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ABSTRACT

FAULT RESPONSE OF INVERTER-BASED RESOURCES AND THEIR IMPACT ON GRID

PROTECTION SYSTEMS

Inverter-based resources (IBRs) now supply a substantial portion of modern power systems,

yet their short-circuit behavior during grid faults differs fundamentally from that of synchronous

machines. These differences challenge traditional protection schemes and motivate the need for

models that capture the essential physics of IBR fault response while remaining tractable for large-

scale studies. This dissertation develops a physics-informed, data-driven reduced-order model

(ROM) of IBR fault current tailored for protection applications.

The work begins with requirements analysis that translates interconnection standards, fault

ride-through (FRT) requirements, and protection needs into modeling targets. These require-

ments specify the necessary outputs (sequence-domain currents and voltages), behaviors (cur-

rent limiting, negative-sequence control), interfaces (compatibility with short-circuit and coor-

dination tools), and quality metrics (relay-relevant timing and magnitude accuracy). Guided by

these requirements, detailed electromagnetic transient (EMT) models are developed in Simulink

and PSCAD to generate IBR fault responses under diverse control modes, grid strengths, and fault

conditions.

A theoretical analysis of IBR behavior during grid faults is then performed to characterize

the inverter fault response. This includes temporal decomposition into subtransient, transient, and

steady-state regimes; dq- and sequence-frame current trajectory analysis; and harmonic and inter-

harmonic studies under PWM saturation, current limiting, PLL and sequence-extractor imperfec-

tions, and grid-code reference-current policies. These investigations show that IBR fault currents

follow a structured sequence of event-driven dynamic regimes.
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Based on these insights, a parameterized ROM architecture is formulated in which the total

current is represented as the sum of subtransient, transient, and steady-state components with

physically interpretable parameters. A data-driven generalizability layer allows these parame-

ters to vary systematically with pre-fault operating point and sequence-voltage depression using

empirically fitted sensitivity coefficients. The ROM is implemented across multiple platforms

(Python, Simulink, PSCAD) to support interoperability with EMT tools and protection-oriented

short-circuit programs.

A validation framework is developed using experimental data from a commercial off-the-shelf

(COTS) inverter, detailed EMT simulations, and relay-based assessments. Quantitative metrics

such as cumulative error, RMSE, phase-shift alignment, and a composite performance metric

demonstrate that the ROM reproduces EMT and experimental waveforms with acceptable accu-

racy, especially beyond the first cycle after fault inception. Relay studies indicate that the ROM

captures key protection behaviors, including distance and overcurrent element operation, negative-

sequence directional response, and voltage supervision, with timing differences generally within

one cycle.

The ROM of the IBR presented in this dissertation was developed using a systems-engineering

approach, beginning with requirements-based problem formulation, followed by a theoretical anal-

ysis of inverter fault dynamics, and concluding with the construction of a reduced-order model

intended for use in protection studies and grid-level applications.
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Chapter 1

Introduction and Background

1.1 Context and Overview

The electric–power sector is undergoing its fastest technology turnover since the dawn of the

synchronous-machine era [2]. Global capacity additions of inverter-based resources (IBRs)—solar

photovoltaic (PV), land-based and offshore wind, battery energy storage, and emerging bidirec-

tional electric vehicles—reached about 666 GW in 2024 [3]. Within the United States, IBRs taken

as wind plus solar supplied about 20% of total net generation in early 2025, up from roughly 19%

a year earlier1 [4]. Penetrations at the balancing-authority level are even more striking: California

Independent System Operator (CAISO) recorded a five-minute interval on 6 April 2024 in which

renewable production reached 117%2 of internal load [5]. Similarly, Electric Reliability Council

of Texas (ERCOT) reached a renewable share of 75.67% at 14:13, CST on 29 March 2024, with

34,958 MW of combined wind and solar generation online [6]. Unlike synchronous machines,

IBRs possess virtually no electromechanical inertia, have limited thermal overload capability, and

rely on cascaded digital controls operating from µs to s scales. Two pivotal departures from tradi-

tional short-circuit behavior follow:

1. Current-limited injections: hardware and control logic typically cap fault current to 1-2 pu,

whereas synchronous machines deliver 5-8 pu subtransiently.

2. Controller-imposed sequencing: phase-locked loop (PLL) resynchronization, negative-sequence

regulators, and ride-through logic introduce implementation-specific state changes.

1EIA does not publish an “IBR” category. Shares are derived from wind and solar net generation in Electric Power
Monthly Table 1.01 (utility-scale plus estimated small-scale solar) divided by total net generation. See [4]. Indepen-
dent summaries of these same EIA data report wind+solar at ≈20.3% in 1H 2025 and 18.6% in 1H 2024.

2Exports exceeded internal demand.
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These characteristics have precipitated an escalating regulatory response. The foundational

IEEE Std 2800-2022 stipulates fault-ride-through (FRT) envelopes, negative-sequence limits, and

post-fault recovery ramps for transmission-connected plants [7]. The North American Electric Re-

liability Corporation (NERC) followed with a Level 2 Alert on IBR model-quality deficiencies in

2024 [8] and had earlier published a detailed Reliability Guideline on IBR performance issues in

2023 [9]. Most recently—marking its highest alert tier—NERC issued a Level 3 Essential Actions

Alert on IBR Performance and Modeling (initial distribution 20 May 2025) [10], requiring Trans-

mission Owners, Planners, and Generator Owners to acknowledge receipt within seven days and to

report implementation progress by 18 August 2025. The alert’s eight “essential actions” mandate

(i) enhanced interconnection-study criteria with explicit reactive-power and frequency-response

parameters, (ii) uniform data-retention practices, and (iii) transparent publication of IBR perfor-

mance expectations—underscoring the industry’s urgent need for accurate, parameter-transparent

models.

Planners and protection engineers thus face a conundrum: vendor black-box EMT models cap-

ture the physics but are opaque and computationally prohibitive at scale, whereas simplified root-

mean-square (RMS) blocks omit precisely the timing and sequence phenomena that determine

relay performance. Recent EPRI projects have produced promising reduced-order representations,

yet these remain proprietary or are limited to grid-forming topologies [11]. A transparent, physics-

informed, computationally efficient modeling framework is therefore essential to (i) demonstrate

compliance with emerging FRT standards and alerts, (ii) safeguard distance, differential, and sensi-

tive inverter protections, and (iii) enable bulk-system planning studies that now analyse thousands

of contingencies per scenario.

This dissertation addresses that gap through a systems engineering approach in which stake-

holder requirements from grid codes, standards, and alerts are systematically captured, structured,

and linked to a hierarchical suite of truth, reduced-order, and RMS models. The framework main-

tains full traceability between verification and validation artifacts, ensuring that every timing pa-

rameter and fault-current envelope can be directly associated with its governing document.
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1.1.1 Role of Symmetrical Components in Power System Protection

The method of symmetrical components has served as a cornerstone of power system analysis

and protection for more than a century. Since its introduction by Fortescue in 1918, the decom-

position of three-phase electrical quantities into positive-, negative-, and zero-sequence compo-

nents has enabled systematic representation and analysis of unbalanced operating conditions. This

framework provided protection engineers with a powerful and intuitive tool for understanding fault

behavior, coordinating protective devices, and ensuring system reliability [12].

In conventional power systems dominated by synchronous machines and passive network ele-

ments, the sequence networks exhibit largely linear and decoupled behavior. The positive-sequence

component represents the normal operating condition and governs electromagnetic torque produc-

tion in synchronous generators, while the negative- and zero-sequence components characterize

system unbalance and ground fault phenomena, respectively. This predictable structure enabled

the development of widely adopted protection principles, including distance protection, directional

elements, negative-sequence relays, and ground fault detection schemes, all of which rely on well-

defined relationships between sequence voltages and currents.

The increasing penetration of inverter-based resources fundamentally alters this classical pic-

ture. Unlike synchronous machines, inverter-based resources inject currents determined by em-

bedded control systems, current limiters, modulation constraints, and internal protection functions.

During large disturbances, these control systems may enter multiple layers of saturation, including

pulse-width modulation saturation, current-controller saturation, and dc-link voltage constraints.

These nonlinear mechanisms introduce strong coupling between sequence components and violate

the traditional assumptions of linearity and independence that underpin classical protection theory.

As a result, while symmetrical components remain a valuable analytical framework, the in-

terpretation of positive- and negative-sequence behavior in modern power systems becomes sig-

nificantly more complex, particularly under severe fault conditions where controller saturation

dominates the inverter response. This shift motivates the need for revised modeling approaches
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and protection concepts that explicitly incorporate inverter control dynamics and saturation phe-

nomena.

1.2 Problem Statement and Motivation

Modern IBR studies are constrained by two fundamentally different modeling paradigms. Ven-

dor EMT “truth” models capture device-level physics in great detail but embed proprietary source

code, providing no visibility into control states, sequence parsing, or protection logic. A single

credible-contingency case can take 20 min–1 h to solve on a workstation, and a full NERC screen-

ing set exceeds 2,000 scenarios [13], making such runtimes infeasible for regional planning where

thousands of contingencies must be evaluated routinely. Conversely, RMS phasor models—used

widely for transient-stability studies—assume balanced conditions and neglect fast control dy-

namics. As a result, they cannot reproduce negative-sequence current injections or phase-locked-

loop (PLL) loss of synchronism, now required reporting metrics under the 2025 NERC Level 3

Alert [10]. This fidelity gap forces planners to either over-simplify protection and ride-through as-

sessments or over-invest computational resources in black-box EMT runs that still lack parameter

transparency.

The reliability implications of this modeling shortfall are no longer theoretical. The Odessa II

event in Texas (4 June 2022) led to 1.7 GW of solar PV tripping when PLL loss-of-synchronism

and AC over-current functions activated within 120 ms of a normally cleared phase-to-ground fault

[14, 15]. Pre-event EMS studies had no mechanism to represent such sequence-specific dynamics.

NERC’s 2024 EMT guideline warns that “flat-start” RMS cases can underestimate IBR negative-

sequence currents by more than 40% because PLL and current-limiter states are omitted [13].

Laboratory tests further show that grid-following inverters can misoperate for phase-angle jumps as

small as 8◦ when PLL bandwidths and negative-sequence regulators interact [16]. These incidents

highlight a persistent mismatch between the models used for grid studies and the actual inverter

behaviors observed during field disturbances.
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In response, standards bodies and regulators have tightened compliance requirements. IEEE

Std 2800–2022 codifies explicit limits on negative-sequence current, detection delays, and post-

fault recovery ramps—parameters absent from most RMS models. The NERC Level 3 Essential

Actions Alert (2025) mandates verifiable timing data for every inverter plant by 18 August 2025

and requires updated interconnection studies [10]. Meanwhile, the DOE i2X Forum reports that

many legacy IBR fleets cannot demonstrate IEEE 2800 compliance without software or control

upgrades, noting that appropriate study tools remain “presently lacking” [17]. These developments,

combined with international efforts such as ENTSO-E’s Requirements for Generators [18], signal

a global shift toward transparency and accountability in inverter performance modeling.

At the same time, practical and operational demands continue to intensify. Regional planners

must screen tens of thousands of contingencies per base case—WECC’s 2032 anchor-data-set

alone includes over 19,000 single-line-to-ground events across 16 snapshots [19]. Running these

scenarios with detailed EMT models would consume long CPU-hours, an untenable cost even

for modern HPC resources. Faster, reduced-order models (ROMs) that maintain key control and

protection dynamics are therefore essential to enable bulk-system risk assessments, Monte-Carlo

studies, and real-time decision support.

Beyond computational efficiency, transparency and knowledge transfer are equally critical.

Open, physics-informed models accelerate peer review, collaborative validation, and regulatory

acceptance. Initiatives such as pvlib-python for PV performance analysis [20] and NREL’s open

efforts on grid-forming control architectures [21] illustrate how shared, validated tools can catalyze

both research and standardization.

Taken together, these regulatory, operational, and technical pressures define a clear research

gap. The power industry needs a transparent, physics-informed reduced-order model that repro-

duces both symmetrical and asymmetrical inverter behavior during and after grid faults, captures

sub-cycle control and protection transitions, exposes parameters directly tied to grid-code clauses,

and executes orders of magnitude faster than detailed EMT models [22, 23]. No existing model

satisfies all of these requirements simultaneously. This dissertation therefore aims to develop such
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a model, integrate it within a structured systems engineering framework, and validate its perfor-

mance against high-fidelity EMT simulations and experimental data.

1.3 Literature Review and State of the Art

Traditional bulk-power-system short-circuit tools were developed during an era dominated by

synchronous-machine generation, where fault currents were primarily governed by subtransient

reactances and electromechanical dynamics. As a result, most commercial short-circuit programs

rely on the classical voltage-source–behind–impedance (Thévenin-equivalent) representation. This

framework is computationally efficient and well-suited for traditional protection studies because it

assumes i) a strong coupling between voltage and current through fixed machine parameters, ii)

large electromechanical inertia, and iii) predictable subtransient and transient current envelopes.

When applied to IBRs, however, these assumptions no longer hold [24, 25].

A broad set of studies has shown that fixed Thévenin representations of IBRs are inadequate

for capturing behaviors that directly influence protection performance [26–28]. Grid-following

IBR responses are strongly shaped by fast digital control loops such as PLLs, current-limiters,

vector current controllers, and ride-through logic [29, 30]. These controls introduce fast dynam-

ics, sequence coupling, and current-saturation characteristics that cannot be represented by fixed

impedance. Further, modern IBR controllers couple positive- and negative-sequence behavior,

making current injection dependent on instantaneous terminal voltages, imbalance conditions,

and internal controller states [31–33]. During deep voltage depressions, IBR current injection

is dictated almost entirely by software and hardware current limits and their associated slew-rate

constraints, producing fault-current signatures that fixed-impedance or steady-state current-source

models cannot reproduce [32, 34, 35]. Collectively, these limitations motivate the need for mod-

eling approaches capable of representing control-driven inverter behavior with sufficient accuracy

for protection studies.

