode),
o Inverter-controlled voltage generation (battery mode),
« Bypass path (direct grid supply).

4.5.3 Filter Design
The UPS employs filtering elements on both the DC-link and inverter output to ensure

stable operation and improved power quality.
4.5.3.1 DC-Link Capacitor

The DC-link capacitor stabilizes the DC voltage and balances the instantaneous power
difference between the rectifier and inverter stages:

dVy. . ,
Odch = lrec — linv, (4028)

where:
o (g is the DC-link capacitance,
o Vi is the DC-link voltage,
e i is the rectifier current,
e iy is the inverter input current.

The DC-link capacitor acts as an energy buffer, maintaining voltage stability during load
transients and mode transitions.

4.5.3.2 Output Filter

As shown in Fig. 4.10, the inverter output is interfaced with the load through a three-
phase L-C' filter. This representation depicts a balanced three-phase filtering structure,
with identical components in each phase to ensure uniform attenuation of switching ripple
and balanced voltage conditions at the load terminals.

The filter attenuates high-frequency switching components and ensures a smooth three-
phase voltage at the load.
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Inductor Dynamics: The output inductors limit the rate of current change and suppress
high-frequency components. For a balanced three-phase system, the dynamics can be
expressed in vector form as:

diabc
VL.abc = Lout? = Vinv,abc — Vo,abe; (4029)

where:
o Loy is the per-phase inductance,
e g is the three-phase inductor current vector,
* Uinv.abe 18 the inverter output voltage,

e Uoape is the load-side voltage.

Capacitor Dynamics: The output capacitors provide voltage smoothing and support
load dynamics. The capacitor behavior for the three-phase system is given by:

dUo,abc

COU
Yt

= labe — iload,abca (4030)

where:
o Coy is the per-phase capacitance,
e Uoabe 1S the three-phase load voltage,
e g is the inductor current vector,
* lload,abe 15 the load current.

The combined action of Ly, and Cyy; forms a balanced three-phase filter that attenuates
switching harmonics and maintains a high-quality sinusoidal voltage at the load.

4.5.4 Control Architecture

The UPS control architecture consists of independent control strategies for the rectifier
and inverter stages.

4.5.4.1 Rectifier Control (AC-DC Stage):

The rectifier employs a cascaded voltage—current control structure to regulate the DC-
link voltage while ensuring controlled input current dynamics. The control architecture
consists of two hierarchical loops: an outer voltage regulation loop and an inner current
control loop.

As illustrated in Fig. 4.12, the rectifier control is organized into two main functional
stages: voltage regulation and current control. In the control architecture:

o Vicrer represents the desired DC-link voltage,

e Viem represents the measured DC-link voltage,
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Figure 4.12: Control architecture of the UPS Rectifier.

o I ref is the reference inductor current,
e I, is the measured inductor current,
o the PID controllers regulate voltage and current loops,

e D represents the duty ratio used for PWM generation.

Voltage Regulation: The DC-link voltage is regulated by comparing the reference voltage
Vieret With the measured voltage Vg m. The resulting voltage error is processed through
a proportional-integral-derivative (PID) controller to generate the reference inductor cur-
rent I, ef.

This reference current represents the amount of current required from the AC side to
maintain the desired DC-link voltage under varying load conditions.

Current Control: The reference inductor current Iy, is compared with the measured
inductor current I, ,, to form a current error. This error is processed through a second
PI controller to generate the duty ratio D.

The duty ratio determines the switching action of the rectifier through the PWM
block, enabling the inductor current to track its reference accurately.

Control Operation: Any change in load demand results in a corresponding deviation in
the DC-link voltage, which alters the voltage error and consequently adjusts the reference
inductor current Iy ;s. The current control loop responds by modifying the duty ratio,
thereby regulating the power drawn from the AC source to restore the DC-link voltage
to its reference value.

Through this cascaded control structure, the rectifier maintains a stable DC-link volt-
age while ensuring smooth and controlled input current dynamics.

4.5.4.2 Inverter Control (DC-AC Stage):

The UPS inverter is modeled as a voltage-controlled source that generates a balanced
three-phase AC output using a three-level neutral-point-clamped (NPC) converter. The
control objective is to synthesize a sinusoidal output voltage with desired magnitude,
frequency, and phase, while maintaining stability under different operating modes.

As illustrated in Fig. 4.13, the inverter control is organized into three main functional
stages: voltage regulation, phase generation, and reference voltage synthesis. In the
control architecture:
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Figure 4.13: Control architecture of the UPS inverter.

o |Vacrer| represents the desired output voltage magnitude,

o 0. represents the reference phase angle,

e (e defines the three-phase displacement,

 the sinusoidal block generates unit three-phase waveforms,
o the PI controller regulates the output voltage magnitude,

o U, represents the reference voltage signal tracked by the NPC inverter using an
average model.

Voltage Regulation: The output AC voltage magnitude is regulated by comparing the
reference voltage magnitude |V, ef| with the measured output voltage magnitude |Vicm.
The resulting voltage error is processed through a proportional-integral-derivative (PID)
controller to generate a normalized voltage command signal. This signal determines the
amplitude of the inverter reference voltage.

Phase Processing and Three-Phase Construction: The reference angular frequency wies
is used to obtain the phase angle 6., which defines the instantaneous position of the
output voltage waveform.

The three-phase structure is established by incorporating the phase displacement term
dapbe, Which represents the fixed phase shifts of a balanced three-phase system:

Gape = {0°, —120°, +120°}. (4.0.31)

By combining 6,.f with ¢4, three phase-shifted angle signals are obtained, corresponding
to the three phases of the inverter output.

Reference Voltage Formation: The phase signals are passed through a sinusoidal func-
tion block to generate normalized three-phase waveforms. These waveforms are scaled
by the voltage command signal obtained from the voltage control loop, producing the
reference voltage signal U.es.
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Inverter Operation: The reference voltage U, is applied to the three-level NPC inverter,
which operates using an average model representation. The inverter’s output voltage is
generated from the reference signal. The inverter converts the DC-link voltage into a
controlled three-phase AC output, supplying the load with the required voltage magnitude
and frequency. This control structure allows the inverter to operate as a grid-forming
voltage source during battery or islanded operation, while maintaining stable and balanced
three-phase output under varying load conditions.

4.5.5 Switching and PWM Implementation

The switching implementation of the UPS system is directly governed by the control
signals generated in the rectifier and inverter control architectures. The rectifier and
inverter stages employ different modulation approaches based on their respective control
objectives and modeling levels.

« Rectifier Switching: In the rectifier stage, the duty ratio D generated by the inner
current control loop is applied to a PWM generator operating at a fixed switch-
ing frequency. This PWM signal determines the gating of the rectifier switching
devices, thereby controlling the inductor current and regulating the DC-link volt-
age. The switching action ensures that the input current follows its reference while
maintaining the desired DC-link voltage under varying load conditions.

 Inverter Implementation (Average Model): In the inverter stage, the control archi-
tecture generates a three-phase reference voltage signal U, which represents the
desired output voltage waveform in terms of magnitude, phase, and frequency.

Instead of explicitly generating switching pulses, the inverter is modeled using an
average-value representation. In this approach, the converter directly tracks the reference
voltage U, to produce the corresponding AC output voltage. The key parameters of the
UPS system used in this study are summarized in Table 4.3.

Table 4.3: Key parameters of the UPS system

Component / Description /

Symbol Value

Parameter Remarks
Input AC Voltage Vs 480 V  Utility grid input
DC-link Voltage Vie 800 V. Regulated DC-link voltage
Output Voltage Vout 480 V. Three-phase AC output to load
Battery Voltage Vbat 800 V. DC energy storage system

Switching Frequency (Rectifier) fs 10 kHz PWM switching frequency

4.5.6 Summary

The developed UPS model captures the dynamic interaction between the rectifier,
DC-link, battery, and inverter stages. It ensures:

o Regulated DC-link voltage,
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» Seamless transition between operating modes,
» Stable and sinusoidal AC output voltage,

o Fast dynamic response under load variations.

4.6 Modeling of Cooling System

Cooling systems constitute a significant portion of the total facility demand in large-
scale data centers. However, in the present work, the cooling system is not modeled
as a separate detailed dynamic subsystem. Instead, its electrical impact is incorporated
through its dependency on IT load demand, so that the combined effect of I'T and cooling
consumption is represented within the overall aggregated data center load.

4.6.1 Cooling Load Representation Using Power Usage Effective-
ness (PUE)

The cooling demand is estimated using the Power Usage Effectiveness (PUE) metric,
which relates the total facility power consumption to the I'T load. PUE is defined as:

(4.0.32)

For modern hyperscale data centers, PUE values typically range between 1.2 and 1.4.
In this study, a representative value of 1.3 is adopted to characterize a contemporary,
energy-efficient facility. Accordingly, the total facility load is expressed as:

Piotal = PUE x Pip (4.0.33)

The non-IT portion, primarily attributed to cooling and associated auxiliary infras-
tructure, is therefore estimated as:

Prooting = (PUE — 1) x Py (4.0.34)

Under this representation, the cooling demand varies proportionally with the I'T load.
This provides a practical way to capture the dominant influence of cooling on total data
center demand without introducing separate thermo-mechanical subsystem models.

4.6.2 Cooling System Composition and Representative Load Break-
down

Although the cooling system is not explicitly modeled as an independent subsystem
in the present simulation framework, a representative breakdown of typical data center
cooling loads is provided for context. This breakdown reflects common industry practice
and identifies the major contributors to cooling demand.

The values listed in Table 4.4 are intended for illustrative and engineering reference pur-
poses only; they are not implemented as separate component-level models in the present
study.
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Table 4.4: Cooling System Load Breakdown for 100 MW Data Center

Cooling Rated Power Cooling Load

Component (MW) Share (%) Load Type

Representative
Description

Chillers 15.0 50 Motor-driven load Major
cooling
production
unit

Pumps 6.0 20 Motor-driven load Cooling
fluid
circulation

Cooling tower fans 4.5 15 Fan load Heat
rejection
support

CRAC/CRAH fans 4.5 15 Fan load Air
handling
and
rack-level
cooling

Total Cooling Load 30.0 100 - —

In the implemented model, these components are not represented individually; instead,
their combined effect is incorporated into the aggregated load through the PUE-based
formulation described above.

4.6.3 Cooling Load Modeling Approach

From an electrical modeling perspective, the cooling load is represented indirectly as
a load component dependent on IT demand. Thus, the cooling contribution is embedded
within the overall data center load rather than introduced as a separate network-connected
subsystem.

This approach allows the combined I'T and cooling demand to be represented using a
unified load model with adjustable power or equivalent resistance, depending on the study
objective and implementation stage. As the IT load varies with workload conditions, the
cooling demand varies proportionally through the adopted PUE relationship, thereby
reflecting the first-order coupling between computation demand and supporting thermal
infrastructure.

Such an aggregated representation is appropriate for system-level dynamic simulations
in which the primary interest lies in the electrical interaction between the data center and
the grid, rather than in detailed thermal or motor-drive dynamics of individual cooling
equipment.
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4.6.4 Electrical Interface and Voltage Level

In practical operation, cooling equipment is supplied from the low-voltage AC dis-
tribution system within the data center. In the present model, the aggregated cooling
contribution is included within the total load supplied from the low-voltage AC side down-
stream of the PDU.

Therefore, the implemented electrical demand seen by the upstream network represents
the combined effect of IT and cooling power consumption. This abstraction preserves the
impact of cooling on total data center loading while maintaining computational efficiency
and consistency with the overall component-level modeling framework.

4.7 Modeling of Colocated Power Plant Generation
4.7.1 Modeling of Gas Turbine (GT) Generator

The gas turbine (GT) generator provides local generation support at the medium-
voltage (MV) level and contributes to both steady-state power supply and dynamic sys-
tem response. In the developed model, each GT unit is represented using a detailed
synchronous generator integrated with standard control subsystems, including a steam
turbine-governor (STG), an excitation system, and a power system stabilizer (PSS).

The synchronous machine block represents the electromechanical energy conversion
process, where mechanical input power from the turbine is converted into electrical output
power delivered to the grid. The rotor dynamics capture the inertia-driven response
of the generator, which plays a key role in system frequency behavior and oscillation
characteristics.

The STG system provides primary frequency control. It adjusts the mechanical input
power based on speed deviation through a droop mechanism, ensuring that the generator
responds to frequency variations and contributes to system stability. The turbine stages
capture the inherent delays and dynamics associated with steam energy conversion.

The excitation system regulates the terminal voltage of the generator by controlling
the field voltage. An IEEE Type-1 excitation model is employed, where the voltage
regulator compares the measured terminal voltage with a reference value and adjusts the
field excitation accordingly. This control loop is critical for maintaining voltage stability
and reactive power support.

To enhance damping of low-frequency electromechanical oscillations, a Kundur-type
power system stabilizer (PSS) is included. The PSS introduces a stabilizing signal into
the excitation system based on speed or power deviations, improving system damping and
reducing oscillatory behavior.

Overall, the GT generator model captures the key electromechanical and control dy-
namics required for system-level stability and oscillation studies while maintaining com-
patibility with the benchmark network framework.

Detailed mathematical formulations, control block structures, and parameter settings
of the synchronous machine, turbine—governor, excitation system, and PSS are provided
in Appendix A.1.
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4.7.2 Modeling of Battery Energy Storage System (BESS)

The battery energy storage system (BESS) provides fast dynamic support at the MV
level and plays a critical role in enhancing system stability during disturbances. The
BESS is modeled as a grid-interfaced converter system consisting of a DC energy source
(battery) and a power electronic inverter.

The inverter is implemented as a three-level neutral-point-clamped (NPC) converter
using a reference-voltage-controlled average model.
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Figure 4.14: Generalized control diagram for BESS Inverter.

The overall control structure of the BESS inverter is illustrated in Fig. 4.14. The
inverter operates primarily in grid-following (GFL) mode, where synchronization with
the grid is achieved through a phase-locked loop (PLL). The PLL provides the reference
angle needed to synchronize the inverter output with the grid voltage.

In GFL operation, the control system is structured around inner current control loops
and outer control objectives. The inner control loop regulates the inverter current to
track reference values, enabling precise control of active and reactive power exchange
with the grid. The outer control loop generates these current references based on system
requirements such as power injection or DC-link regulation, as shown in Fig. A.2.

For transient and disturbance studies, the control is implemented in the dq reference
frame. Grid-side voltages and currents are transformed into dq components, allowing
decoupled control of active and reactive power. The controller generates reference signals
in the dg frame, which are then converted back to three-phase quantities to produce the
inverter reference voltage, as illustrated in Fig. A.1.

Although the primary mode of operation in this study is grid-following, the modeling
framework is compatible with grid-forming (GFM) control strategies, where the inverter
can regulate voltage and frequency directly. This flexibility allows the BESS to support
both grid-following and grid-forming functionalities depending on system requirements.

Overall, the BESS model captures the essential converter control dynamics and fast
response characteristics required for studying its interaction with the grid and its impact
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on system stability.
Detailed control equations, transformation relationships, and controller implementa-
tions are provided in Appendix A.2.

4.8 Protection System Design and Logic/Settings Consid-
ering Standards (IEEE 2800)

The protection system of the grid-connected data center is designed to ensure reliable
operation under both normal and disturbed grid conditions while complying with modern
interconnection standards such as IEEE 1547 and IEEE 2800. In converter-dominated
systems, conventional protection schemes based on immediate tripping are no longer suf-
ficient, as large-scale disconnection during disturbances can adversely affect grid stability.
Therefore, fault ride-through (FRT) capability is incorporated as a fundamental require-
ment in the protection design.

4.8.1 Fault Ride-Through (FRT) Philosophy

Fault ride-through refers to the capability of a resource to remain connected and
operational during transient voltage and frequency disturbances for a specified duration.
Instead of tripping instantaneously, the system is required to tolerate disturbances within
predefined voltage and frequency envelopes.

In the developed model, protection and switching elements are implemented at key
interfaces, particularly at the point of common coupling (PCC) and within the medium-
voltage distribution network, to enable FRT functionality and controlled system response
during disturbances.

The FRT logic is structured based on three operational regions defined in IEEE 2800:

o Continuous Operation Region: Normal operating range where the system must
remain connected indefinitely.

o Mandatory Operation Region: Disturbance region where the system must ride
through for a minimum specified duration.

o Permissive Operation Region: Extreme conditions where operation is allowed but
tripping is permitted.

The combined area of these regions defines the must-ride-through zone, whereas con-
ditions outside this envelope correspond to the may-trip zone.

4.8.2 Voltage Ride-Through Requirements (IEEE 2800)

The voltage ride-through characteristics implemented in this work are based on IEEE
2800 requirements for inverter-based resources (IBRs). For the considered data center
configuration (converter-dominated load with BESS/UPS), the criteria corresponding to
“all other IBR types” are adopted.

As observed from Table 4.5, the system is required to remain connected even under
severe voltage depressions down to 0.25 p.u. for short durations. This ensures that
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Table 4.5: Voltage Ride-Through Requirements

Voltage (p.u.) Operation Region Minimum Ride-Through Time (s)

> 1.20 May Trip N/A
> 1.10 Mandatory 1.0
> 1.05 Continuous 1800
090 <V <1.05 Continuous Continuous
< 0.90 Mandatory 6.0
< 0.70 Mandatory 3.0
< 0.50 Mandatory 1.20
< 0.25 Mandatory 0.32
< 0.10 Permissive 0.32

large-scale tripping of converter-based loads is avoided during faults, thereby maintaining
system stability.