EMT models implemented in tools such as PSCAD, EMTP-RV, or RTDS are often used to ad-

dress these limitations. EMT models provide detailed, time-domain representations of switching
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behavior, inner- and outer-loop controllers, PLL dynamics, negative-sequence regulators, satura-

tion phenomena, and current-limiter transitions [36–38]. This fidelity enables EMT models to

accurately reproduce protection-relevant characteristics such as subcycle transients, momentary

cessation, high-frequency interactions, and post-fault recovery behavior. For these reasons, EMT

simulation is widely considered the benchmark for evaluating IBR short-circuit response under

both symmetrical and asymmetrical faults [26, 35, 39, 40].

Despite their accuracy, EMT models face several practical limitations that hinder routine use

in planning and protection workflows. First, EMT simulations are computationally intensive: time

steps on the order of tens of microseconds are required, and simulation time scales poorly with sys-

tem size [41]. Large-scale contingency studies can require minutes to hours per scenario [42, 43].

Second, EMT models typically rely on proprietary controller data supplied by manufacturers, lim-

iting transparency and the ability to perform independent verification [9]. Third, many utilities

lack sufficient computational resources, licenses, or personnel trained in EMT modeling [41, 44].

Survey results from NERC’s EMT modeling adoption white paper indicate that a significant frac-

tion of utilities cite process delays and workflow bottlenecks as major barriers to EMT adoption,

while others highlight hardware and computational limitations as key constraints [39, 44]. Aca-

demic studies similarly show that EMT–RMS co-simulation reduces some burden but still inherits

significant computational cost and interface complexity [45, 45, 46].

These challenges have motivated the development of intermediate modeling approaches that

can bridge the gap between conventional phasor-domain models and full EMT simulation. Current

practice includes i) vendor-provided black-box EMT models, ii) semi-transparent or “real-code”

white-box implementations, iii) tabular voltage-controlled current-source (VCCS) representations,

iv) parametric reduced-order models, and v) data-driven or machine-learning-based surrogates.

Black-box EMT models are widely distributed by manufacturers and provide high fidelity but

limited transparency. Internal control logic is encapsulated in compiled libraries, restricting param-

eter access, sensitivity studies, and cross-tool portability [45]. Similar concerns have been noted

in small-signal stability analysis, where black-box models impede interpretability and controller
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tuning [47]. White-box or real-code models alleviate these issues by exposing the underlying

equations and, in some cases, aligning them with firmware-level implementations [41]. These

models facilitate parameter transparency, validation, and order reduction, but their adoption is lim-

ited by intellectual-property constraints and the effort required to maintain versions across tools

and firmware updates.

Tabular VCCS models have emerged as a practical alternative for short-circuit programs. In

this approach, positive- and negative-sequence current injections are defined as functions of termi-

nal voltage magnitude and other operating conditions [48, 49]. These tables can be imported into

commercial tools such as ASPEN, CAPE, and CYME [50]. Iterative solvers incorporating VCCS

characteristics have demonstrated robust convergence even in networks with multiple IBRs [51].

However, VCCS models remain quasi-steady-state approximations and cannot capture fast tran-

sient phenomena, controller mode switching, or detailed current-limiter behavior [35]. Their ac-

curacy also degrades when multi-dimensional dependencies (e.g., pre-fault power, grid strength)

must be represented.

Reduced-order parametric models offer another path toward tractable yet controller-aware rep-

resentations. Mahmud et al. propose a reduced-order short-circuit model that explicitly incor-

porates current-limiter behavior and key control time constants, calibrated using experimental

data. [52]. Similar approaches have been extended to bulk-system inverters by tuning reduced-

order models to EMT-derived positive- and negative-sequence envelopes [53–55]. These models

balance fidelity and efficiency, maintain a clear link to physical parameters, and can be integrated

into standard short-circuit tools without revealing detailed firmware logic.

Data-driven and machine-learning-based surrogates represent an emerging class of models

for short-circuit analysis. Neural-network-based inverter models have been shown to reproduce

steady-state and dynamic responses in distribution networks [56], while ML-based short-circuit

prediction frameworks have demonstrated high accuracy without requiring disclosure of propri-

etary control details [57]. Although promising, these techniques remain exploratory for bulk-
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system protection studies, where questions of generalization, interpretability, and regulatory ac-

ceptance are still open.

Overall, conventional short-circuit tools are computationally efficient but lack controller aware-

ness, whereas EMT tools offer full fidelity but are expensive, proprietary, and difficult to scale.

Intermediate methods—black-box EMT, white-box models, VCCS tables, reduced-order models,

and data-driven surrogates—each address parts of this gap but introduce trade-offs among fidelity,

transparency, computational effort, and workflow compatibility. In particular, existing reduced-

order models either remain closely tied to specific EMT implementations, rely on curve-fitting

with limited physical interpretability, or do not explicitly capture the internal saturation and mode-

transition behavior that governs inverter fault response.

The parametric reduced-order modeling framework developed in this dissertation advances

the state of the art by introducing a protection-oriented representation that explicitly decomposes

inverter fault currents into physically meaningful subtransient, transient, and steady-state compo-

nents in the sequence domain, while directly incorporating controller saturation and nonlinear dy-

namics. Unlike quasi-steady-state VCCS models or black-box surrogates, the proposed approach

preserves the dominant physical mechanisms driving fault behavior, supports systematic calibra-

tion from EMT simulation or experimental data, and enables scalable integration into existing

short-circuit and protection-study tools without reliance on proprietary controller implementations.

1.4 Research Methodology

The research methodology adopted in this thesis is grounded in systems engineering principles,

providing a structured and iterative approach to analyzing the behavior of IBRs and their impact on

grid protection systems. Systems engineering principles emphasize a comprehensive and holistic

view of the system, ensuring that all components, interactions, and feedback loops are considered

throughout the research process. This methodology enables the integration of modeling, simula-

tion, and validation processes in a coherent framework that addresses the complexity of modern

power grids with high IBR penetration.
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1.4.1 A systems engineering Perspective

A systems engineering framework provides the methodological foundation for this dissertation.

Rather than treating models as stand-alone artifacts, this approach situates them within a connected

design and verification process that begins with stakeholder needs and extends through requirement

definition, system architecture, modeling, and validation [58, 59]. In the present work, the stake-

holder hierarchy spans from enterprise-level reliability and regulatory concerns (e.g., NERC and

standards bodies) to utility-level planning and protection requirements, and finally to inverter plant

subsystems and their control behaviors. Requirements derived from these stakeholder needs are

structured in a manner that ensures traceability across all implementation tiers.

Although a complete digital system model is beyond the scope of this dissertation, the work

identifies how the EMT and ROM models developed here—and a future RMS-level representa-

tion—could be embedded within an integrated systems framework in subsequent research. Fig-

ure 1.1 conceptually situates the proposed ROM within the left leg of the systems engineering

V-model, with the corresponding verification and validation activities aligned on the right leg.

Stakeholder and Requirements Capture

Grid-code clauses and standards discussed in Section 1.2 are represented as measurable re-

quirements derived from stakeholder needs. The Level 3 NERC Alert [10] is treated as a compli-

ance constraint with defined timelines. This structure supports bidirectional traceability, ensuring

that any future revision to grid standards automatically identifies the corresponding simulation

artifacts impacted by those changes..

Functional Decomposition

The inverter plant is partitioned into four functional domains: Source, Controls, Filter, and

Protection. Each domain includes parameter definitions and dynamic relationships such as energy-

flow and timing equations. For example, the Controls domain includes PLL bandwidth (ωPLL) and

current-limiter logic. This decomposition follows established systems engineering best practice

for “separation of concerns,” enabling modular refinement of the ROM [58].
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Model Tiers and Allocation Strategy

To support scalable studies across different analysis environments, four fidelity tiers are de-

fined, each representing a distinct level of abstraction and analytical depth:

a) Tier 0—Theoretical Analysis: foundational analytical formulation of inverter behavior dur-

ing grid faults, including sequence decomposition, control-loop interactions, and protection

response mechanisms. This tier establishes the governing equations and physical interpreta-

tions that guide model development and parameter identification in higher tiers.

b) Tier 1—EMT Truth Model (vendor black-box or PSCAD): high-fidelity electromagnetic tran-

sient representations that capture detailed device-level physics and serve as validation bench-

marks for reduced-order modeling.

Stakeholder
& Grid-Code
Requirements

Functional
Decomposition

System
Architecture

& Model Tiering

Detailed
Design

(Proposed ROM)

Implementation
EMT “Truth”

Model

Integration
Test

(ROM vs EMT)

Hardware
Validation

System Verification
& Standards
Compliance

Operational
Acceptance

(Utility / TSO)

Left leg: defini-

tion Right

leg: verification

Figure 1.1: Placement of the proposed ROM within a simplified V-model systems engineering lifecycle.
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c) Tier 2—Proposed ROM (MATLAB/Simulink, PSCAD, Python): reduced-order dynamic

models derived from EMT simulations, offering computationally efficient surrogates for ex-

tensive scenario studies while preserving essential inverter dynamics and post-fault behavior.

d) Tier 3—RMS Proxy (PSS®E, PowerFactory): positive-sequence phasor-domain models en-

visioned to embed ROM characteristics into conventional planning tools for bulk-system

studies. This tier is not developed within the scope of this dissertation but is identified as a

logical extension of the framework for future research.

Allocation strategies maintain consistency in power balance and sequence impedance across

tiers. Automated scripts transfer parameters from Tier 1 to Tier 2 for characterization and sensi-

tivity studies, while Tier 0 provides the theoretical basis for interpreting those relationships. The

Tier 3 layer, though not implemented here, represents the future integration of reduced-order dy-

namics into grid-planning and interconnection study environments.

Verification and Validation

A structured requirement–test matrix links each requirement to specific verification artifacts

across model tiers and environments. Verification was primarily performed by comparing the pro-

posed ROM against the high-fidelity EMT “truth” model across a comprehensive set of fault sce-

narios, including symmetrical and asymmetrical disturbances. These tests ensured that the ROM

accurately reproduced key inverter behaviors such as fault-current magnitude, phase dynamics, and

recovery transitions.

In addition, several response datasets obtained from commercial off-the-shelf (COTS) inverters

through hardware experiments were used to further validate the tuned ROM parameters. These

comparisons confirmed that the reduced-order model could represent realistic post-fault dynamics

observed in physical hardware.

A detailed protection-relay model, incorporating multiple protection elements, was also used to

process current and voltage waveforms from both the EMT and ROM models. The resulting relay
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responses were compared to assess consistency in event detection, trip timing, and coordination

behavior, providing an additional layer of verification relevant to protection studies.

Overall, the validation framework integrates:

• Model-in-the-loop tests in Python for automated regression of control functions and param-

eter updates,

• EMT–ROM waveform overlays to evaluate dynamic fidelity under a wide range of grid-fault

conditions,

• Hardware-based response comparisons to ensure alignment with COTS inverter behavior,

and

• Protection-relay response validation to confirm that both models produce consistent relay

operation signatures.

This verification chain follows established systems engineering validation practices [58], en-

suring reproducibility, consistency, and compliance. Automated continuous-integration workflows

execute these tests at each update, aligning with the NERC Alert’s Essential Action 7 on model

maintenance and sustained validation of inverter-based resource models [10].
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Chapter 2

System Description – Part I: Requirement Analysis

2.1 Protection Study Context and Stakeholder Needs

Protection engineering decisions (settings, coordination, logic selection, and risk assessment)

depend on relay-seen quantities during faults: the magnitude and phase angle of current relative to

terminal voltage, positive- and negative-sequence content, and the timing of control-driven events

(e.g., current limiting, momentary cessation, and recovery). In IBR plants these quantities are

shaped by converter controls and limits, not by synchronous-machine electromechanics, which

makes control-aware models essential for credible protection studies [60–62].

Distance protection (reach and polarization), negative-sequence directional elements, phase

and ground overcurrent protection—both instantaneous (IOC) and time-delayed (TOC)—line dif-

ferential, breaker-failure timing, and power-swing blocking are particularly sensitive to the IBR

fault response. Key sensitivities include (i) the angle of on-fault current (often not purely induc-

tive), (ii) the engagement and priority of current limiters, (iii) explicit negative-sequence behavior

(controller objective, commanded angle, and saturation/suppression rules), and (iv) ride-through

behavior including momentary cessation and zone timers [60, 63]. Peer-reviewed studies further

show that simplifications of negative-sequence behavior can materially alter directional decisions

and coordination outcomes [64].

Protection studies must resolve the early fault window (sub-cycle to a few cycles), the transient

window (first few cycles to several cycles), and the post-transient recovery where ride-through

logic and ramping determine relay margins. Standards-aligned guidance recommends using EMT

models to establish behavior in these windows and to generate truth data for protection assess-

ment and tool calibration [61, 62, 65]. Short-circuit tools used for settings and coordination can

then consume control-aware abstractions that preserve time-sliced magnitude/angle and sequence

quantities [66].
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Protection engineers require model artifacts that directly inform element reach, directional

torque angle, pickup timing, and restraint behavior (including negative/zero-sequence access driven

by plant grounding and transformer vector groups). Planners and interconnection engineers need

models that scale to broad scanning of operating points and grid strengths while remaining trace-

able to EMT truth. Operators and commissioning teams benefit from models that can replay ob-

served disturbance behavior to verify settings and mitigation measures. Regulatory direction (e.g.,

NERC alerts and EMT guidance) emphasizes verified model fidelity, traceability, and the avail-

ability of protection-relevant data products [62, 67].