The voltage is evaluated at the high side of the main transformer using RMS mea-
surements, and the ride-through duration is accumulated over a specified time window.

4.8.3 Frequency Ride-Through Requirements (IEEE 2800)

In addition to voltage disturbances, the system must also tolerate frequency deviations.
The implemented frequency ride-through characteristics are summarized in Table 4.6.

Table 4.6: Frequency Ride-Through Requirements (Adapted from IEEE 2800 Table 3)

System Frequency (Hz) Minimum Ride-Through Time (s)

> 61.8 May Trip

> 61.2 299
58.8 < f <61.2 Continuous

< 58.8 299

< 57.0 May Trip

The frequency ride-through profile can be interpreted in terms of three distinct oper-
ational regions:

1. Continuous Operation Region (58.8 < f < 61.2 Hz): This represents the nor-
mal operating band of the power system. Within this range, the data center and
associated converter-based resources (e.g., BESS and UPS) are required to remain
connected indefinitely without any restriction. No protective action is initiated, and
normal control operation is maintained. This ensures stable operation under typical
grid frequency variations.

2. Mandatory Ride-Through Region (57.0 < f < 58.8 Hz and 61.2 < f < 61.8 Hz):
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In this region, the system experiences moderate under-frequency or over-frequency
conditions. The resource must remain connected for a minimum duration of 299
seconds (approximately 5 minutes), even though the frequency deviates from its
nominal value. This requirement prevents premature disconnection during system
disturbances such as generation-load imbalance or transient events. During this
interval, control systems may adjust active power output (if applicable) to support
grid recovery.

Permissive Tripping Region (f < 57.0 Hz and f > 61.8 Hz): These frequency
levels correspond to severe system conditions. In this region, continued operation is
not mandatory, and protective tripping is permitted to prevent equipment damage
or instability. However, depending on system design and control capability, the
resource may still attempt to ride through if operational limits are not exceeded.

Overall, the frequency ride-through requirement ensures that the system does not
disconnect unnecessarily during transient frequency excursions, thereby contributing to
grid stability. By enforcing sustained operation in the mandatory region and allowing
controlled tripping only under extreme conditions, the protection scheme aligns with
IEEE 2800 objectives for converter-dominated power systems.

4.8.4 Protection Logic and Implementation

The protection system integrates FRT requirements into its decision-making logic
rather than relying solely on instantaneous threshold-based tripping. The implemented
logic follows a time-dependent structure:

1
2
3

4.

5

Measure voltage and frequency at the PCC using filtered RMS quantities.

Identify the corresponding operating region (continuous, mandatory, or permissive).
Start a timer when the system enters a disturbance region.

Compare the elapsed duration with the minimum ride-through requirement.

Initiate tripping only if the disturbance duration exceeds the allowable limit.

To ensure compliance with TEEE 2800:

» Instantaneous tripping based on sub-cycle measurements is avoided.

o Duration-based accumulation is implemented for varying disturbances.

o Multiple disturbances within a short interval are treated cumulatively.

4.8.5 Post-Disturbance Recovery and Control Coordination

Following fault clearance, the system is required to restore normal operation in a
controlled manner. In accordance with IEEE 2800, the real power output is restored to
its pre-disturbance value within a specified time (typically within 1 second) after voltage
recovery.

Additionally, converter controls (UPS and BESS) are coordinated to:
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o Provide voltage support during faults,

Maintain DC-link stability,
e Avoid control instability during transitions,
o Ensure smooth reconnection to normal operating conditions.

4.8.6 Summary

The implemented protection system integrates modern FRT requirements into the
overall control and protection architecture of the data center. By adhering to IEEE 2800
ride-through criteria, the system ensures:

o Enhanced grid support during disturbances,
o Prevention of unnecessary tripping,
o Improved system stability and resilience,

o Compatibility with converter-dominated power system operation.
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5.0 Study Framework for Impact Assessment of
Data Center on Power System Dynamics

5.1 Test System Details

This chapter presents simulation-based studies conducted on a comprehensive grid-
connected data center test system. The test system integrates a detailed data center
power architecture with a benchmark high-voltage transmission network, enabling assess-
ment of dynamic interactions, stability behavior, and power-quality performance. The
configuration of the test system is derived from the data center AC power architecture
described in Section 3.1. The following subsection describes the overall test system con-
figuration and its integration with the utility grid and co-located power resources.

5.1.1 Overall Test System Configuration and Data Center Integration

The test system integrates a detailed grid-connected data center model with the Kun-
dur two-area, four-machine benchmark power system. The overall configuration consists
of three interconnected layers:

 The high-voltage (HV) transmission network.
e The medium-voltage (MV) interconnection and co-located power resources.
o The low-voltage (LV) data center electrical system.

The HV transmission network is represented using the Kundur two-area, four-machine
benchmark system, which provides a well-established platform for studying inter-area
electromechanical dynamics and system-level stability. The single-line diagram of the
original Kundur system is shown in Fig. 5.1. The system consists of two interconnected
areas linked through parallel 230 kV transmission lines forming the primary power-transfer
corridor. Each area contains two synchronous generators rated at 900 MVA and connected
to the transmission network through step-up transformers.

Under nominal operating conditions, approximately 400 MW of power is transferred
between the two areas, producing the characteristic low-frequency inter-area oscillation
mode in the range of approximately 0.6-0.8 Hz. This characteristic makes the Kundur
system particularly suitable for evaluating the influence of large converter-interfaced data
center loads on oscillatory behavior and damping performance.

For data center integration, the Kundur system serves as the upstream utility grid. The
data center is connected in Area 1 at the transmission level, as illustrated in Fig. 5.2. To
accommodate the data center without altering the benchmark operating point, a portion
of the original aggregated load in Area 1 is replaced by the explicit data center load
while preserving the overall system loading condition. This maintains the steady-state
power-flow condition and generator operating points of the benchmark system, allowing
the dynamic effects introduced by the data center to be evaluated without major changes
in the original system loading.
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Figure 5.1: Single Line Diagram of Kundur Two-Area System.
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Figure 5.2: Kundur Two-Area System Connected with Data Center.
The data center is interfaced with the utility grid through a hierarchical voltage struc-
ture consisting of:
o HV level: 230 kV transmission network (Kundur system),

e MV level: 13.8 kV distribution bus (PCC),

LV level: 480 V AC distribution within the data center, and
e DC level: approximately 800 V DC link within the UPS.

Power from the 230 kV transmission network is stepped down to the 13.8 kV MV bus
through transformer stages. The 13.8 kV bus serves as the point of common coupling
(PCC) between the utility grid and the data center, where voltage magnitude, frequency,

95



and active/reactive power exchange are monitored. Co-located resources, including a gas
turbine (GT) generator and a battery energy storage system (BESS), are connected at
the MV level to provide local generation and dynamic support.

The detailed internal electrical configuration of the grid-connected data center is shown
in Fig. 5.3.
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Figure 5.3: Single Line Diagram of Grid-Connected Data Center Model.

From the 13.8 kV MV bus, power is stepped down to 480 V AC, forming the pri-
mary low-voltage distribution level within the data center. The Uninterruptible Power
Supply (UPS) interfaces the upstream AC system with the downstream data center loads
and incorporates an internal DC link operating at approximately 800 V. The UPS sup-
ports bypass, double-conversion, and battery-supported operating modes, as described in
Section 3.5.

Downstream of the UPS, conditioned 480 V AC power is distributed through Power
Distribution Units (PDUs) to the rack-level Power Supply Units (PSUs), which convert
the AC supply to the regulated low-voltage DC required by the I'T equipment. Cooling
systems are supplied from the AC distribution network and are incorporated into the
overall data center load according to the modeling approach described in Section 3.6. This
configuration therefore represents the complete electrical pathway from the transmission
network through the MV and LV distribution stages to the converter-interfaced IT loads
and cooling systems.

Protection and switching elements are included at key interfaces, particularly at the
PCC and within the MV distribution network, to enable fault ride-through (FRT) func-
tionality and controlled operation under grid disturbances. These elements also facilitate
transitions among the different data center operating conditions considered in the subse-
quent case studies.

All four generators in the Kundur system are represented using detailed synchronous
machine models with associated excitation systems, turbine—governor dynamics, and
power system stabilizers. Transmission lines are represented using distributed-parameter
models suitable for electromechanical transient analysis, while transformers include their
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corresponding impedance and tap settings. This modeling framework preserves the funda-
mental dynamic characteristics of the original Kundur system while enabling investigation
of data center—grid interactions.

The complete test system is implemented in MATLAB/Simulink using a discrete-time
simulation framework with a fixed simulation time step of 50 us. The selected time step
provides compatibility with the converter and control dynamics represented within the
detailed data center model while enabling system-level transient and oscillatory studies.

Overall, the integrated test system combines the established dynamic characteristics
of the Kundur two-area transmission network with the detailed data center architecture
developed in this work. The resulting framework enables systematic evaluation of data
center load dynamics, grid stability, oscillatory behavior, power-quality performance, and
control interactions under various operating and disturbance conditions. This config-
uration serves as the foundation for the case studies and discussions presented in the
subsequent sections of this chapter.

5.2 Case Study Framework for Impact Assessment of Data
Center on Power System Dynamics

5.2.1 Modal Characteristics and Harmonic Analysis under Different
Load Conditions

This section presents the simulation outcomes of the oscillation-mode identification
study conducted on the Kundur two-area benchmark system under multiple operating
conditions and disturbance events. The primary objective is to evaluate how different
loading condition and also data center load influence the dominant oscillatory behavior.
Oscillation modes are extracted using the sub-space identification based workflow, and
the resulting frequencies and damping ratios are summarized in the tables below.

5.2.1.1 Benchmark Loading Condition

To validate the implemented dynamic model and the oscillation analysis framework,
a benchmark loading condition based on the well-established Kundur two-area system is
adopted as a reference case. This test system is widely used in power system stability
studies for evaluating inter-area oscillatory behavior [20].

Under the nominal loading condition, a small disturbance is introduced in the system
to excite its natural electromechanical modes, resulting in a ring-down response. The
system dynamics are captured using generator rotor angle (§) and rotor speed deviation
(Aw) signals, which are commonly used for oscillation analysis. These time-domain re-
sponses are then processed to extract modal information using the adopted identification
method.

Modal analysis is performed on the resulting ring-down signals to identify the dominant
oscillation modes, including their frequencies and damping ratios. The extracted modal
characteristics are summarized in Table 5.1.

As observed, the dominant inter-area mode appears around 0.65 Hz with relatively
low damping, which is consistent with the classical Kundur two-area benchmark system.
In addition, two well-damped local modes are identified in the range of 1.1-1.2 Hz, corre-
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Table 5.1: Identified oscillation modes for benchmark loading condition

Case Mode (Hz) Damping (%) THD (%)
0.65 2.13

Benchmark Loading 1.12 11.50 0.7
1.17 9.08

sponding to oscillations within individual areas.

The close agreement of the identified modal characteristics with reported benchmark
results confirms the correctness of the system modeling and provides a reliable baseline
for further analysis under modified loading conditions.

5.2.1.2 Constant Data Center Load

To evaluate the impact of a steady data center demand on system dynamics, a constant
loading condition is considered in which a fixed 100 MW data center load is connected
to the system. This scenario represents a baseline operating condition where the IT load
remains time-invariant, without any temporal variability or workload-driven fluctuations.

The data center load is modeled as an aggregated constant power demand connected
at the selected bus (Area-1), representing the combined consumption of IT equipment and
associated infrastructure. To maintain consistency with the benchmark operating point,
this 100 MW data center load is introduced in place of the original 100 MW AC load in
Area-1, ensuring that the overall system power flow and loading level remain unchanged.

To excite the system dynamics, a small disturbance is introduced, resulting in a ring-
down response. The system behavior is monitored using generator rotor angle (§) and
rotor speed deviation (Aw) signals, which are commonly used for electromechanical os-
cillation analysis. These time-domain responses are processed using the adopted modal
identification framework to extract the dominant oscillatory modes.

The identified modal characteristics corresponding to this loading condition are sum-
marized in Table 5.2.

Table 5.2: Identified oscillation modes for constant data center loading condition

Case Mode (Hz) Damping (%) THD (%)
0.64 2.0
Constant IT Load
. 0.90 1.12 2.2
with event
0.83 7.3

5.2.1.3 Time Varying Al Training Load

To evaluate the impact of realistic workload variations on system dynamics, a time-
varying data center loading condition is considered based on an Al training load profile.
This profile captures the temporal variations in power demand associated with high-
performance computing workloads, as illustrated in Fig. 4.8b.
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The data center load is modeled as a dynamic aggregated demand connected at the
selected bus (Area-1), representing the combined behavior of IT equipment under varying
computational intensity. Similar to the constant loading case, the time-varying Al training
load replaces the original 100 MW AC load in Area-1, ensuring that the overall system
loading level remain consistent.

To excite the system dynamics, a small disturbance is introduced, resulting in a ring-
down response under time-varying loading conditions. The system behavior is monitored
using generator rotor angle (¢) and rotor speed deviation (Aw) signals. These time-domain
responses are processed using the adopted modal identification framework to extract the
dominant oscillatory modes. The identified modal characteristics corresponding to this
loading condition are summarized in Table 5.3.

Table 5.3: Identified oscillation modes for time-varying Al training data center loading

condition

Case Mode (Hz) Damping (%) THD (%)
0.64 0.79

AT profile (Fig. 4.8b) 0.995 0.74 5

of IT load 1.15 9.58
1.85 2.86

5.2.1.4 Result Discussion

The modal characteristics obtained under constant and time-varying data center load-
ing conditions provide important insights into the impact of data center operational be-
havior on power system dynamics.

o Shift in dominant oscillation modes: For both constant and time-varying data cen-
ter loading conditions, the dominant inter-area oscillation mode remains around
0.64-0.65 Hz, indicating that the fundamental inter-area dynamics of the system
are preserved. However, the higher-frequency local modes exhibit noticeable shifts
under both loading conditions compared to the benchmark case, suggesting altered
local electromechanical interactions due to data center integration.

o Excitation of new oscillation modes under time-varying load: Unlike the benchmark
and constant loading cases, which exhibit three dominant modes, the time-varying
Al training load results in the appearance of an additional oscillation mode, leading
to four identified modes. This indicates that the repetitive and dynamic nature of
the AI load profile introduces additional excitation into the system, giving rise to
new oscillatory components.

e Reduction in damping characteristics: A reduction in damping is observed for the
dominant inter-area mode under both loading conditions compared to the bench-
mark system. For the ~0.64 Hz mode, the damping decreases from 2.13% (bench-
mark) to 2.0% (constant load) and further to 0.79% under time-varying Al load,
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corresponding to an approximate 63% reduction relative to the benchmark case.
In addition, other modes also exhibit noticeable reductions in damping under time-
varying conditions, indicating a broader degradation of system damping and reduced
ability to attenuate oscillations.

o Increase in harmonic distortion due to data center load: The integration of data cen-
ter loads leads to a significant increase in harmonic distortion levels. The benchmark
system exhibits a low THD of approximately 0.7%, which increases to about 2.2%
under constant data center loading and remains elevated at around 2% for the time-
varying Al training load. This increase is primarily attributed to the presence of
power-electronic interfaces within the PSU and UPS, which introduce nonlinearities
and switching harmonics into the system.

Overall, the comparison demonstrates that while the constant data center load behaves
as a steady aggregated demand with relatively predictable dynamic characteristics, the
time-varying Al training load introduces continuous power fluctuations that act as per-
sistent disturbances to the system. These variations lead to increased modal complexity,
frequency shifts, reduced damping, and higher harmonic distortion, reflecting stronger
interactions between generators and converter-based load dynamics. Consequently, al-
though the dominant inter-area mode is preserved, the system exhibits a more dynamic
and potentially less stable response under time-varying loading conditions. These findings
highlight the importance of incorporating realistic, time-varying load profiles in stability
assessments and emphasize the need for enhanced dynamic analysis and control strategies
in future power systems with high penetration of data center loads.

5.2.2 Modal Characteristics and Harmonic Analysis under Voltage
Disturbance, and Grid—UPS Mode Transition

5.2.2.1 Test System & Event Details

The study is conducted using the standard Kundur two-Area power system in Fig. 5.2,
connected to the data center in Fig. 5.3. To evaluate the dynamic interactions between
the power system and the data center load, three disturbance scenarios are considered for
this study as follows:

o Temporary Voltage Sag: A short-duration voltage sag of 0.75 pu is applied for
three cycles at the middle of the tie line at the grid side at ¢t = 15 s for a constant
data center load study and at ¢t = 16 s for an Al training data center load profile
study. During this event, the data center remains connected to the grid, and no
grid-to-UPS switching occurs.

e Grid-to-UPS Transition with Load Loss: A three-phase fault is applied for three
cycles at the Area-1 bus on the grid side at t = 30 s, causing the grid voltage
to temporarily collapse to zero. The data center immediately transitions to UPS
operation. As a result, the grid experiences a temporary loss of the 100 MW data
center load until reconnection.

o UPS-to-Grid Reconnection: At t = 50 s, the data center reconnects from UPS
operation back to the utility grid.
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These disturbance scenarios allow assessment of the dynamic response of the grid—data
center interaction, modal characteristics, and harmonic distortion under voltage distur-
bances, load disconnection, and reconnection events, with a constant and an Al-trained
data center load profile. The test system was conducted in MATLAB/Simulink (50 us
discrete time step).