Credible protection assessments must span balanced and unbalanced faults (SLG, LL, LLG,

LLL), a range of fault resistances and locations (near-end, remote, behind-infeed), pre-fault op-

erating points (P,Q) and control modes (GFL vs. GFM), as well as grid-strength variation (e.g.,

SCR/impedance). Ride-through and reactive current injection requirements (e.g., IEEE Std 2800)

must be evaluated in combination with limiter behavior and negative- sequence control [68], be-

cause these interactions set relay-observed trajectories and timers [62, 63]. Regional practices

(e.g., ERCOT interconnection modeling expectations) reinforce the need for high-quality, facility-

specific EMT models and supporting verification [65].

For use in planning/protection toolchains, IBR models should provide (i) EMT cases for rep-

resentative scenarios to establish ground truth and (ii) reduced artifacts consumable by short-

circuit/coordination tools, such as VCCS tables of positive/negative-sequence current magnitude

and angle versus terminal voltage, segmented into early, transient, and post-transient time slices.

These artifacts should include flags for limiter and ride-through states to support relay analytics and

settings traceability [62, 66]. At the fleet and system level, NERC’s reliability assessments high-

light the operational importance of maintaining reactive support and model quality for IBR-rich

systems—further motivating protection-grade modeling and verification [69].
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2.2 Regulatory and Standards Landscape

In North America, the policy direction is set by the Federal Energy Regulatory Commission

(FERC) and implemented by the North American Electric Reliability Corporation (NERC) through

Reliability Standards, reliability guidelines, alerts, and task-force outputs. Industry standards (e.g.,

IEEE Std 2800) and regional implementation guidance (e.g., ERCOT) further specify performance

and modeling expectations with direct implications for protection studies.

FERC’s Order No. 901 directs NERC to develop new or modified Reliability Standards ad-

dressing identified IBR reliability gaps in the areas of data sharing, model validation, planning

and operational studies, and performance requirements [70]. Since then, FERC has approved Re-

liability Standards applicable to inverter-based generators consistent with the Order 901 directive,

reinforcing mandatory expectations on entities to provide validated models and support credible

planning and protection analyses [71]. These actions elevate modeling—including fault-response

fidelity—from a recommended practice to a standards-backed obligation for registered entities in-

volved in interconnection and planning.

NERC has published detailed guidance on EMT modeling and simulations, explicitly recom-

mending EMT models be required for all newly connecting BPS-connected IBRs and providing

study scoping, model-content, and verification practices [72]. A companion reliability guideline

on Recommended Practices for Performing EMT System Studies for IBRs provides end-to-end

practices for screening, modeling, scenario design, and verification, with emphasis on protection-

relevant phenomena such as unbalance, weak-grid conditions, and ride-through interactions [62].

In May 2025, NERC issued a Level 3 Alert titled Essential Actions for IBR Performance and Mod-

eling, directing Transmission Owners (TOs), Transmission Planners (TPs), Planning Coordinators

(PCs), and Generator Owners (GOs) to enhance minimum technical requirements, study practices,

and verification processes—further tightening expectations on model fidelity and traceability [67].

The NERC Electromagnetic Transient Modeling Task Force (EMTTF) has defined scope and deliv-

erables aimed at model quality, availability of facility-specific EMT models, and consistent study
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procedures [73]. NERC’s earlier guidance on integrating IBRs into low short-circuit strength sys-

tems remains relevant to protection because it frames grid-strength dependencies that influence

relay-observed behavior [74].

IEEE Std 2800™–2022 defines transmission-interconnection performance requirements for large-

scale IBRs—including dynamic reactive current injection during faults, momentary cessation, and

ride-through zone timers [75]—that materially affect relay-observed trajectories and timing. These

parameters must therefore be represented accurately in study models used for protection anal-

ysis [63, 76]. The IEEE PES Power System Relaying and Control Committee (PSRC) report

on Protection Challenges and Practices for Interconnecting IBRs documented specific protection

functions and modeling behaviors of concern, such as current-limiting priority, negative-sequence

control, and polarization effects, providing a reference baseline for protection-oriented modeling

requirements [60].

Regional practices have operationalized these expectations. For example, ERCOT’s Inverter-

Based Resource Task Force (IBRTF) published EMT modeling and simulation guidance aimed at

Transmission Planners and Planning Coordinators, highlighting model-quality requirements and

their adoption in interconnection and planning studies. ERCOT’s planning documents and task-

force reports formally incorporate these expectations into regional study processes [77, 78]. Such

regional materials typically specify deliverables (e.g., EMT models, validation artifacts) and usage

contexts (e.g., screening, weak-grid analysis) that are directly relevant to protection applications.

Across these regulatory and standards sources, several convergent requirements emerge for

models used in protection studies: (i) provision of EMT models and supporting validation docu-

mentation; (ii) inclusion of control-driven fault-response behaviors such as current limiting, negative-

sequence control, dynamic reactive current injection, and momentary cessation with hysteresis and

timers; (iii) treatment of operating-point and grid-strength dependence; and (iv) exportable artifacts

suitable for integration with planning and short-circuit analysis tools. These shared expectations

are summarized in Table 2.1, which consolidates the main regulatory and standardization sources

alongside their modeling implications for protection studies.
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Table 2.1: Regulatory and standards sources with derived modeling implications for protection studies.

Source Stakeholder Needs Model Requirements

FERC Order 901 and
subsequent approvals
[70, 71]

Develop and implement standards for data
sharing, model validation, planning and
operational studies, and performance re-
quirements

Provide validated, standards-compliant mod-
els (including fault response) and documen-
tation traceable to studies used for protection

NERC EMT guide-
lines and prac-
tices [62, 72]

Recommend EMT models for newly con-
necting BPS IBRs; define study scope,
model content, and verification practices

Include control-driven behaviors; cover
weak-grid and unbalanced conditions; pro-
vide EMT truth cases and verification arti-
facts for protection analysis

NERC Level 3 Alert
(May 2025) [67]

Define essential actions for IBR
performance and modeling across
TO/TP/PC/GO

Establish minimum technical requirements,
protection-relevant studies, and model trace-
ability

IEEE Std 2800
(overview materi-
als) [63, 76]

Specify fault ride-through, dynamic re-
active current, and momentary cessation
with timing envelopes

Ensure models reproduce on-fault current
magnitude, angle, and timing consistent with
IEEE 2800 behavior for relay analysis

IEEE PSRC TR-81
[60]

Identify protection functions and IBR be-
haviors of concern; recommend modeling
practices

Represent current-limiting priority, negative-
sequence paths, and polarization effects; pro-
vide sequence-domain observability

ERCOT IBRTF and
Planning Guide [77,
78]

Establish regional EMT model adoption,
quality, and interconnection-study usage

Deliver region-compliant EMT models and
validation artifacts suitable for protection and
weak-grid studies

2.3 Requirements for IBR Models Used in Protection Studies

This section defines the essential capabilities that IBR models must provide to support credible

protection studies. These requirements are distilled from North American regulatory and standards

guidance, as well as from established protection-engineering practice. In summary, models used

for protection applications must expose time-resolved sequence-domain current magnitude and

angle during fault events, represent control-driven behaviors such as current limiting, negative-

sequence control, and ride-through or cessation logic, account for operating-point and grid-strength

dependence, and produce artifacts compatible with planning and protection analysis tools [60, 62,

67, 72].
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2.3.1 Functional Behaviors the Model Shall Reproduce

F1: Time-dependent fault current magnitude and angle by sequence. The model shall provide

positive- and negative-sequence currents, {|I1|,∠I1, |I2|,∠I2}, as a function of PCC voltage

during fault conditions, resolved over three characteristic intervals: (i) subtransient (0.5 cy-

cles), (ii) transient (3–10 cycles), and (iii) post-transient. Protection functions such as distance

reach and polarization depend primarily on these quantities [60, 62].

F2: Current limiting and priority arbitration. The model shall represent current ceilings, reactive-

versus-active current priority (Iq vs. Ip), rate limits, and anti-windup behavior, since limiter

engagement significantly alters both the magnitude and phase of fault currents as observed by

protective relays [60, 62].

F3: Negative-sequence control behavior. An explicit negative-sequence control path shall be

included, representing control objectives, commanded angles, limiter interactions, and any

vendor-specific suppression features, as these directly influence the performance of negative-

sequence directional and polarization elements [60].

F4: Ride-through and momentary cessation logic. The model shall reproduce dynamic reactive

current injection versus voltage, momentary cessation and hysteresis behavior, zone timers,

and recovery ramps consistent with transmission-interconnection standards such as IEEE Std

2800. These behaviors shape the relay-observed current trajectory and timing during fault and

recovery intervals [62, 63].

F5: Operating-point and grid-strength dependence. Model parameters shall be expressed as func-

tions of the pre-fault operating point (P , Q, and control mode—grid-following or grid-forming)

and a grid-strength proxy (e.g., short-circuit ratio or Thévenin impedance). Weak-grid condi-

tions and inverter operating modes substantially affect relay-observed fault responses [62,72].

F6: Collector system and grounding effects. The model shall represent transformer vector groups,

grounding configurations, and zero-/negative-sequence current access paths necessary for
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ground and sequence-based elements. Current and voltage measurement points (CTs and

PTs) should be aligned with study conventions [60, 62].

The relationship between protection functions and the corresponding model phenomena that

must be represented is summarized in Table 2.2.

2.3.2 Verification and Data Expectations

V1: Verification traceability and evidence. Verification shall provide disturbance-based or test-

based evidence that the model reproduces protection-relevant behaviors, including sequence

current magnitudes and angles, limiter and cessation timing, and ride-through state transitions.

Provenance, acceptance criteria, and version traceability shall be maintained in accordance

with NERC guidance [62, 67].

V2: Scenario coverage. Model validation shall include a diverse set of fault conditions, single line

to ground (SLG), line to line (LL), double line to ground (LLG), and three phase (LLL), as

well as variation in fault resistance, fault location, operating point (P,Q), control mode (grid-

following/forming), and grid strength. Validation should include both ride-through/cessation

active and inactive cases, and explicit tests of negative-sequence behavior [62, 72].

V3: Exportable artifacts for protection studies. The model shall produce time-sliced voltage-

controlled current source (VCCS) tables, including, where supported, {|I1|,∠I1, |I2|,∠I2},

and associated state or flag signals (e.g., limiter active, cessation active, ride-through zone, re-

covery). All outputs shall include units, reference points, and interpolation rules documented

for integration with relay-analysis and planning tools [62, 79].

2.4 From Protection Needs to a Reduced-Order Model: Ratio-

nale and Derived Requirements

Sections 2.1–2.3 established that credible protection studies require models capable of reveal-

ing time-resolved, sequence-domain fault currents (magnitude and angle), capturing control-driven

20



Table 2.2: Protection functions and associated model phenomena that must be represented.

Protection Function Modeling Requirement

Distance (reach, polarization) Time-resolved ∠I1 and |I1| vs. |V1|; current-limiter priority and rate lim-
its; reactive current injection per ride-through profile; dependence on grid
strength.

Negative-sequence direc-
tional/polarization

Explicit I2 control path (commanded angle, limiter or suppression behavior);
transformer and grounding representation for sequence access; accurate I2/I1
ratio.

Overcurrent (IOC/TOC) and
breaker-failure timing

Realistic |I| magnitude trajectories; limiter and cessation timing; recovery
ramps.

Line differential Subtransient and transient sequence components; realistic collector-system
modeling and CT/PT placement.

Ground elements Representation of zero- and negative-sequence paths through transformers
and grounds; residual current observability.

behaviors (current limiting with priority arbitration, negative-sequence control, and ride-through

or cessation with timers), accounting for operating-point and grid-strength dependence, and repre-

senting plant and grounding effects. High-fidelity EMT models are therefore indispensable as the

“truth” source for understanding and validating inverter fault behavior [60, 62, 67, 72].

However, practical protection-engineering workflows—such as relay setting, coordination, and

sensitivity analyses—require thousands of scenarios spanning diverse pre-fault operating points,

fault types and locations, fault resistances, and system strengths. Running such large-scale simula-

tions solely in EMT environments becomes computationally prohibitive, while traditional phasor-

domain short-circuit (SC) models lack the fidelity needed to capture the control-driven phenomena

identified above [62, 80, 81].

To bridge this gap, a reduced-order, protection-grade surrogate model is needed—one that

retains the essential inverter dynamics relevant to protection studies while achieving the compu-

tational efficiency required for large-scale coordination and planning tasks. The key motivations

driving the development of such a reduced-order model are summarized below.

2.4.1 Drivers for a Reduced-Order, Protection-Grade Surrogate

D1: Scale and speed for settings and coordination. Protection engineers must evaluate numer-

ous combinations of operating point (P,Q), system strength (e.g., SCR), and fault condition.
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Comprehensive EMT sweeps are prohibitively slow, and even phasor-domain solutions expe-

rience significant slowdowns as the number of detailed IBR models increases [82].

D2: Interoperability with planning and short-circuit tools. Modern short-circuit and coordination

tools increasingly support voltage-controlled current-source (VCCS) abstractions with time-

sliced, tabular magnitude and angle (and, where available, sequence-domain) outputs. These

interfaces require models that can populate such tables while preserving relay-critical behavior

[79].

D3: Fidelity gaps in generic short-circuit models. Comparative analyses show notable devia-

tions between generic phasor-domain IBR models and EMT “truth” responses, particularly

in negative-sequence current behavior and current-limiting transitions [64, 80].

D4: Intellectual property and data-sharing constraints. OEM control algorithms embedded in

EMT models are often proprietary and cannot be shared broadly. A reduced-order model

can provide the necessary external behavior for protection analysis without revealing vendor-

specific control implementations [62, 81].