5.2.2.2 Simulation Results

For the simulation demonstration, two data center load types are used. The first is a
constant data center load of 100 MW, and the second is an Al training profile mentioned
in [9] shown in Fig. 4.8b. For this study, the frequency, voltage, and active power response
at various points are evaluated.

Constant Data Center Load: The dynamic responses of the system under constant data
center load and disturbance scenarios are illustrated in Figs. 5.4-5.6, which show the
variations in grid voltage and system frequency at Areas 1 and 2 during the considered
disturbance events, with the data center load held constant (100 MW). The correspond-
ing frequency deviation characteristics and settling times are summarized in Table 5.4,
while the modal characteristics and harmonic distortion associated with these events are
summarized in Table 5.5. The percentage change in system frequency due to a distur-
bance is calculated by summing the maximum rise and drop of the frequency deviation
and normalizing it to the nominal system frequency fnom. This is expressed as:

_ frise + fdrop

nom

Afy x 100%, (5.0.1)

where fise and fqrop are the peak positive and negative deviations of frequency, respec-
tively, and fyom is the nominal system frequency (60H z).

A constant data center load is used as a full-scale dynamic model of the data center,
with a constant Al training profile, for this simulation.
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Figure 5.4: Grid Voltage with constant data center load.

Al Training Data Center Load Profile: The dynamic responses of the system under the
AT training data center load profile are illustrated in Figs. 5.7-5.9. These figures present
the variations of grid voltage and system frequency at Areas 1 and 2 under the considered
disturbance events, with the Al training data center load profile. The corresponding
frequency deviation characteristics and settling times are summarized in Table 5.4, while
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Figure 5.5: Area-1 (Bus 7) Frequency with constant data center load.
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Figure 5.6: Area-2 (Bus 9) Frequency with constant data center load.

the modal characteristics and harmonic distortion under these scenarios are summarized
in Table 5.5.
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Figure 5.8: Area-1 (Bus 7) Frequency with AI Training Data Center Load Profile.

62



N 60.4 - 60.2 — -
= 60.4 < *50.36 H z 60.04 H Area-2
el S coa] [Rsere gty =—=
g 60.2 “4—30.22 Hz c 2 60
€ &0 *L’\—M 3 60 S
o
g o —ooarn g s 59.93Hz_p £ sos “€— 59.86 Hz
16 18 20 22 30 35 40 45 50 55 60 65
Time (s) Time (s) Time (s)
(a) Area-2 (Bus 9) Frequency (b) Area-2 Frequency (c) Area-2 Frequency (UPS to
(Temp. Voltage Drop in Grid) (Three-Phase Fault in Grid) Grid Transition)

Figure 5.9: Area-2 (Bus 9) Frequency with AI Training Data Center Load Profile.

Table 5.4: Frequency dynamic characteristics under different data center load profiles and
event scenarios

Event Scenario

Data Center Load Parameters Temporary Voltage Grid to UPS UPS to Grid
Drop at Grid + Load Loss Reconnection
Area-1: Frequency Deviation (R-D) 0.18-0.04 Hz (0.37%) 0.24-0.11 Hz (0.58%) 0.025-0.19 Hz (0.36%)
» ) R Area-1: Settling Time 5s 11s 12's
Constant Data Center Load — y\ . 5.y oquency Deviation (R-D) 0.22-0.06 Hz (0.47%) 0.36-0.07 Hz (0.72%)  0.04-0.14 Hz (0.30%)
Area-2: Settling Time 458 10°s 12's
Area-1: Frequency Deviation (R-D) 0.17-0.04 Hz (0.35%) 0.22-0.12 Hz (0.57%) 0.04-0.14 Hz (0.30%)
s Area-1: Settling Time 4s 10 s 7s
Al Training Data Center Profile . > pyequency Deviation (R D) 0.22-0.06 Hz (0.47%) 0.36-0.07 Hz (0.72%)  0.04-0.14 Hz (0.30%)
Area-2: Settling Time 4s 10 s 7s

Note: R = Rise and D = Drop.

Table 5.5: Modal characteristics and harmonic distortion under different data center load
profiles and event scenarios

Event Scenario

Parameter Load Condition Standard Kundur
System with Temporary Voltage Grid to UPS UPS to Grid
. Drop at Grid + Load Loss Reconnection
Ring Down
Mode (Hz) Constant Data Center 0.65, 1.13, 1.18 0.64, 1.11, 1.15 0.63, 1.10, ' 1.27 0.64, 1.11, [1.29]
AT Training Profile (Spot Load) 0.64, 097, 1.13, 2.30 0.63, 1.10, 1.27 0.65, 1.01, [1.83, 3.24
Damping Ratio (% ¢) Constant Data Center 2.3, 10.85, 8.32 2.2, 9.88, 8.34 2.4,10.7, 0.6 1.9, 9.94, 0.55
Al Training Profile (Spot Load) 1.41, 2.1, 8.46, 2.65 1.95, 10.81, 1.22 1.1, 3.01, 3.25
THD (%) Constant Data Center 0.7 2.2 3.58 3.38
Al Training Profile (Spot Load) 2 3.07 2.53
Note: indicates mode shifting, and indicates newly introduced modes.

5.2.2.3 Result Discussions

Frequency Dynamic Response Under Disturbance Events: The frequency deviation and
settling characteristics summarized in Table 5.4 highlight several important observations
regarding the dynamic impact of data center load disturbances on the power system.

o Maximum frequency deviation: Area-2 consistently demonstrates the largest fre-
quency deviation across all scenarios. During the Grid-to-UPS transition, a load-
loss event results in a frequency deviation of approximately 0.36 Hz. These findings
suggest that Area-2 undergoes the most significant transient response during dis-
turbances.

o Most severe disturbance event: Among the three disturbance scenarios, the Grid-to-
UPS transition with load loss produces the largest frequency excursions across the
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system, indicating that the sudden disconnection of the data center load, along with
the Grid-to-UPS transition, introduces the most significant transient imbalance.

e Settling time characteristics: The longest system recovery times are also observed
during the Grid-to-UPS transition following a load-loss event, with system stabi-
lization occurring in approximately 10-11 s.

Overall, the Grid-to-UPS transition with load loss represents the disturbance condition
that produces the most pronounced system frequency dynamics, with Area-2 experiencing
the largest deviations among the studied locations.

Oscillation Modes and Harmonic Characteristics: The modal characteristics and har-
monic distortion summarized in Table 5.5 provide insight into the oscillatory behavior
and power-quality impacts associated with data center load integration.

« Baseline modes of oscillation: The third column in Table 5.5 provides oscillation
modes of the Standard Kundur system with a ring-down event. During this event,
a fault (ring-down event) is initiated, and the oscillation modes are evaluated. For
this, a spot P — @ load is used instead of the dynamic model of the data center
and data center load. The modes of oscillation are being seen (including 0.64 Hz,
1.11 Hz, and 1.15 Hz).

 Shift in dominant oscillation modes: Compared to the original two-area model with-
out data center load (named as the baseline Kundur system), shifts in oscillation
frequencies are observed after integrating the data center load. The dominant inter-
area mode near 0.65 Hz varies between approximately 0.63 and 0.65 Hz across
disturbance scenarios. In addition, several existing modes above 1 Hz shifts (such
as 1.11 Hz shift to approximately 0.97 Hz and 1.01 Hz, 1.15 Hz shifts to 1.13 Hz,
1.29 Hz shifts to 1.83 Hz) as shown in Table 5.5, due to the effect of converter-based
data center load dynamic characteristics with varying grid conditions.

o Emergence of additional oscillation modes: Additional oscillation modes appear
when the system is exposed to the Al training data center load profile under dis-
turbances. Higher-frequency oscillations at 2.3 Hz and 3.24 Hz appear during dis-
turbances, which is associated with interactions among converter-based data center
equipment, disturbance transitions, and the rapidly varying Al training load pat-
tern.

o Reduction in damping of the system: Under the data center load condition, par-
ticularly under the Al training load profile, a noticeable reduction in the damping
of the dominant inter-area oscillation mode has been observed. For example, the
damping ratio of the 0.65 Hz inter-area mode reduces from 2.3% to about 1.1%
(approximately 52%) under the considered disturbance scenarios.

o Increase of Harmonic distortion: The presence of converter-based data center loads
introduces harmonics as summarized in Table 5.5 compared with the baseline Kun-
dur system due to the power-electronic interfaces associated with data center loads.