D5: Regulatory and industry momentum. Emerging standards and regulatory guidance place in-

creasing emphasis on verified model fidelity and traceability, particularly for protection-relevant

studies. This trend reinforces the need for a validated, shareable surrogate model that can be

deployed at scale [60, 62, 67].

2.4.2 Definition of “Accuracy” for Protection-grade ROM

For protection applications, accuracy is defined in terms of quantities that protective relays ac-

tually measure and respond to—rather than point-by-point waveform matching. Accordingly, the

ROM must accurately reproduce, for each characteristic time window (e.g., first 1
2

cycle, 1–3 cy-

cles, and beyond 3 cycles), the following aspects: (i) the positive- and negative-sequence current

magnitudes and angles, {|I1|,∠I1, |I2|,∠I2}, as functions of PCC voltage; (ii) limiter engagement,

priority arbitration, and rate-limit behavior; and (iii) operating-point and grid-strength dependence.
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All of these quantities must be benchmarked against EMT “truth” simulations and, where available,

validated against disturbance data or hardware-based observations [62, 72, 79, 81].

2.4.3 Architectural Implications for the ROM

The need to reproduce relay-relevant behavior without full electromagnetic detail imposes spe-

cific architectural requirements on the ROM. These requirements ensure that the model remains

both computationally efficient and compatible with existing protection and planning tools. The key

architectural implications are outlined below.

A1: Sequence-domain, time-sliced outputs. The ROM shall provide positive- and negative-sequence

current magnitudes and angles, segmented into subtransient, transient, and post-transient

windows. This aligns directly with relay decision horizons and short-circuit tool interfaces

[79, 83].

A2: Control-aware behavior. The model shall embed explicit representations of current limit-

ing with Iq/Ip priority arbitration, anti-windup, rate limits, and negative-sequence control

objectives, as these govern the relay-observed current trajectories in both magnitude and

phase [60, 64].

A3: Parametric dependence. Model parameters shall vary with pre-fault operating point (P,Q),

control mode (GFL/GFM), and grid-strength indicators such as SCR, acknowledging the doc-

umented sensitivity of protection outcomes to these factors [72, 80].

A4: Exportable artifacts. The ROM shall generate voltage-controlled current-source (VCCS) ta-

bles or sequence-resolved surfaces with clearly documented units, interpolation rules, and

event flags for limiters, cessation, and ride-through states. These artifacts enable drop-in inte-

gration with protection and coordination tools [79, 82].

2.4.4 Derived Requirements for the ROM

The protection-driven considerations above translate into the following consolidated require-

ments for a reduced-order model suitable for large-scale protection studies:
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Figure 2.1: Illustration of the accuracy–complexity trade-off motivating a protection-grade reduced-order model.

• Outputs: time-sliced {|I1|,∠I1, |I2|,∠I2} vs. {|V1|,∠V1, |V2|,∠V2}.

• Behaviors: accurate representation of current limiting with Iq/Ip priority, negative-sequence

control, ride-through dynamics with hysteresis and timers, and explicit dependence on operat-

ing point and grid strength.

• Interfaces: ability to export VCCS tables or sequence-resolved surfaces, including metadata

and event indicators, for compatibility with short-circuit and coordination tools. The ROM

should also include EMT cross-validation packages and disturbance-matching evidence con-

sistent with PPMV (performance, provenance, maintenance, validation) practices.

• Quality targets: accuracy defined in relay-metric time slices (magnitude, angle, and sequence

ratios), with explicit timing accuracy for limiter and cessation transitions.
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Chapter 3

System Description – Part II: Hardware and Control

Architecture

This chapter describes the system chosen for modeling, analysis, and verification in this dis-

sertation. The objective is to investigate inverter fault behavior, ride-through performance, and

converter-driven dynamic responses in a representative IBR used in transmission-connected re-

newable generation.

A utility-scale wind turbine was selected as the reference system model for several reasons.

First, wind energy is among the most widely deployed forms of grid-connected renewable genera-

tion globally, with Type-IV wind energy conversion systems (WECS) now predominant in new

installations due to their superior controllability and grid-support capability [84–86]. Second,

unlike photovoltaic (PV) resources—which have no mechanical inertia—wind turbines incorpo-

rate both mechanical and electrical energy-conversion stages, enabling examination of interactions

among aerodynamic torque, generator dynamics, DC-link stabilization, and converter current con-

trol [87, 88]. Finally, the Type-IV or Full-Scale Converter (FSC) architecture places the grid en-

tirely behind a back-to-back converter, allowing complete decoupling between generator and grid

and enabling fault-response mechanisms and IEEE 2800 compliance to be examined in isolation

from machine-electromagnetics [89, 90].

For these reasons, a Type-IV WECS was used in this research. The following sections describe

the major hardware components and control layers of the system under study.

3.1 Type-IV WECS Overview

A notional depiction of a Type-IV WECS, connected to a medium-voltage distribution system,

is shown in Fig. 3.1. As illustrated, the system consists of: (i) the aerodynamic rotor extracting

kinetic energy from the wind; (ii) a permanent-magnet synchronous generator (PMSG) converting

25



Figure 3.1: Schematic of the Full-Size Converter (FSC) Wind Turbine Electrical System.

mechanical torque into electrical power; (iii) a full-scale back-to-back converter with a regulated

DC-link; (iv) step-up transformer(s) and park collection circuits; and (v) the point of interconnec-

tion (POI) to the grid [91, 92].

3.1.1 Mechanical Subsystem

The mechanical subsystem converts kinetic wind energy into mechanical shaft power that ul-

timately drives electrical generation. As depicted in Fig. 3.2, this chain begins with aerodynamic

energy capture by the turbine rotor, continues through the flexible turbine–generator drivetrain,

and terminates at the PMSG, whose torque is governed by the converter. The system is excited by

two exogenous inputs:

• the instantaneous wind speed V , which represents the sole external energy source, and

• the blade-geometry vector
[
ϑB(r), tB, cB, cw

]
, which parameterizes the local twist angle ϑB(r),

thickness tB, chord length cB, and lift-to-drag behavior cw.

These variables jointly determine the aerodynamic power-coefficient surface Cp(λ, β), which gov-

erns aerodynamic energy extraction as a function of tip-speed ratio λ and pitch angle β.

The turbine controller closes the mechanical loop by issuing two actuator-relevant inputs:

• a collective-pitch command βref, which regulates aerodynamic loading, and

• an electromagnetic torque reference T ∗
g , or equivalently a power-setpoint Pset = T ∗

g ωg, which

determines generator loading.
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The aerodynamic rotor extracts mechanical power,

Pt =
1
2
ρACp(λ, β)V

3, (3.1)

where ρ is air density, A = πR2 is rotor swept area, R is rotor radius, and Cp(λ, β) is the turbine

power coefficient. The corresponding aerodynamic torque is

Tt =
Pt

ωt

, (3.2)

where ωt is the rotor angular speed. The tip-speed ratio,

λ =
ωtR

V
, (3.3)

relates turbine rotational speed to the incoming wind speed.

The rotor and generator are modeled as two inertias coupled by a flexible shaft. The rotor

side is characterized by inertia Jt and damping Dt, while the generator side exhibits inertia Jg and

damping Dg. The shaft stiffness Ktg and mutual damping Dtg permit torsional deflection θt − θg,

enabling transient energy exchange between the two masses.

Let θt and θg denote rotor and generator angular positions, and ωt and ωg their angular veloci-

ties. The drivetrain dynamics follow:

Jtω̇t = Tt −Ktg(θt − θg)−Dtg(ωt − ωg)−Dtωt, (3.4)

Jgω̇g = Ktg(θt − θg) +Dtg(ωt − ωg)− Tg −Dgωg, (3.5)

where Tt accelerates the rotor and Tg decelerates the generator in accordance with electromagnetic

torque demands from the converter.
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Figure 3.2: Signal flow in the mechanical chain.

3.1.2 Electrical Subsystem

The electrical subsystem converts mechanical shaft torque into regulated electrical power and

interfaces the turbine with the transmission system. As shown in Fig. 3.3, the electrical chain

consists of:

• a PMSG,

• a full-scale back-to-back converter, comprising

– a machine-side converter (MSC),

– a DC-link energy storage stage, and

– a grid-side converter (GSC),

• a step-up transformer connecting to the medium-voltage collection system,

• and the final interface transformer connecting the plant to the transmission-level grid at the point

of interconnection (POI).
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Figure 3.3: Electrical subsystem architecture of a full-scale-converter wind turbine.

The PMSG converts mechanical torque Tg into three-phase stator currents iabc. Because the

generator is fully decoupled from grid frequency by the back-to-back converter, its electrical fre-

quency is proportional strictly to mechanical speed,

ωg =
dθg
dt

, (3.6)

rather than being constrained by grid synchronization. This enables variable-speed operation,

which enhances energy capture and reduces mechanical stress.

The MSC rectifies the generator’s AC output to a controlled DC link voltage. It regulates

generator electrical torque by commanding the current component aligned with the generator’s

q-axis. On this side of the system, the electrical environment is isolated from grid imbalances,

harmonics, or asymmetric faults, and all quantities are referenced to the generator synchronous

frame.

The DC link—consisting of capacitor energy storage—acts as an intermediate energy reservoir

between the two converters. It absorbs short-term power imbalance between generator torque and
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grid power flow. Its voltage Vdc reflects real-power transfer:

Pgrid ≈ Pgen −
dEdc

dt
, (3.7)

where Edc is stored DC-link energy. During grid faults, when active-power transfer is temporarily

restricted, the stored DC-link energy rises until electrical torque is shed at the MSC or the turbine

power is curtailed.

The GSC synthesizes three-phase voltages v∗abc to control current injection into the grid. The

GSC is the sole interface where the wind turbine “observes” the grid: voltage magnitude, im-

balance, unbalance, and frequency deviations appear only on this side. The GSC determines the

positive- and negative-sequence current components at the POI and ensures that the inverter satis-

fies grid requirements, including reactive power support and fault ride-through capability.

After conversion, the generated power flows through:

1. a low-voltage stator circuit,

2. a step-up transformer to the medium-voltage collector system (e.g., 33 kV),

3. an aggregation of multiple turbine outputs, and finally

4. a transmission-level step-up transformer (e.g., 138 kV) connecting the plant to the bulk power

grid.

3.2 Control

Figure 3.1 illustrates the schematic of the system considered in this study—a FSC wind turbine

system—comprising the aerodynamic rotor, PMSG, full-scale back-to-back converter with DC-

link, step-up transformers, collector circuit, and the grid POI.

3.2.1 System-level Controls

Figure 3.4 presents the high-level structure used throughout this work.
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Figure 3.4: High-level control hierarchy adopted for the FSC wind-turbine model.

1. Signal-conditioning layer Local measurements from each turbine and from the POI are filtered

and transformed, providing clean speed, current, and voltage signals for the inner loops.

2. Turbine-level loops Each turbine executes three nested regulators: (i) a torque loop for maxi-

mum power point tracking, (ii) a DC-link loop that governs active power, and (iii) a reactive-power

or terminal-voltage loop.

3. Park-level supervisor A plant-wide controller compares POI measurements with grid-operator

targets (voltage, power factor, or reactive-power schedule) and issues a common bias to all

turbines so the aggregate response satisfies network requirements.

4. Compliance and protection layer Functions mandated by IEEE Std 2800—voltage and fre-

quency ride-through, current-priority logic, rate-limited power recovery, and internal protec-

tion—are implemented as supervisory states. When a threshold is crossed, this layer temporar-

ily overrides lower layers to inject dynamic current or, if self-damage is imminent, to trip the

unit.

3.2.2 Turbine Controls

Wind turbine operation is governed by a hierarchical supervisory control strategy that ad-

justs aerodynamic torque, rotor speed, and generator torque demand according to the prevailing
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Figure 3.5: Wind-turbine operating regions.

wind conditions. As shown in Fig. 3.5, the controller transitions between shutdown, MPPT, pitch-

limited, and high-wind cut-out modes based on the filtered wind speed V . Each operating region

imposes a different control objective and determines the corresponding targets for rotor speed ωt,

aerodynamic torque Tt, and generator torque reference T ∗
g . Aerodynamic power extraction is com-

puted from the available wind energy and the turbine operating point, using the well-established

nonlinear relationships

Pt =
1
2
ρACp(λ, β)V

3, Tt =
Pt

ωt

, λ =
ωtR

V
, (3.8)

where the power coefficient Cp(λ, β) is obtained from a pre-tabulated look-up surface derived

from manufacturer data. Tip-speed ratio λ and pitch angle β together determine the extracted

aerodynamic torque. Linear interpolation of the Cp surface ensures a continuous torque response

suitable for controller linearization and stability analysis (Fig. 3.6).
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Figure 3.7: Wind-turbine pitch-control system with nested speed (ωt) and power (Pg) regulators.

The conversion of these aerodynamic relationships into actionable actuator commands is per-

formed by the pitch-control system shown in Fig. 3.7. This controller incorporates two nested

objectives: a fast inner speed-regulation loop that maintains rotor speed at its rated value once

V ≥ Vrated, and a slower outer power-control loop that biases the commanded pitch angle to meet

the desired generator power set-point Pset. Together, these layers ensure stable turbine operation

across the full range of wind conditions while extracting maximum power during MPPT opera-

tion, limiting mechanical loads in high-wind regimes, and enabling seamless interaction with the

electrical control systems described later.

3.2.3 Inverter Controls

The electrical conversion stage of the Type-IV wind turbine is governed by two coordinated

voltage-source converters: the MSC, which interfaces the generator with the DC link, and the GSC,

which governs the injection of positive- and negative-sequence currents into the grid. Although

these converters share the DC-link interface, their operating objectives and control architectures

are distinct, reflecting their different roles in the power-conversion chain.
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The MSC regulates the electromechanical interaction between the PMSG and the DC link.

Because the generator is electrically isolated from the grid, the MSC is not exposed to negative-

sequence disturbances. A single coupled dq-frame current controller suffices, with MPPT realized

via the standard Kopt torque–speed relationship. The outer loop computes the electromagnetic

torque reference,

Tref = Kopt ω
2
g , (3.9)

which is translated into a q-axis current command through a PI regulator,

i∗qm = kp,T (Tref − Te) + ki,T

∫
(Tref − Te) dt, (3.10)

while the d-axis reference is fixed at zero. The inner loop enforces the commanded currents via

standard decoupled PI controllers with feed-forward cross-coupling terms, ensuring fast current

tracking and stable generator torque control. During grid faults, when the GSC temporarily sus-

pends active-power transfer and DC-link energy rises, the MSC automatically reduces generator

torque, backing off i∗qm to prevent DC-link overvoltage. Additionally, if generator current reaches

thermal limits, the MSC proportionally scales both current references to preserve converter safety

while cooperating with downstream current-limiting actions.

Complementing this, the GSC manages the interaction between the wind turbine and the ex-

ternal power system. Its controller is explicitly sequence-aware, using a PLL and a sequence-

extraction algorithm (e.g., DSOGI) to decompose measured voltages and currents into positive-

and negative-sequence components. Under normal operation, the outer loops regulate DC-link

voltage via the d-axis current i+∗
d and reactive power or terminal voltage via the q-axis current i+∗

q ,

with all negative-sequence references held at zero. Upon activation of FRT conditions—indicated

by a Boolean FLAGfault—the reference policy changes: the active positive-sequence component

is frozen, and reactive positive- and active negative-sequence currents are commanded based on

voltage sag conditions using IEEE 2800-consistent k-factor logic [93]. A selector block chooses

between normal-mode and FRT-mode reference currents, while a current-limiting stage enforces
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Figure 3.8: Positive-/negative-sequence GSC control with automatic switching of current references.

per-sequence magnitude constraints consistent with prioritization rules. Final control action is car-

ried out by fully decoupled dq-frame PI current controllers that synthesize the commanded voltage

v±∗
dq for the GSC modulator (Fig. 3.8). The inner current-regulation layer is implemented using

proportional–integral (PI) controllers, reflecting the most widely adopted structure in commercial

grid-side converter designs and enabling direct alignment with prevailing industrial practice.

3.3 Grid Support Features

Figure 3.9 illustrates the supervisory control logic that oversees the MSC and GSC layers

to ensure compliance with the mandatory requirements of IEEE Std 2800-2022. This standard

establishes performance requirements for IBRs connected to transmission-level networks, and the

modeling approach adopted here builds on the generic IEEE 2800-compliant framework presented

in [75].. The converter-centric model developed in Sections 3.1.1–3.1.2 integrates all essential

control functions required by the standard. A high-level mapping between IEEE 2800 clauses.
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Figure 3.9: IEEE 2800 compliance coordination and post-fault control logic. The logic monitors grid, turbine, and
DC-link conditions, manages fault ride-through compliance, and issues appropriate converter control commands based
on fault status and restoration requirements.

3.3.1 Voltage Ride-Through (VRT) Logic

Voltage ride-through capability is implemented using a finite-state machine (Fig. 3.10) that

monitors the per-phase voltage and transitions between operating states based on the disturbance

voltage magnitude and the minimum ride-through duration prescribed in Tables 11 and 12 of

Clause 7 of IEEE Std 2800-2022. During a disturbance:

• The model transitions to a RIDE-THROUGH state if the voltage drops below or exceeds the

defined thresholds.

• The positive- and negative-sequence current references are adjusted according to the logic de-

scribed in Section 3.1.2, ensuring compliance with IEEE 2800 injection and priority rules.

• Transient overvoltage events are also handled by incorporating the requirements of Table 13,

with tuning of PI controller parameters to shape the voltage support response.
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Figure 3.10: Finite-state machine implementing the IEEE 2800 voltage ride-through logic.

• A current limit logic ensures the IBR utilizes its full available current capability per phase during

unbalanced conditions, enabling accurate positive and negative sequence current injection as

dictated by the ride-through reference generator.

Since IEEE 2800 specifies only the minimum required ride-through times, a protective trip

logic is also implemented. This logic monitors critical operating parameters such as DC-link over-

voltage and excessive rotational speed to detect abnormal conditions and safeguard the integrity of

the IBR hardware.

3.3.2 Frequency Ride-Through and Support

A parallel state machine handles frequency ride-through by monitoring grid frequency off-

set and rate of change (ROCOF). When frequency deviates from nominal, the model enters a

FREQUENCY-SUPPORT mode.

3.3.3 Disturbance Tracking and Setpoint Management

During ride-through events, the pre-disturbance setpoints for active and reactive power are

latched. Upon returning to normal grid conditions, the model either ramps back to the original

setpoints at a default rate of 10%/s or accepts new commands from the plant-level controller if a

significant change is detected—implementing the setpoint freeze/adjust logic described in Annex

E, Step 8.
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3.4 Wind-Park Reactive-Power Coordination Strategy

The regulation of reactive power at the POI is essential for ensuring grid code compliance,

voltage stability, and optimal power system operation in modern wind power plants (WPPs). The

centralized Wind Park Controller (WPC) supervises and coordinates the reactive power contri-

bution of individual Wind Turbine Controllers (WTCs), employing a hierarchical voltage control

strategy. Figure 3.11 illustrates the communication and control flow between WPC and WTCs,

highlighting the transfer of voltage reference signals.

∆V ′

e
−sTcom distribution

to

wind turbines

PI

communication

Transfer voltage reference

from WPC to WTC

Q
′

POI

QPOI

∆U ′

WPC

Figure 3.11: Wind Park Reactive Power Control: Communication between WPC and WTCs [1].

3.4.1 Hierarchical Reactive Power Control

Reactive power control in a wind park follows a hierarchical framework:

Primary Control: Local WTC Regulation

Each WTC regulates its positive-sequence terminal voltage V +
wt via a proportional voltage reg-

ulator to ensure local stability and fast dynamic response. This control is executed independently

at the wind turbine level.

Secondary Control: Centralized WPC Supervision

At the wind park level, the WPC monitors the reactive power exchange at POI (QPOI) and

adjusts the WTC reference voltage (V ′) via a proportional-integral (PI) reactive power regulator.

The WPC computes the required voltage correction and distributes it to individual WTCs, ensuring

compliance with grid requirements.
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3.4.2 Voltage and Power Factor Control Modes

The WPC operates under different control modes depending on grid requirements:

Voltage Control Mode (V-control) In this mode, the reactive power reference Q′
POI is deter-

mined using an outer proportional voltage control law:

QPOI = KVPOI

(
V ′

POI − V +
POI

)
(3.11)

where:

• V +
POI is the positive-sequence voltage at POI.

• KVPOI is the WPC voltage regulator gain.

Power Factor Control Mode (PF-control) Alternatively, when the WPC operates under power

factor control, the reactive power reference Q′
POI is determined based on the active power at POI:

Q′
POI = f(PPOI, pfPOI) (3.12)

where:

• PPOI is the active power at POI.

• pfPOI is the desired power factor.

3.4.3 Fault Handling and Voltage Sag Response

During grid disturbances such as voltage sags at POI, it is crucial to stabilize the reactive power

reference to prevent excessive fluctuations. The PI controller inside the WPC ensures smooth

operation by keeping the output correction term (∆U ′) constant, effectively blocking rapid changes

in (Q′
POI−QPOI). This prevents overvoltage following fault clearance and ensures system stability.
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3.5 Model Evaluation

To validate the IEEE Std 2800-compliant wind park model, an EMT simulation was performed

to evaluate its FRT and voltage regulation capabilities.

A detailed FSC wind turbine plant model was developed in PSCAD as described in this paper.

A representative single inverter unit rated at 5 MVA was modeled to capture the plant-level dynam-

ics. The inverter output is connected to a 0.69 kV/33 kV delta/wye transformer, which steps up the

voltage to the medium-voltage plant collection level. A scaling factor of N = 60 was applied to

represent the aggregate response of the entire wind plant. Finally, a 33 kV/138 kV wye/wye trans-

former interfaces the plant with the transmission grid. We present two representative use cases to

demonstrate the performance of the converter model under IEEE Std 2800-2022 compliance: (1)

steady-state power ramp and (2) asymmetrical fault response.

Steady-State Power Ramp

In the first case, the converter operates under nominal grid conditions and ramps up its active

power from 0 MW to 250 MW over a duration of approximately 1.5 seconds. Figure 3.12 shows

the simulated quantities at the POI. The top subplot shows the RMS line-to-line voltage at the POI,

which remains stable at approximately 33.5 kV throughout the ramp.

The second subplot shows the wind turbine rotor speed ωg and the DC-link voltage Edc, both

of which exhibit smooth and stable behavior during the ramp-up. The third subplot shows the

line currents at the converter terminal, increasing proportionally with active power output, with all

three phases remaining balanced.

Finally, the bottom subplot displays the real (P ) and reactive (Q) power output of the plant.

Active power increases steadily to the 250 MW target, while reactive power is regulated near zero,

maintaining unity power factor as required under normal operation.
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Figure 3.12: Steady-state operation showing POI voltage, rotor speed, DC voltage, converter terminal currents, and
power output during an active power ramp.

Asymmetrical Fault Response

In the second case, a line-to-line (BC) fault is applied at the 33 kV collector bus at t = 0.2 s and

cleared at t = 0.4 s. The converter is required to remain connected and provide fault ride-through

support during the event.

Figure 3.13 shows the positive- and negative-sequence current magnitudes and angles during

this disturbance. The top subplot illustrates the current magnitudes. Upon fault inception, the

positive-sequence current |i+| sharply decreases, and the negative-sequence current |i−| rises in

response to the voltage unbalance, consistent with IEEE 2800 sequence injection requirements.

Both currents return to their pre-fault levels within four cycles after fault clearance, meeting the

performance requirements for FRT specified in Clause 7 of IEEE Std 2800. The bottom subplot

shows the current angles. Both the positive, and negative sequence angles ∠i± remains mostly

stable, during fault. These behaviors confirm correct implementation of current prioritization logic
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and voltage ride-through performance as specified in Clauses 5.4.2, 5.4.3, and 5.5 of IEEE Std

2800-2022.
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Figure 3.13: Converter output current magnitudes and angles during a BC fault at the 33 kV collector bus (fault
applied at t = 0.2 s, cleared at t = 0.4 s).
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Chapter 4

Analysis of IBR Fault Response– Part I:

Subsystem-Level Temporal Behavior (Saturation

Phase)

4.1 Introduction

Large-scale deployment of IBRs—including wind, solar PV, and battery systems—has funda-

mentally altered fault dynamics in power systems, replacing the predictable subtransient behavior

of synchronous machines with fast, nonlinear control responses [52]. Modern interconnection

standards require IBRs to remain connected during grid faults, with IEEE Std 2800-2022 mandat-

ing full reactive current injection within a few cycles to support transient voltage recovery at the

transmission level, while IEEE Std 1547-2018 imposes voltage-support and ride-through require-

ments at the distribution level [94, 95]. Meeting this requirement in practice is complicated by

four interacting nonlinearities that dominate the inverter’s initial post-fault response: the always-

active current limiter, saturation of the space-vector pulse-width modulation (SVPWM) modula-

tor, saturation of the proportional-integral (PI) current controller, and the abrupt control-mode shift

triggered by fault detection and substitution of ride-through setpoints [96–99]. The sequence and

overlap of these nonlinearities unfold within a 5–15 ms window and dictate whether the inverter

can stay within its current envelope, meet the step-response deadlines set by standards, or risk

entering non-compliant or unstable operating modes. In particular, their interaction can momen-

tarily drive fault currents beyond the typical controlled limit of 1.2 pu [100], violating grid-code

expectations for well-regulated and predictable IBR responses during faults.

Early investigations into PWM saturation primarily emphasized its impact on harmonic dis-

tortion and dc-link utilization, demonstrating that the space-vector modulation (SVM) hexagon

enforces a hard circular limit on the achievable αβ voltage references [101]. Subsequent work
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by Cheng et al. extended the analysis to include inverter stability under PWM saturation, ac-

counting for parameter uncertainty and its influence on system robustness [102]. On the control

side, Bottrell et al. explored current and voltage limiting strategies in cascaded-loop inverter con-

trollers, highlighting the importance of avoiding limiter latch-up and PI wind-up during fault tran-

sients [103]. More recently, Xu et al. derived how PI-controller saturation affects the transient

behavior of short-circuit current (SCC) in grid-side converters of type-IV wind turbines, directly

influencing peak SCC calculations used in protection studies [104]. Despite these contributions,

PI and PWM saturation are still often analyzed in isolation, typically in stability-focused stud-

ies, with limited attention to their coupled dynamics or their interaction with control-mode shifts

during fault ride-through.

Signal-processing research has produced a spectrum of detector latencies. Delayed-signal can-

cellation (DSC) and zero-cross tracking achieve preliminary sag confirmation in 3–5 ms, followed

by a harmonic-filtered value in 10–15 ms [105]. Quadrature DSC refinements report worst-case

3.3 ms detection even with 6h±1 interharmonics [106]. Fast-amplitude estimation (FAE) yields

3.9–4.0 ms convergence without a phase-locked loop, robust to ±1 Hz frequency drift [107]. By

contrast, detectors that rely on half-cycle discrete Fourier transform (DFT) or PLL-notch filters

require 8–20 ms, with the one-cycle window itself forming the dominant delay.

Grid codes indirectly bind detection and control latencies. IEEE 1547-2018 allows up to 0.083

s (Category III) for DERs to react to steep voltage deviations, but IEEE 2800-2022 tightens the

step-response clock to ≤ 2.5 cycles (≈ 41.7 ms at 60 Hz) and explicitly counts a one-cycle DFT

window against that budget [94, 95]. Consequently, a realistic controller must allocate ∼ 25 ms to

ramp current, leaving ≲ 15 ms for detection, filtering and qualification.