64



These observations indicate that while the dominant inter-area oscillation mode of
the system remains largely preserved, the integration of data center loads introduces
notable impacts on both frequency dynamics and oscillatory behavior. From the frequency
response perspective, the Grid-to-UPS transition with load loss produces the most severe
disturbance, with Area-2 experiencing the largest frequency deviation (up to ~0.36 Hz)
and the longest settling times (approximately 10-11 s), indicating a significant transient
imbalance.

From the modal perspective, shifts in higher-frequency modes and the emergence of
additional oscillation components under time-varying Al load highlight the influence of
converter-based load behavior and continuous load variability. A reduction in damping
is observed across disturbance scenarios, particularly for the dominant ~0.64 Hz mode,
indicating reduced oscillation attenuation capability and tighter stability margins. In
addition, harmonic distortion increases from approximately 0.7% in the benchmark case
to about 2-3.5% under data center loading, reflecting the impact of power-electronic
interfaces within the PSU and UPS.

Overall, these results demonstrate that time-varying data center loads increase modal
complexity, degrade damping, elevate harmonic content, and intensify transient frequency
responses, leading to a more dynamic and potentially less stable system operation.
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6.0 Engineering Insights and Practical Implica-
tions

6.1 Introduction

Unlike conventional loads, large-scale data centers exhibit highly dynamic behavior
due to rapid computational workload variations, extensive power-electronic interfaces,
UPS operating-mode transitions, and interactions with co-located generation and energy
storage. Their large power demand and these distinct dynamic characteristics can signif-
icantly influence grid response, making their behavior relevant to both system planning
and real-time operation. This chapter extends the technical findings of the developed
modeling framework to broader engineering considerations for utilities, system planners,
data center operators, and other entities involved in large-load integration.

6.2 Implications for Grid Stability and Planning

The increasing size and dynamic complexity of data centers require explicit consider-
ation of their characteristics in grid planning and stability studies. Unlike conventional
loads, data centers incorporate extensive power-electronic interfaces, rapidly varying com-
putational workloads, UPS-based transfer and ride-through functions, and potentially co-
located generation and energy storage. As demonstrated in this work, these characteristics
can influence frequency response, oscillatory modes, damping, and power quality. NERC
has similarly identified limitations in existing planning and modeling practices for emerg-
ing large loads and emphasized the need for improved representation of their dynamic
behavior [21,22]. The developed framework can therefore support the following planning
applications.

6.2.1 Interconnection and Transmission Planning

The developed model can support interconnection and transmission planning studies
by evaluating different data center capacities, points of interconnection, and operating
conditions. Its component-based structure allows assessment of the combined effects of
the UPS, PSU, IT workload, cooling system, and co-located resources at the point of
common coupling, rather than representing the entire facility as a single static load. This
is consistent with NERC’s identification of gaps in current large-load interconnection
practices related to dynamic modeling, disturbance ride-through, ramping, power quality,
protection settings, and oscillatory behavior [21]. Such studies can help determine required
grid reinforcements, interconnection requirements, and appropriate operating limits before
a data center is interconnected or expanded.

6.2.2 Dynamic Stability Assessment

The framework can also support dynamic stability assessment under both grid dis-
turbances and time-varying data center operation. The results show that data center
integration can alter modal characteristics and damping, while rapidly varying Al work-
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loads can introduce additional oscillatory components. Therefore, stability assessment
should consider not only conventional voltage and frequency performance but also oscil-
lation damping, converter-driven interactions, and power-quality effects. NERC has sim-
ilarly identified rotor-angle, frequency, voltage, converter-driven, resonance, and forced-
oscillation phenomena as relevant stability considerations for emerging large loads [21].
The developed model provides a platform to identify these interactions and determine
whether additional detailed studies or mitigation measures are required.

6.2.3 Scenario-Based Planning and What-If Analysis

The developed framework also supports “what-if” studies because a data center’s grid
impact can vary with workload, system condition, UPS operating mode, protection set-
tings, and the availability of co-located resources. Relevant scenarios include different
data center penetration levels, constant and time-varying AI workloads, peak and off-
peak grid conditions, voltage disturbances, partial or complete load loss, Grid-to-UPS
transfer, UPS-to-Grid reconnection, and different operating conditions of local generation
and BESS. NERC specifically emphasizes the importance of scenario selection, noting that
large-load impacts may become more significant during off-peak conditions when system
loading and generation dispatch differ from conventional peak-load planning cases [21].
Evaluating these scenarios can help planners identify adverse conditions in advance and
support decisions regarding transmission upgrades, local resources, protection and control
settings, and acceptable dynamic performance.

Overall, the developed framework provides a practical platform for evaluating large
data center interconnections from planning, stability, and scenario-based perspectives.
Such assessments can help identify potential grid impacts in advance and support reliable
large data center integration.

6.3 Challenges in Large Data Center Integration

Large-scale data center integration introduces challenges beyond supplying the re-
quired steady-state power. Rapidly varying I'T workloads, power-electronic interfaces,
UPS and protection controls, and the large magnitude of aggregated demand can create
dynamic interactions with the surrounding grid. NERC has similarly identified ramping,
disturbance ride-through, oscillations, power quality, and protection coordination as im-
portant reliability concerns for emerging large loads [21]. Based on the findings of this
work, several challenges are particularly relevant.

6.3.1 Oscillatory Stability

The results of this study show that data center integration can alter system damp-
ing and introduce additional oscillatory components, particularly under time-varying Al
workloads. At higher penetration levels or under weaker grid conditions, interactions
among UPS and PSU controls, BESS converters, synchronous generators, and network
dynamics may become increasingly important. NERC has also identified forced oscilla-
tions, converter-driven stability, and resonance stability as emerging concerns associated
with large power-electronic loads [21]. Therefore, oscillation monitoring and damping
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assessment should be considered in the dynamic evaluation of large data center intercon-
nections.

6.3.2 Load Ramping and Energy Management

Rapid changes in computational workload can produce significant active-power ramps
over short time intervals. These variations must be balanced by the grid or by local
resources and may increase regulation requirements and generator response, particularly
when multiple large loads vary simultaneously. NERC similarly identifies rapid and un-
predictable large-load ramping as a potential source of frequency excursions, voltage vi-
olations, and stability concerns [21]. Coordinated operation of co-located GT, BESS,
UPS batteries, and other flexible resources can help manage these variations; however,
their power references and recovery actions should be coordinated to avoid introducing
additional power ramps at the grid interface.

6.3.3 Disconnection, Source Transfer, and Reconnection

The response of a data center during and after a disturbance can be as important
as its nominal demand. Transfer from the grid to UPS or local generation can appear
to the power system as a sudden load reduction, while simultaneous reconnection and
load restoration can create a large recovery demand. NERC has identified large-scale dis-
connection and reconnection as scenarios that are not adequately represented in existing
planning and operational assessments and notes that these events can affect frequency,
voltage, and system stability [21]. Consistent with this concern, the Grid-to-UPS tran-
sition with temporary load loss examined in this work produced the largest frequency
deviation and longest settling time among the evaluated disturbance scenarios. Con-
trolled transfer and gradual restoration are therefore important considerations for large
data center operation.

6.3.4 Ride-Through and Protection Coordination

Data center protection and UPS controls are primarily designed to protect sensitive
equipment and maintain service continuity, whereas transmission protection is designed
to preserve grid reliability. Poor coordination between these objectives can cause a nor-
mally cleared grid disturbance to trigger unnecessary load reduction or transfer to backup
sources. NERC specifically identifies a coordination gap between transmission-side pro-
tection and customer-side UPS and ride-through settings and emphasizes the need for
improved information exchange between utilities and large-load facilities [21]. Appropri-
ate coordination of ride-through, transfer, and protection settings is therefore necessary
to prevent unintended large changes in grid demand during disturbances.

Overall, these challenges demonstrate that the grid impact of a large data center
depends not only on its rated power but also on how rapidly its demand changes and how
the facility transfers, protects, and restores that demand during disturbances. Addressing
these characteristics is important for reliable large-scale data center integration.
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6.4 Need for Advanced Control and Coordination

The dynamic challenges associated with large data centers indicate a need for coordi-
nated control as their size and grid penetration increase. The internal objectives of the
facility, including computational availability, equipment protection, and resilience, must
be coordinated with grid requirements related to power balance, stability, and distur-
bance response. NERC similarly emphasizes improved coordination between large-load
facilities and grid entities, particularly for ramping, protection, disturbance ride-through,
and post-disturbance recovery [21].

6.4.1 Coordinated Facility-Level Control

Coordinated operation of the UPS, BESS, co-located generation, cooling system, and
flexible IT load can reduce rapid variations in power exchanged with the grid. For exam-
ple, BESS can respond to fast changes in IT demand while slower generation resources
provide longer-term power support. A supervisory energy-management layer can coordi-
nate these resources while considering battery state of charge, backup-power requirements,
and facility operating constraints. Such coordination is particularly important because
NERC identifies rapid large-load ramping and limited visibility of facility operating char-
acteristics as potential reliability concerns [21].