Despite rich, domain-specific advances, three critical voids remain:

(a) Lack of a unified timing model. Analyses of PWM saturation typically assume instantaneous

fault detection, neglecting detection delays and their interaction with control saturation dynam-

ics [101,104]. Conversely, fault-detection algorithms are often studied using simplified, linear

inverter models without accounting for saturation effects [105–107].
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(b) Insufficient analysis for PWM saturation duration. While recent work has characterized PI

controller saturation during fault transients [104], similar analysis for PWM saturation remains

largely unexplored.

(c) Limited validation at utility scale. Most studies rely on ≤10 kVA laboratory testbeds or

simulation-only setups. Experimental validation using commercial utility-scale inverters—where

dc-link voltage dynamics, filter resonance, and digital signal processor (DSP) execution sched-

ules affect the millisecond response—is scarce. Furthermore, few report time-resolved results

at microsecond-level resolution [103].

In short, the literature still lacks an integrated, experimentally validated framework that (i)

predicts the concurrent durations of PWM and PI saturation under realistic grid faults, and (ii)

allocates the remaining millisecond budget to detection latency so that IBRs can meet the strictest

ride-through clauses of modern standards.

This section bridges that gap by analyzing nonlinear saturation dynamics and detection latency

jointly in grid-following IBRs. The specific contributions are:

(i) Derivation of an analytical expression for the PWM-clamp duration ∆tPWM as a function of

the current-loop time constant τc and the initial overshoot ratio Rv0.

(ii) Closed-form characterization of the PI-clamp duration ∆tPI that incorporates proportional,

integral, and anti-windup control parameters.

(iii) Development of an end-to-end timing budget framework that couples ∆tPWM, ∆tPI, and the

detection delay ∆tdetect, yielding an upper bound of ≤ 15 ms for detection latency to comply

with the 2.5-cycle response requirement in IEEE Std 2800-2022.

(iv) Validation through both EMT simulations of a detailed inverter model and experimental testing

on a commercial 21 kW grid-following inverter, capturing real-world control and hardware

interactions.
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î±dq

θ̂PLL

ω̂
vg,abc
iabc

Figure 4.1: Control architecture for a grid-tied inverter. Internal signals with hats denote estimated quantities derived
from PLL angle and sequence extraction.

Section 4.2 reviews the inverter control architecture and its response path. Section 4.3 intro-

duces the key nonlinear saturation mechanisms. Section 4.3.1 derives an analytical expression for

the PWM-clamp duration, while Section 4.3.2 develops a closed-form model for the PI-clamp.

Section 4.3.3 surveys state-of-the-art fault detection methods and quantifies their timing contribu-

tions. Section 5.5 presents both EMT simulation results and hardware validation using a commer-

cial inverter.

4.2 IBR Dynamics During Fault

Figure 4.1 illustrates the grid-following control architecture that forms the basis for the sub-

sequent analysis. Signals measured at the inverter terminals, iabc and vg,abc, are transformed into

synchronous reference frames using the PLL angle and a sequence extraction algorithm, producing

the estimated positive- and negative-sequence quantities î±dq and v̂±
g,dq. These estimated variables

drive the control system and are distinguished from the physical plant variables by the hat notation.

The reference-generation layer produces synchronous-frame current commands i∗σdq = [ i∗σd , i∗σq ]T

for each sequence σ ∈ {+,−}, subject to the circular current rating

∥i∗dq∥ ≤ Imax. (4.1)
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Under normal conditions, the positive-sequence d-axis reference regulates active power (typically

via MPPT), while the q-axis controls reactive power or terminal voltage. Negative-sequence refer-

ences are normally zero in balanced steady state.

Following a voltage sag, the controller transitions into reactive-priority LVRT mode, freezing

the active current component i∗+d → 0 and commanding increased reactive current i∗+q > 0, while

optionally enabling negative-sequence current injection to satisfy IEEE 2800 ride-through and

unbalance-support requirements.

Each sequence is regulated by an identical PI current controller,

vσ
c (s) =

(
Kp +

Ki

s

)(
i∗σdq − îσdq

)
, Kp, Ki > 0. (4.2)

Because the negative sequence rotates opposite to the PLL reference frame, its cross-coupling

term enters with opposite sign. Including feedforward of the estimated grid voltage, the controller-

generated voltage commands are

ṽ
ctrl,+
dq = v+

c + ωLf Ĵi
+
dq + v̂+

g,dq,

ṽ
ctrl,−
dq = v−

c − ωLf Ĵi
−
dq + v̂−

g,dq,

(4.3)

where J =



0 −1

1 0


 implements the synchronous cross-coupling.

The positive- and negative-sequence control voltages superimpose in the phase domain. The

total commanded inverter terminal voltage in the abc frame is therefore

ṽctrl
abc = Park−1{ṽctrl,+

dq }+ Park−1{ṽctrl,−
dq }. (4.4)

This voltage request is normalized by the dc-link voltage and mapped to PWM duty cycles,

mabc =
2

Vdc

ṽctrl
abc . (4.5)
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where mabc = [ma,mb,mc]
T. When the modulation remains in its linear region (|ma,b,c| < 1),

the inverter behaves approximately as a linear voltage source and the realized synchronous-frame

voltage is

vdq = GPWM ṽctrl
dq , GPWM =

Vdc

2Vbase
.

The Lf–Rf filter dynamics for each sequence are therefore

Lf i̇
+
dq +Rf i

+
dq = GPWMṽ

ctrl,+
dq − v+

g,dq, (4.6a)

Lf i̇
−
dq +Rf i

−
dq = GPWMṽ

ctrl,−
dq − v−

g,dq. (4.6b)

In the remainder of this chapter, analysis is restricted to positive-sequence dynamics. For no-

tational simplicity, all variables are therefore understood to be positive-sequence quantities unless

explicitly stated otherwise, and the superscript “+” is omitted.

Two independent nonlinear constraints limit the commanded voltage. First, the controller sat-

uration bound M restricts the PI output; once reached, the integrator is frozen to prevent wind-up,

yielding an effectively open-loop RL current response. Second, the dc-link constraint Vmax applies

whenever

∥ṽctrl
dq ∥ > Vmax, (4.7)

in which case the PWM stage clips the voltage vector to the circle of radius Vmax, corresponding

to the maximum achievable inverter phase voltage.

4.3 Inverter Saturation and Fault Detection Timing: Mecha-

nisms and Interactions

Figure 4.2 presents a simplified view of the control path of an grid-following inverter, empha-

sizing the two key nonlinearities—the PI controller and the SV-PWM modulator—whose satura-

tion governs the inverter’s initial transient response during grid faults. Whenever a fault forces

either bound to engage the usual closed-loop path is broken, the filter sees an effectively open-loop
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Figure 4.2: Simplified control path of a grid-tied inverter, highlighting the two key saturation points—PI-controller
limit M and SV-PWM dc-link limit Vmax. When either bound is hit, the loop enters a nonlinear open-loop interval
that dominates the initial fault response.

voltage, and the response is governed by the RL plant until the commanded vector re-enters both

limits.

4.3.1 PWM Saturation: Entry and Duration

During steady-state operation each leg of the three-phase bridge behaves almost linearly: the

instantaneous phase voltages are the dc- link half-bus scaled by the duty-ratio vector,

vabc(t) =
Vdc

2
mabc(t), mabc(t) ∈ [−1, 1]3. (4.8)

If the controller produces the reference ṽctrl
abc and the duty ratio is well inside its limits (|ma,b,c| < 1),

the bridge looks like a constant small-signal gain,

vabc(t) = GPWM ṽctrl
abc (t), GPWM =

Vdc

2Vbase
.

The dc-link voltage caps the maximum line-to-neutral amplitude:

vabc,max ≈ Vdc

2
mmax, 0 < mmax ≤ 1. (4.9)

In the αβ (or equivalently the rotating dq) plane this limit is represented by the familiar SVPWM

hexagon, conservatively circumscribed by the circle vαβ,max = Vdc/
√
3. Hence every admissible
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voltage command must satisfy

√
v2d + v2q ≤ Vmax, Vmax = vαβ,max. (4.10)

A deep voltage sag can force the current controller to demand ∥ṽctrl
dq ∥ > Vmax. When any phase

duty ratio hits ±1 the linear relation breaks and the bridge enters PWM saturation: the requested

voltage is projected onto the circular boundary of (4.10),

vdq = GPWM ·





ṽctrl
dq , ∥ṽctrl

dq ∥ ≤ Vmax,

Vmax

ṽctrl
dq

∥ṽctrl
dq ∥

, otherwise.

(4.11)

as detailed in [101, 102]. This hard clipping distorts the output waveform, decouples the current

loop from its reference [102, 103], and initiates the nonlinear PWM-clamp interval.

Duration of PWM Saturation During Faults

During a PWM clamp the modulator replaces the unconstrained request ṽctrl
dq with a fixed vector

on the dc-link boundary,

ṽsat
dq = Vmax ev, ev :=

ṽctrl
dq

∥ṽctrl
dq ∥

. (4.12)

At that instant the actuator is saturated, and modern DSP firmware engages anti-wind-up protec-

tion:

(a) Conditional integration: the integrator input is forced to zero while the saturation flag is set;

or

(b) Back-calculation: ĊI = kbc

(
ṽctrl
dq − vsat

dq

)
, where CI is the frozen integrator state.

Both schemes guarantee ĊI ≈ 0 throughout the clamp interval [103], so the integral state may

be treated as a constant bias CI = CI(t0). Even if anti–wind-up were disabled, the integrator could
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increase only by the area under its current-error input

∆CI =

∫ t0+∆t

t0

Ki ei(τ) dτ, ei := i∗dq − idq. (4.13)

The drift is bounded by ∥∆CI∥ ≤ Ki Imax ∆t. The worst-case drift over a few-millisecond clamp

would be an order of magnitude smaller than the voltage error caused by the dc-link clamp itself,

and is therefore negligible. The total output feeding the modulator is the sum of the feed-forward

term vff = ωsLfJ idq +vg,dq, where J =
[
0 −1
1 0

]
is the 90◦ rotation matrix [x, y]T 7→ [−y, x]T, and

the regulator signal Kp(i
∗
dq−idq)+CI . During a fault the PCC voltage collapses to its new (faulted)

value within a fraction of a cycle; if no further network events occur this vector remains practically

unchanged for the next few milliseconds. Over the same short interval window the fundamental

envelope of the filter current, idq(t), is still dictated by the RL pole τc = Lf/Rf (2-10 ms). Hence

the average change of idq during a typical PWM-clamp window (<5 ms) is modest and its phasor

merely rotates with the (almost constant) synchronous speed ω. Instantaneously, however, the

full–bus step vsat
dq = Vmaxev imposed by the clamp drives a large i̇dq = (vsat

dq − vg,dq − Rf idq)/Lf ,

so phase currents can overshoot Imax and acquire harmonic side–bands even though the slowly

varying feed-forward term ωsLfJidq can be regarded as quasi-constant for the analytical duration

estimate. After subtracting this fixed bias, the part of the command that does evolve is therefore

governed by the proportional path alone:

ṽctrl
dq (t) = vff(t0)︸ ︷︷ ︸

nearly constant

+ Kp

(
i∗dq − idq(t)

)
+ CI , (4.14)

On the Lf–Rf filter side of the converter, PWM saturation fixes the d-axis terminal voltage

at the clamp value GPWMVmaxev,d, whereas the grid component vg,d has already collapsed to its

faulted level. The net drive
(
GPWMVmaxev,d−vg,d

)
is therefore much larger than the cross–coupling

contribution ωLf iq. Quantitatively |GPWMVmaxev,d − vg,d| ≫ ωLf |iq|, so the inductive coupling

alters the right–hand side of the d-axis equation in (4.3) by only a few percent during the PWM

clamp. Neglecting it yields a close approximation envelope for id(t) while greatly simplifies the
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derivation of the clamp duration:

Lf
did
dt

= GPWMVmaxev,d − vg,d −Rf id, (4.15)

whose solution is

id(t) = id,∞ +
[
id(t0)− id,∞

]
e−(t−t0)/τc , τc =

Lf

Rf

, (4.16)

id,∞ =
GPWMVmaxev,d − vg,d

Rf

.

Because ṽctrl
d in (4.14) is proportional to i∗d− id, it inherits the same exponential factor, yielding

ṽctrl
d (t) = ṽctrl

d (t0) e
−(t−t0)/τc , τc = Lf/Rf . (4.17)

Similar analysis can be done for ṽctrl
q (t). Once ṽctrl

dq (t) decays below Vmax at t = tPWM, the clamp is

lifted. Substituting this into the saturation condition, the saturation exit time tunsat is estimated by

solving: √
(ṽctrl

d (t0) · e−(t−t0)/τc)
2
+ (ṽctrl

q (t0) · e−(t−t0)/τc)2 = Vmax, (4.18)

or equivalently:
√

(ṽctrl
d (t0))2 + (ṽctrl

q (t0))2 · exp
(
−t− t0

τc

)
= Vmax. (4.19)

Solving for t− t0 = ∆tPWM, we obtain:

∆tPWM = τc · ln




√
(ṽctrl

d (t0))2 + (ṽctrl
q (t0))2

Vmax


 . (4.20)
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Figure 4.3 plots the analytical relation

∆tPWM = τc ln
(
1 +Rv0

)
, τc = Lf/Rf ,

Rv0 =
∥ṽctrl

dq (t0)∥
Vmax

− 1,

(4.21)

as a function of the two governing parameters: the current-loop time-constant τc and the initial

overshoot ratio Rv0. The surface reveals two complementary trends. First, for a fixed time-

constant, every additional 10% of overshoot adds roughly 2-3 ms of clamping; e.g. increasing

Rv0 from 5% to 40% at τc =20 ms stretches ∆tPWM from about 1 ms to 10 ms. Second, for a fixed

overshoot the duration scales nearly linearly with τc; with a 20% overshoot, a fast loop (τc =10 ms)

yields a 3 ms clamp, whereas a slower loop (τc =30 ms) prolongs it to about 9 ms. Over the range

typical of utility converters (τc =2-10 ms and Rv0 =5-60%), the analytical map predicts ∆tPWM

between 1 and 5 ms.

Initial voltage command and sources of overshoot.

Immediately after the dip, but before any PWM saturation, (t = t0 ≈ t+fault), the inner current

loop constructs its voltage command from three additive terms3

ṽctrl
dq (t0) = v̂g,dq,f︸ ︷︷ ︸

measured
PCC voltage

+ωsLf J idq,0︸ ︷︷ ︸
inductive drop

+ Kp

(
i∗dq,0 − idq,0

)
+Ki

∫ t

t0

(
i∗dq − idq

)
dτ

︸ ︷︷ ︸
≈ 0 at t=t0

,

(4.22)

where

3Feed-forward term and time-scale separation. When ṽ
ctrl
dq (t0) is evaluated to test whether PWM saturation is

triggered, the feed-forward voltage vff(t0) = v̂g,dq,f (t0) + ωsLfJidq,0 must retain the instantaneous PLL-tracking
error; This lagged voltage estimate can overshoot the true PCC voltage by several-tens-of-percent, driving the com-
manded vector beyond the SVPWM circle at the instant of the fault. During the ensuing clamp the PLL error
and the impedance drops decay with the comparatively slow poles σPLL ≈ 5−10 ms-1 and τ−1

c = (Rf/Lf ) ≈
0.5− 10 ms-1 [108]. Because the PWM-clamp interval itself lasts only a few milliseconds, vff(t) is effectively
constant over that window, justifying the simpler relaxation model of (4.14). Should the faulted grid voltage later
experience large secondary changes (e.g. auto-reclosing), vff(t) may shift again and a new PWM-saturation episode
would begin—behaviour that is beyond the single-pulse analysis developed here.
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• v̂g,dq,f = HPLL(s)vg,dq,f is the PCC voltage after ADC sampling, Clarke–Park transforma-

tion and PLL filtering. Because the PLL retains memory of the pre-fault magnitude [109],

∥v̂g,dq,f∥ ≳ ∥vg,dq,f∥ immediately after the dip.

• i∗dq,0 is the pre-fault current reference, and idq,0 = idq(t
−
0 ) ≃ i∗dq,0 is the measured current just

before the dip. Because the Lf −Rf filter prevents an instantaneous change in current, the

difference i∗dq,0 − idq,0 is essentially zero, so the proportional jump Kp(i
∗
dq,0 − idq,0) can be

neglected at t0.

• The remaining term is the instantaneous inductive drop ωsLfJi0.

Hence the initial overshoot arises from the sum of the lag-biased voltage estimate v̂g,dq,f and

the filter-impedance drops. Taking the norm of (4.22) and normalising by the dc-link circle radius

Vmax = Vdc/
√
3 yields the dimensionless overshoot

Rv0 =

∥∥v̂g,dq,f + ωsLfJi
∗
dq,0

∥∥
Vmax

− 1, (4.23)

which depends on two physically separate contributions:

• PLL memory bias, v̂g,dq,f . Right after the dip the PLL has not yet settled, so ∥v̂g,dq,f∥ >

∥vg,dq,f∥; a faster PLL (larger ωPLL) therefore reduces Rv0.

• Inductive drop, ωsLfJi
∗
dq,0. Its magnitude scales with both the pre-fault current ∥i∗0∥ and the

filter inductance Lf ; increasing either raises Rv0.

Accordingly, Rv0 grows with (i) deeper voltage sags (smaller ∥vg,dq,f∥), (ii) higher pre-fault

current magnitudes, or (iii) a larger filter inductance Lf . Because the PWM-clamp duration sat-

isfies ∆tPWM ∝ ln
(
1 + Rv0

)
, each of these factors lengthens the saturation window predicted by

Fig. 4.3.
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Figure 4.3: Analytical duration of the PWM clamp, ∆tPWM, versus initial overshoot ratio Rv0 and current-loop time-
constant τc.

4.3.2 PI Controller Saturation: Entry, and Duration

While PWM saturation arises due to the physical voltage limits imposed by the inverter’s DC-

link, PI controller saturation results from the internal limits of the control system itself. The current

control loop computes voltage commands based on the difference between the reference current

and the measured current. However, when this error becomes large—as is the case immediately

after a reference current update—the controller output may exceed its configured bounds, initiating

what is known as PI controller saturation or clamping.

Entry Conditions for PI Saturation

PI saturation may be triggered at two distinct instants:
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(i) Pre-detection step
(
t ≈ t+fault

)
: At the instant the fault occurs, the reference still frozen at its

pre-fault value i∗dq,0 =
[
i∗d,0, i

∗
q,0

]T
and the measured current equal to idq,0 =

[
id,0, iq,0

]T
,

∆id,pre = i∗d,0 − id,0, ∆iq,pre = i∗q,0 − iq,0. (4.24)

The proportional branch delivers the instantaneous voltages

vdP,pre = Kp ∆id,pre, vqP,pre = Kp ∆iq,pre, (4.25)

while the integral branch is still dormant [104]. PI saturation is triggered as soon as either axis

exceeds the controller bound M :

|vdP,pre| > M or |vqP,pre| > M =⇒ PI output frozen. (4.26)

(ii) Post-detection step
(
t = t+detect

)
: When the fault is confirmed, the ride-through coordinator

substitutes a LVRT reference i∗dq,FRT =
[
i∗d,FRT, i

∗
q,FRT

]T
. Hence a second error step occurs:

∆id,post = i∗d,FRT − id(t
−
detect),

∆iq,post = i∗q,FRT − iq(t
−
detect).

(4.27)

The proportional outputs become

vdP,post = Kp ∆id,post, vqP,post = Kp ∆iq,post. (4.28)

A secondary PI clamp is engaged if either axis overruns the bound M :

|vdP,post| > M or |vqP,post| > M =⇒ PI output frozen, (4.29)
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and it remains active until the magnitude of the corresponding current error falls below M/Kp

or the integrator unwinds.

Duration of PI Saturation

When the proportional term in either axis exceeds the controller ceiling M ,

vd,PI(t) = −M sgn
(
∆id
)
, vq,PI(t) = −M sgn

(
∆iq
)
, (4.30)

with ∆id = i∗d − id, ∆iq = i∗q − iq, the anti–wind-up logic freezes the integrator state and each

clamped axis follows its open-loop Lf −Rf dynamics. Let σ ∈ {+,−} denote the sequence

channel and k ∈ {d, q} the axis. Adapting the derivation of [104], the clamp duration for each

axis/sequence pair is

∆tσPI,k =
Kσ

p,k |∆iσk | −M

Kσ
i,k |∆iσk | −

Kσ
p,k

Lf

M

(∆iσk ̸= 0), (4.31)

The curves in Fig. 4.4 evaluate (4.31) for the positive-sequence d-axis (k = d, σ = +) of a

representative utility-scale converter4 with a PI ceiling of M = 0.9 pu. Five current-loop tunings

are compared by sweeping the design time-constant τc = Lf/Kp ∈ {0.5, 1, 2, 3, 5} ms, using the

conventional relation Ki = Rf/τc. The abscissa is the initial current error |∆i+d | ∈ [0.05, 1] pu;

points that violate the positivity condition in (4.31) are omitted.

• Bandwidth effect. A larger τc (slower loop) lengthens the clamp almost linearly: τc = 5 ms

keeps the PI saturated for ≈ 4−5 ms, whereas τc = 0.5 ms clears in 0.3−0.5 ms.

• Error–size effect. Along each curve ∆tPI decreases as |∆i+d | grows, because a larger step sup-

plies a stronger proportional pull. For the nominal design τc = 2 ms the clamp lasts ≈ 1.8 ms

at |∆i+d | = 0.1 pu but only ≈ 0.4 ms at |∆i+d | = 0.6 pu.

4690-V, 3-MVA class; Lf = 1.5 mH, Rf = 75 mΩ.
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Figure 4.4: Analytical PI–clamp duration ∆tPI versus initial current error |∆i+d | for five current-loop time-constants
(τc = 0.5–5 ms).

PI saturation is triggered by a sufficiently large current error relative to the chosen gains,

whereas PWM saturation depends on the magnitude of the initial voltage overshoot; their prac-

tical implications are contrasted in Table 4.1.

4.3.3 Fault–Detection Latency for Ride-Through Transfer

The time between fault inception tfault and the instant the ride-through routine is armed tdetect

is

∆tdetect = tdetect − tfault, (4.32)

which defines the pre-detection window in which the current controller still tracks its pre-fault

reference.

Intrinsic latency of common detectors
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Table 4.1: PI vs. PWM saturation—causes, timing, and dominant factors.

PI saturation PWM saturation(
∆tPI

) (
∆tPWM

)

Trigger Current-error step ∥ṽctrl
dq ∥ > Vmax

(fault or ref. jump)

Earliest onset t+fault t+fault
Second onset t+detect –

Exit condition ∥ṽc∥ ≤M ∥ṽctrl
dq ∥ ≤ Vmax

Typical duration 0.5–5 ms 1–5 ms

Dominant when Large ∆i, Deep sag
high Ki high Vmax/Vg

Key parameters Kp,Ki,M, ∥∆i∥ Vdc, Lf , Rf , SCR

(a) Peak/zero tracking with delayed–signal cancellation issues a preliminary amplitude in 3.5–5 ms

and a harmonics-cleansed value in 10–15 ms. [105].

(b) Quadrature Delayed-signal cancellation (DSC) sag detector reaches worst-case detection in ≤

3.3 ms while rejecting 6h±1 harmonics [106].

(c) Fast–amplitude estimation (FAE) for single-phase LVRT converges in 3.9–4.0ms even with

THD ≈6% and ±1Hz frequency drift [107].

(d) PLL + notch/LPF amplitude extraction (DSOGI-PLL plus 2nd-order notch) typically requires

6–7 ms [106].

(e) Half/full-cycle DFT or RMS windows remain the slowest, 8–20 ms, but need no custom DSP

filtering [105].

Additive delay contributors

• Sensor / ADC tmeas: 0.05-0.5 ms.

• Digital filtering tfilter: 0.3-2.6 ms (e.g. harmonic DSC adds 2.55 ms).

• Algorithm run-time texec: <0.3 ms on a 150-MHz DSP (FAE benchmark).
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• Qualification / debounce tdebounce: 1-4 ms, grid-code dependent.

Hence

∆tdetect ≈ tmeas + tfilter + talg + texec + tdebounce. (4.33)

Practically this yields ∆tdetect≲5 ms for DSC-based or FAE schemes, 6-10 ms for PLL–notch im-

plementations, and ≳15 ms when long-window DFT or harmonic-cancellation stages are manda-

tory. Because modern grid codes (e.g. IEEE 2800) demand the inverter deliver full reactive current

within four cycles (66.7 ms at 60 Hz), any additional millisecond of ∆tdetect proportionally erodes

the dynamic current-support margin.

Standards perspective and detection budget IEEE Std 1547-2018 frames latency implicitly:

the maximum response time for an inverter to enter its low- or high-voltage ride-through mode is

0.083 s (Category III momentary-cessation band) or 0.16 s (Category II/III voltage-ride-through

bands) [95]. IEEE Std 2800-2022 is stricter for transmission-level inverter-based resources: it

caps the step response—measured from fault inception to 90 % of the commanded current—at

2.5 cycles (≈ 41.7 ms at 60 Hz) and notes that a one-cycle DFT measurement window (16.7 ms)

is already counted in that limit [94, Table 13]. Assuming a typical current-ramp of ≈ 25 ms and <

2 ms for control execution, the remainder for detection and qualification is

∆tmax
detect ≈ 41.7 ms− 25 ms− 2 ms ≲ 15 ms.

Hence, to guarantee compliance with the most demanding clause (IEEE 2800), the detection algo-

rithm—including sensing, filtering and debounce—should complete in ≤15 ms.

4.4 Evaluation

EMT simulations and laboratory experiments were conducted to validate the post-fault event

sequence and associated timing framework developed in this paper. A detailed Type-IV wind-

plant model with fault-ride-through (FRT) functions compliant with IEEE Std 2800 was devel-

oped, building on the work in [92]. The inverter connection schematic used in the EMT studies
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Table 4.2: Baseline parameters for EMT simulations

Setting Description Value

Lf Filter inductance 200 µH
Rf Filter resistance 0.5 mΩ
k SOGI gain 1
T PLL
i PLL integral time constant 100

KPLL
p PLL proportional gain 30

KFRT
1 FRT gain (d to i+) 1

KFRT
2 FRT gain (d to i−) 2

Ki
p d–q current-controller proportional gain 3

Ki
i d–q current-controller integral gain 0.01

Vdc DC-link voltage set-point 1.5 kV
Sbase Apparent power (single inverter) 5.8 MVA
Kdc

p DC-voltage controller proportional gain 4
T dc
i DC-voltage controller integral time constant 0.02

VLVRT LVRT threshold 0.9 pu
Rfault Fault resistance 0.01 Ω

is shown in Fig. 4.5. On the DC side, the grid-side converter is supplied by a machine-side con-

verter representing a Type-IV turbine. On the AC side, the inverter feeds a 0.69 kV/33 kV ∆–Y

transformer; the secondary voltage is multiplied by a scaling factor N to emulate plant-level power

while modeling a single detailed inverter. A 33 kV/138 kV transformer then connects the plant to

the transmission grid. Unless otherwise noted in the individual evaluation sections, all EMT cases

use the baseline parameters listed in Table 5.2; faults are applied at location F in Fig. 4.5 and the

resulting post-fault currents are compared with the analytical predictions.