6.4.2 Oscillation Detection and Mitigation

Advanced control can also provide a means of mitigating adverse oscillatory behav-
ior. The results of this study demonstrate that time-varying data center demand can
affect system damping and introduce additional oscillatory components. Once an adverse
mode is detected, controllable resources such as BESS, co-located generation, or flexible
IT demand can potentially provide supplementary active-power modulation to improve
damping. This is relevant to NERC’s identification of oscillation monitoring and forced
oscillations as emerging considerations for large-load integration [21].

6.4.3 Disturbance and Transition Coordination

Grid-to-UPS transfer, operation on local resources, and subsequent reconnection should
be coordinated to avoid unnecessary transfers and large instantaneous changes in grid de-
mand. Post-disturbance restoration can similarly coordinate IT load recovery, cooling
demand, battery charging, and local generation rather than restoring the complete facil-
ity demand simultaneously. NERC identifies coordination gaps associated with large-load
ride-through, transfer behavior, and the timing and rate of post-disturbance load recov-
ery [21]. Appropriate voltage, frequency, phase-angle, and recovery criteria can therefore
support controlled transfer and reconnection.

Based on these considerations, the framework developed in this work can be extended
toward a hierarchical detection—decision—control structure, in which abnormal conditions
are first identified, an appropriate response is selected, and available data center resources
are subsequently coordinated for mitigation. Effective implementation would also require
appropriate telemetry, validated dynamic models, and information exchange between the
data center and relevant grid entities.
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6.5 Role of Data Centers in Future Power Systems

Although large data centers introduce new reliability challenges, their controllable
power-electronic interfaces, energy storage, co-located generation, and potentially flexible
computational demand also create opportunities for grid-supportive operation. With
appropriate controls and coordination, future data centers may therefore evolve from
largely passive electricity consumers toward more flexible and grid-responsive facilities.

6.5.1 Flexible Computational Demand

Some computational workloads can be scheduled or adjusted to reduce rapid power
variations and peak grid demand. Where operationally feasible, this flexibility can help
reduce the grid impact of large data centers.

6.5.2 Grid-Supportive Local Resources

Co-located BESS and generation can further increase data center flexibility. BESS can
buffer short-term variations between computational demand and grid power, while local
generation can provide longer-duration support. When sufficient converter capacity and
stored energy are available, BESS may also support functions such as frequency response
and voltage regulation. These resources should be coordinated with UPS operation and
facility backup requirements so that grid-support functions do not compromise data center
resilience.

6.5.3 Grid-Responsive Data Center Operation

The combination of flexible workload, BESS, UPS, and co-located generation creates
the possibility of a grid-responsive data center in which net power at the PCC is actively
managed. Under normal conditions, the facility can prioritize computational and energy-
management objectives, while during stressed conditions it can potentially limit rapid
load changes or coordinate local resources to reduce its impact on the grid. During
disturbances, coordinated transfer, ride-through, and restoration can similarly avoid large
instantaneous changes in grid demand.

Realizing this role requires accurate dynamic models, validated controls, and coordina-
tion between data center and grid operators. NERC similarly emphasizes improved data
sharing and coordination for reliable large-load integration [21]. With these capabilities,
future data centers can use their flexible loads and local resources to reduce grid impacts
while maintaining reliable computational service.

6.6 Summary

Large-scale data centers exhibit highly dynamic behaviors that are driven by several
factors (e.g., rapid computational workload variations, power-electronic interfaces, and
UPS operations—that significantly impact power grid planning, transmission, and real-
time operation). The aggregate demand of these large data centers introduces critical
integration challenges (e.g., oscillatory instability, rapid power ramping, complex dis-
connection and source-transfer events, and protection coordination gaps between facility
equipment and transmission systems).
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Addressing these reliability concerns requires a multifaceted approach (e.g., advanced,
coordinated facility-level control using co-located BESS, local generation, cooling sys-
tems, and flexible IT workloads to smooth power exchanges). Implementing hierarchical
management frameworks, robust telemetry, and enhanced information exchange between
utilities and operators is vital for mitigating adverse grid interactions. Ultimately, with
proper dynamic modeling and coordinated controls, future data centers can successfully
evolve from passive electricity consumers into flexible, grid-responsive assets that actively
support overall power system reliability through local resource management, rigorous sce-
nario planning, and proactive load shaping. The next chapter concludes this report with
discussion regarding key findings, contributions offered in this study, remaining limita-
tions, and directions for future work.
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7.0 Conclusions and Future Work

7.1 Summary of Key Findings

This report presented a dynamic modeling and simulation framework for evaluating
the impact of grid-integrated data centers on power system dynamics. The developed
framework incorporated key data center components, including the uninterruptible power
supply (UPS), power distribution unit (PDU), power supply unit (PSU), IT load, cooling
load representation, co-located gas turbine generation, battery energy storage system
(BESS), and fault ride-through protection logic.

The simulation studies demonstrated that data center loads can significantly influence
system dynamic behavior. Under constant data center loading, the dominant inter-area
oscillation mode of the benchmark system remained close to its original frequency; how-
ever, changes in damping and harmonic distortion were observed. Under the time-varying
Al training load profile, additional oscillatory components appeared, and the damping of
the dominant inter-area mode decreased more noticeably. This indicates that rapidly
varying data center workloads can introduce persistent disturbances that affect system
stability margins.

The disturbance studies further showed that grid-to-UPS transition with temporary
data center load loss produced the most severe frequency response among the studied
events. This event resulted in larger frequency deviations and longer settling times com-
pared with temporary voltage sag and UPS-to-grid reconnection cases. In addition, har-
monic distortion increased under data center loading conditions due to the presence of
converter-based interfaces such as PSUs and UPS systems.

Overall, the results confirm that accurate dynamic modeling of data center loads is
essential for assessing their impact on voltage response, frequency dynamics, oscillatory
modes, damping characteristics, and power quality.

7.2 Contributions of the Study

The main contributions of this study are summarized as follows:

o A utilization-based IT load model was implemented to represent workload-driven
data center power demand, including time-varying Al training load behavior.

« A PUE-based cooling load representation was incorporated to capture the aggregate
effect of cooling demand on total data center power consumption.

o A modular data center dynamic modeling framework was developed, including data
center components, PDU, PSU, IT load with considering cooling load, integrated
with grid as well as co-located plant for grid-integrated data center power systems.

o Modal analysis and harmonic analysis were performed under benchmark, constant
data center load, and Al training load conditions to evaluate the impact of data
center operation on system dynamics.
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« Disturbance case studies were conducted to assess the effects of voltage sag, grid-
to-UPS transition, load loss, and UPS-to-grid reconnection on frequency response,
oscillatory behavior, and harmonic distortion.

7.3 Limitations

Although the proposed modeling framework captures the major electrical and control
dynamics of a grid-integrated data center, several limitations remain.

1. First, the cooling system is represented using an aggregated PUE-based formulation
rather than detailed motor-driven and thermodynamic subsystem models. There-
fore, individual cooling components such as chillers, pumps, cooling tower fans, and
CRAH/CRAC units are not dynamically modeled.

2. Second, the IT load model represents aggregated workload-driven power demand
and does not explicitly model individual server scheduling, workload migration,
or detailed processor-level dynamics. The model captures the aggregate electrical
impact of workload variation, but more detailed computational workload behavior
may be required for higher-fidelity studies.

3. Finally, the case studies are performed using a benchmark power system. While the
Kundur two-area system is suitable for studying electromechanical oscillations and
inter-area dynamics, additional validation on larger and more realistic transmission
networks is needed to generalize the findings.

7.4 Future Research Directions

A detailed dynamic cooling system model can be developed by explicitly representing
motor-driven loads, variable-speed drives, chillers, pumps, and thermal control loops. This
would allow more accurate evaluation of the interaction between IT workload variation,
cooling demand, and grid dynamics.

The IT load model can also be enhanced by incorporating workload scheduling, server-
level utilization diversity, and demand response strategies. Such extensions would enable
the analysis of how data center operational controls can be coordinated with grid stability
requirements.

Further work may also investigate advanced control strategies for UPS and BESS
systems, including grid-forming operation, coordinated voltage and frequency support,
and oscillation damping control. These controls may help mitigate the adverse impacts
of rapidly varying data center loads on system stability.

Another promising research direction is the development of integrated energy and
power management strategies for grid-connected data centers. Future studies may inves-
tigate coordinated scheduling and optimization of utility power, co-located generation,
battery energy storage systems (BESS), and flexible I'T workloads to improve operational
efficiency while supporting grid reliability. Such frameworks can incorporate economic dis-
patch, peak shaving, renewable energy integration, demand response participation, and
resilience enhancement under both normal and disturbed operating conditions.
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In addition, the proposed framework can be tested on larger transmission systems with
multiple data centers connected at different buses. This would provide broader insight into
the cumulative impact of high data center penetration on inter-area oscillations, voltage
stability, frequency response, and harmonic distortion.

Finally, future research can explore mitigation strategies such as active power modu-
lation, adaptive load shaping, coordinated BESS control, and grid-supportive data center
operation to improve the stability and reliability of future power systems with large-scale
data center integration.
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Appendix A Detailed Modeling of Co-located Generation
Components

A.1 Gas Turbine Generator Detailed Model

In this work, each unit is implemented in MATLAB/Simulink using a synchronous
machine model in the dq rotor reference frame, equipped with a steam turbine governor
(STG), an IEEE Type-1 excitation system, and a Kundur-type power system stabilizer
(PSS). The notation and control block structure follow the standard presentation in [1,2].

A.1 Synchronous Machine Model (dqg-axis)

Each generator is represented by a detailed synchronous machine model suitable for
electromechanical transient and small-signal stability studies. Rotor dynamics are gov-
erned by the swing equations (Kundur notation):

§ = wp(w — 1), (A1)
2Ho =P, —P.— D(w—1), (A.2)

where ¢ is rotor angle (electrical rad), w is rotor speed in per-unit, wj, is synchronous base
speed, H is inertia constant (s), D is damping coefficient (p.u.), P,, is mechanical power
(p.u.), and P, is electrical air-gap power (p.u.).

The electromagnetic dynamics are modeled in the dq frame using transient internal
voltage states consistent with the standard two-axis representation [1]:

Bl = — (Era— Ey— (Xa— X))1a) (A.3)
do

. 1

by = T (_Eél + (Xg — X(;)LI> ) (A.4)

where £ and Ej are transient internal voltages, Eyq is field voltage, Iy, I, are stator
currents, and Xg, X,, X3, X are d /q-axis synchronous and transient reactances. Subtran-
sient and leakage effects are included in the Simulink machine block through the provided
reactance set and internal initialization (see Table A.1).

A.2 Steam Turbine and Governor (STG)

Primary frequency control is provided by a droop-based speed governor and a tandem-
compound steam turbine model. The governor forms a commanded gate signal based on
speed deviation:

Aw=w—1, (A.5)

1
Ug = Pref — ﬁAw, (A.6)
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where P, is the reference mechanical power (p.u.) and R is the permanent droop (p.u.).
The actuator/servo is modeled as a first-order lag:

1
T (sat(uy) — xy), (A.7)

Ty =
where z, is the valve/gate position, Ty, is the servo-motor time constant, and sat(-)
applies the physical rate and magnitude limits indicated in Table A.2.

A multi-stage turbine representation is used to capture steam-chest and reheater dy-
namics. A convenient Kundur-consistent form is:

) 1
Y2 = E(xg - y2)7 (AS)

1
= — — A9
Ys T, (le 3/3)7 ( )

) 1
Ys = ?(y?) — Ya), (A.10)

4

1
o _ A1l
Ys T (y4 ?J5)7 ( )
P, = Fyys + Fyys + Fyys + Fys, (A.12)

where Ty ~ T are turbine time constants and F ~ F5 are torque fractions (Table A.2).
The initial mechanical power P, is set from the steady-state load flow to match scheduled
generation.

A.3 IEEE Type-1 Excitation System

Voltage regulation is implemented using an IEEE Type-1 excitation system. The
measured terminal voltage is first filtered:

1

Vi =

(Vi = Vi), (A.13)

where T is the transducer time constant. The regulator error signal is
€y = Vyef — V;f,f + Vvstab; <A14)

where Vs is the voltage reference and Vg, is the stabilizing signal from the PSS.
The AVR amplifier is modeled as

1

Vi 7 (Koo = Vi), Vi € [Epmin, Bpmaal; (A.15)

where K, and T, are regulator gain and time constant, and Efnin, Fimae are limiter
bounds.
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The exciter dynamics are represented by

1

Efd:i

(K Vg — Efq) , (A.16)
with exciter gain K, and time constant T,. In your implementation 7, = 0 (Table A.3),
yielding an effectively algebraic exciter path. Auxiliary transient gain reduction and
damping feedback are disabled (T, = T. = 0, K; = 0), consistent with the mask configu-
ration.

A.4 Power System Stabilizer (Kundur PSS)

A Kundur-type PSS is included to improve damping of electromechanical oscillations
by modulating excitation through V. The implemented structure follows the conven-
tional washout plus lead-lag compensator form [1]:

sT,, 1+ 8T 1 +ST3)
sta :Kss in s Al
Vitan(5) P <1+3Tw> (1+STQ> <1+ST4 Uin(s) (A-17)

where Uy, is the stabilizer input (e.g., Aw and/or accelerating power AF,), T, is the
washout time constant, K, is stabilizer gain, and (73, 7%,75,T) provide phase com-
pensation. In your Simulink implementation, both Aw-based and AP,-based stabilizing
paths are present and summed into V,;, as shown in the generator subsystem.

A.5 Model Parameters (from Simulink Masks)

Tables A.1-A.3 summarize the key parameters used in the Simulink generator, gover-
nor, and excitation blocks (as configured in your masks). These parameters are applied
consistently across all four machines.

Table A.1: Synchronous machine parameters (per generator) used in the Kundur model

implementation.
Parameter Value
Rated apparent power, S, 900 MVA
Rated line-to-line voltage, V, 20 kV
Frequency, f, 60 Hz
[(Xa, Xg, X, X, X7, Xi] (pou) [1.8, 3.25, 1.7, 0.55, 0.25, 0.2]
(1o, Th,, Toor Tow) (s) (8, 0.03, 0.4, 0.05]
Stator resistance, Ry (p.u.) 0.0025
Inertia and damping set, [H, F, p (6.5, 0, 4]
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Table A.2: Steam turbine and governor (STG) parameters (per generator) used in the Kundur
model implementation.

Parameter Value
Governor gain, droop, dead zone [K,, R, D.] [1, 0.05, 0]
Speed relay and servo time constants [Ts., T () [0.001, 0.15]
Gate opening Umits [Vgmin, Vgmazs Gmin> Gmaz) [—0.1, 0.1, 0, 4.496]
Nominal speed (rpm) 3600
Turbine time constants [T, T3, Ty, T5] (s) [0, 10, 3.3, 0.5]/10
Torque fractions [Fy, F3, Fy, Fj] [0, 0.36, 0.36, 0.28]
Initial mechanical power, P, (p.u.) 0.7778

Table A.3: IEEE Type-1 excitation system parameters (per generator) used in the Kundur
model implementation.

Parameter Value
Transducer time constant, 7, (s) 20 x 1073
Regulator gain and time constant [K,, T,] [200, 0.001]
Exciter gain and time constant [K,, T 11, 0]
Transient gain reduction [Ty, T.] [0, 0]
Damping feedback [Ky, T¥] 0, 0]
Regulator output limits [Efmin, Efmes] (p-u.) [—12.3, 12.3]
Initial values [Vyo, Vio] (p-u.) [1, 1.83395]
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A.2 Battery Energy Storage System Detailed Model

The BESS model used for this study is based on a Lithium-Ion battery. The inverter
model used in this study for the BESS to convert DC to AC is a reference-voltage-
controlled average model of a three-level neutral-point-clamped (NPC) power converter.
The general control diagram for the inverter of BESS is shown in Fig. 4.14. GFL mode is
considered for BESS for this study. BESS mode is the current control mode for BESS’s
GFL operation. In this model, for transient events like fault analysis, inverter control
involves dq0 transformation in reference voltage generation for the BESS inverter shown
in Fig. A.1. The transformation matrix that is required for the ABC to dq0 transformation

is as follows:
cos(0) cos(§ —3) cos(0+ )
Ty, = 3 —sin(f) — sin(f — %) — sin(f + Z?W) . (A.18)
1 1 1
2

)

2 2

Where 6 is the reference angle achieved with PLL block. The formula for the abc to dq0
component is

Aqu = TgAabC (Alg)

Where A is the signal to be transformed. The grid-side voltage and current, denoted as
Vabe_prim and Iope prim are converted to their dq component using the formula in (A.19) in
an abc to dq0 block, and then the dq component of the reference voltage for the inverter
are created in the current control block of the BESS model like mentioned in Fig. A.1.
By using inverse transformation matrix Ty ™!, reference sinusoidal voltage is generated for
the inverter control shown in Fig. A.1. The formula for the dq0 component to the abc
component is as follows:

Aabc - TglAqu <A20)
where,
cos () — sin(6) 1
T,' = |cos(0 — %) —sin(0—2F) 1]. (A.21)

cos(@+3%) —sin(@+2) 1

The outer loop in Fig. A.2 contributes to generating the reference dq component of current
for the generation of the inverter reference voltage dq component in Fig. A.1.
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