Inverter Grid

∆–Y

Transformer

Y –Y

Transformer
Scaling Factor

N = 60

F

Machine Side

Converter

DC Link

Figure 4.5: Connection schematic of the inverter interfacing a Type-IV wind plant used for EMT simulation-based
validation.
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4.4.1 PWM Saturation: Evaluation and Validation

The analytical PWM–saturation model (4.3.1–4.3.1) is validated against time–domain simu-

lations by examining (i) the entry condition (overshoot) using (4.11)–(4.23), (ii) the saturation

duration via (4.21), and (iii) the validity of the model assumptions (quasi-constant feed-forward,

frozen integrator, and negligible cross-coupling) in (4.14)–(4.17). The validation is restricted to

stable operating points, i.e., cases without loss of synchronism or sustained oscillations. To capture

the main factors that influence overshoot Rv0 and the current-loop time constant τc = Lf/Rf , a

structured set of operating points was simulated, as detailed below.

Filter Band-width (τc) Sets the Clamp Duration

Figure 4.6 presents results from four EMT simulations in which an A–G fault was applied at

location F at t =0.0917 s . All simulations used the baseline parameters listed in Table 5.2, except

for the filter inductance Lf , which was varied from 175 µH to 300 µH to sweep the electrical

time constant τc = Lf/Rf . For each case, the inverter three-phase current waveforms and the

corresponding modulation indices are shown. The modulation index was constrained to the range

[-1, 1]; values clipped at the limits indicate PWM saturation.

As observed in the plots, the duration of PWM saturation increases monotonically with τc, in

agreement with the analytical prediction ∆tPWM ∝ τc from (4.21). Specifically, the measured

saturation durations were ∆tPWM = {0, 2.8, 38.4, 91.7}ms for Lf = {175, 200, 250, 300}µH,

respectively. A similar set of simulations was performed for a B–C fault, and the summary plot in

Fig. 4.7 confirms a consistent linear relationship between saturation duration and Lf for both A–G

and B–C faults.

Sensitivity to Fault-Inception Angle

To investigate how the fault inception time tfault influences the onset of PWM saturation, we

conducted a sweep over tfault within a single fundamental cycle while keeping all other system

parameters fixed. The motivation for this test arises directly from the saturation condition in
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Eq. (4.11), which states that saturation occurs if the magnitude of the controller-generated volt-

age vector exceeds the PWM modulation limit: ∥ṽctrl
dq (t0)∥ > Vmax.

The controller voltage reference ṽctrl
dq (t) depends on the instantaneous mismatch between the

estimated grid voltage and the inverter current, both of which are sinusoidal in nature and vary

continuously over the line cycle. Therefore, even a small change in tfault can significantly alter the

initial control response. Specifically, it can either amplify or suppress the transient voltage vector

ṽctrl
dq (t0), determining whether it exceeds Vmax and triggers a PWM clamp.

In light of the definition of Rv0 in Eq. (4.23), which aggregates the initial vector mismatch, we

hypothesized that only particular fault-inception angles will result in large enough Rv0 to cause

saturation. These are the angles where the voltage collapse and current mismatch constructively

align in the dq frame, maximizing the control action.

Figure 4.8 validates this hypothesis: brief PWM clamps (with ∆tPWM ≈ 1.3 ms) appear only at

selective inception times, while most other fault times result in no saturation at all. This selectivity

confirms that saturation is not solely a function of system parameters like Lf or Rf , but also of the

timing of the fault within the AC waveform—a transient detail often overlooked in traditional fault

studies.

Impact of Fault Resistance on PWM Saturation Duration

To further assess the factors influencing PWM saturation, a sweep of the fault resistance Rfault

was performed while all other parameters were held fixed, except for KFRT
2 = 0.5 and SOGI gain

k = 3. An A–G fault was applied at location F at t = 0.095 s, and the resulting saturation durations

∆tPWM were recorded. Table 4.3 summarizes the observed durations.

These results align with the theoretical expectation that PWM saturation is triggered when the

magnitude of the control voltage reference ∥ṽctrl
dq (t0)∥ exceeds the hardware-imposed modulation

limit Vmax, as defined by the nonlinear saturation law in (4.11). Smaller fault resistances cause

deeper voltage sags at the PCC, increasing the mismatch between the actual and estimated grid

voltages. This results in a higher control effort and pushes ṽctrl
dq beyond Vmax, initiating saturation.
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Table 4.3: PWM saturation duration ∆tPWM for different fault resistances

Fault Resistance PWM Clamp Duration

Rfault [Ω] ∆tPWM [ms]
0.01 86.06
0.05 84.50
0.08 58.76
0.15 49.66
0.25 35.36

As shown in Table 4.3, the clamp duration ∆tPWM decreases significantly as Rfault increases,

from over 86 ms at Rfault = 0.01Ω to approximately 35 ms at Rfault = 0.25Ω. This behavior is con-

sistent with the relationship ∆tPWM ∝ τc

(
1− Vmax

∥ṽctrl
dq

(t0)∥

)
, where fault severity directly influences

the magnitude of the initial control overshoot.

These findings highlight the sensitivity of PWM saturation not only to internal control time

constants but also to external grid disturbances—particularly the effective fault impedance.

Influence of PLL and SOGI Gains

To decouple control effects from τc, Lf is fixed at 200µH and the PLL proportional gain KPLL
p

and SOGI damping k are swept. Fig. 4.9 shows that increasing the PLL bandwidth shortens ∆tPWM

by at most∼0.8 ms, while changing k leaves the clamp interval essentially unchanged—consistent

with the millisecond-scale dominance of τc.

Effect of Pre-Fault Current Magnitude Due to Wind Speed Variation

Increasing wind speed elevates the active power output of the wind turbine, thereby raising

the pre-fault current magnitude ∥i0∥. This, in turn, amplifies the term ωLf∥i0∥ in the response

factor Rv0, increasing the likelihood and duration of PWM saturation as predicted by the analytical

model.

To examine this effect, EMT simulations were conducted under identical system parameters

and fault conditions—an A–G fault with Zf = 0.01Ω—for four wind speeds: Vw ∈ { 8, 9, 10,

11} m/s. The results are summarized in Fig. 4.10. As expected, higher wind speeds generally lead

to longer PWM clamp durations due to increased pre-fault current.
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However, an exception is observed in the Vw = 11 m/s case, where the clamp duration slightly

decreases relative to the Vw = 10 m/s case. This reduction is attributed to a concurrent drop in the

control-generated voltage reference magnitude ∥ṽctrl
dq ∥ at the fault instant t0. As shown in Fig. 4.12,

this voltage term enters the denominator of the PWM saturation condition (4.11) and effectively

offsets the impact of the higher current, leading to a shorter clamp duration.

Oscillatory Switching Between Normal and FRT Modes Due to High-Impedance Faults

High-impedance faults can induce nontrivial dynamics in the inverter’s ride-through response.

In particular, when a fault occurs with moderate resistance (e.g., Rfault = 1Ω), the terminal voltage

may not fall far below the ride-through threshold, especially once reactive current is injected per

FRT logic. This injected reactive current momentarily raises the terminal voltage above the low-

voltage threshold, causing the control to switch from fault mode back to normal mode—even

though the fault condition physically persists. As the reactive current ceases in normal mode, the

terminal voltage drops again, re-triggering fault mode. This back-and-forth toggling leads to an

oscillatory behavior.

Figure 4.11 illustrates this behavior by showing the measured terminal RMS voltage used in

the FRT detection logic (left y-axis) and the corresponding fault flag (right y-axis). Even though

a one-sided hysteresis was implemented in the detection logic to suppress chattering, the inverter

enters an oscillatory regime where the voltage fluctuates around the threshold due to the alternat-

ing presence and absence of FRT-mode reactive injection. The detection logic repeatedly toggles

between normal and FRT modes.

This oscillatory switching has practical implications for the modulation behavior of the in-

verter. As shown in Fig. 4.13, the inverter modulation index repeatedly enters saturation during

this regime, leading to prolonged periods of clamping. The associated phase current becomes

highly distorted, evidencing the non-sinusoidal nature of inverter operation under such conditions.
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Figure 4.6: PWM-saturation duration as a function of filter inductance Lf .
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Figure 4.9: Minor influence of PLL bandwidth and SOGI gain on clamp duration.

4.4.2 Experimental Validation

To validate the post-fault timing analysis developed in Section 4.3, we conducted experiments

on a commercial 21 kW three-phase grid-following inverter. The experimental setup is shown in

Fig. 4.14. On the DC side, the equipment under test (EUT) was supplied by a programmable PV

emulator. On the AC side, the EUT was interfaced with a power-hardware-in-the-loop (PHIL)

grid simulator running on an OPAL-RT real-time controller. The PHIL simulator imposed both

balanced and unbalanced fault scenarios with precise timing and repeatability. Figure 4.15 illus-

trates the inverter’s response to a three-phase-to-ground fault applied at t = 0.20 s. The fault

was created by reducing the phase voltages from 1 pu to 0.5 pu while the inverter operated at

100% pre-fault power. As shown, the measured positive-sequence current requires approximately

176.9 ms to settle to its post-fault value. Internal controller states (e.g., PI integrator and modula-

tion signal) were not accessible, so all analysis relies on point-of-common-coupling (PCC) voltage

67



−1

0

1 ∆tPWM = 0ms

C
u
rr
en
t
[p
u
]

Vw = 8 ms−1

−1

0

1

M
o
d
.
In
d
ex

−1

0

1∆tPWM = 1.30ms
C
u
rr
en
t
[p
u
]

Vw = 9 ms−1

−1

0

1

M
o
d
.
In
d
ex

−1

0

1 ∆tPWM = 2.8ms

C
u
rr
en
t
[p
u
]

Vw = 10 m s−1

−1

0

1

M
o
d
.
In
d
ex

0.08 0.1 0.12 0.14

−1

0

1∆tPWM = 1.56ms

Time (s)

C
u
rr
en
t
[p
u
]

Vw = 11 m s−1

0.08 0.1 0.12 0.14
−1

0

1

Time (s)

M
o
d
.
In
d
ex

a-phase b-phase c-phase

Figure 4.10: PWM saturation evaluation as pre-fault current increases due to wind speed increasing from Vw = 8 to
11 m s−1.
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and current waveforms. A distinct change in slope of the positive-sequence current is observed at

∆t1 = 30.3 ms after fault inception, suggesting that the ride-through controller detected the sag

and substituted its fault-current reference at that moment. The interval [0,∆t1] corresponds to nor-

mal operation where PWM saturation may have been active, while the subsequent ∆t2 = 146.6 ms

interval corresponds to transient settling under the new ride-through regime, likely dominated by

PI saturation effects.

To further validate the hypothesis that deeper faults induce longer nonlinear saturation phases,

we repeated the three-phase-to-ground test across a range of fault voltages {0.2, 0.3, 0.4, 0.5, 0.6} pu.

As shown in Fig. 5.6, the settling time increases monotonically with fault severity, ranging from

approximately 160 ms to 220 ms.

We also conducted a series of unbalanced fault experiments to observe post-fault current be-

havior under asymmetrical voltage conditions. Table 5.4 lists the measured post-fault positive- and

negative-sequence voltage magnitudes, as well as the corresponding settling times.
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Figure 4.13: PCC voltage, Phase current and modulation index during oscillatory switching regime showing sustained
PWM saturation and distorted current.

The results show that test cases with |v+postFault| ≈ 0.66 pu and |v−postFault| ≈ 0.17 pu ex-

hibit significantly longer settling times (330–360 ms), compared to symmetric faults. Since the

inverter’s internal parameters remain unchanged across tests, this prolonged duration is attributed

to deeper saturation—both in PWM and PI controllers—induced by the unbalanced fault.

In contrast, unbalanced fault cases with higher |v+postFault| ≈ 0.87–0.90 pu and relatively low

|v−postFault| show much faster settling times (120–150 ms), comparable to those seen in shallow

symmetric faults. This reinforces the hypothesis that saturation extent—and thus post-fault set-

tling time—is strongly governed by the depth and asymmetry of the voltage disturbance. These

observations corroborate the timing models presented earlier.
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Table 4.4: Measured post-fault voltage sequences and settling times under unbalanced faults.

|v+postFault| (pu) |v−postFault| (pu) t+s (s)

0.6658 0.1660 0.3494
0.7496 0.2499 0.3153
0.6658 0.1660 0.3579
0.6663 0.1667 0.3347
0.6658 0.1662 0.3358
0.9000 0.1013 0.1542
0.8668 0.0652 0.1244
0.8673 0.0676 0.1310
0.8664 0.0654 0.1405
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Chapter 5

Analysis of IBR Fault Response – Part II:

Subsystem-Level Temporal Behavior (Linear Phase)

5.1 Introduction

IBRs have become a dominant source of power generation in modern power systems, propelled

by the rapid deployment of wind, solar photovoltaic, and battery energy storage systems. Unlike

synchronous machines—characterized by inertia that inherently supports fault current—the re-

sponse of IBRs to system disturbances relies heavily on high-speed electronic control loops, mod-

ulation limits, and PLLs [110–112]. Upon grid faults, IBRs transition through a sequence of non-

linear and linear regimes before resuming stable operation. While non-linear mechanisms such as

PI output saturation, PWM clipping, and fault ride-through logic are well documented [112–114],

the subsequent linear-recovery phase—beginning after clamps clear—has received comparatively

less analytical attention, particularly concerning how subsystem interactions shape settling dynam-

ics.

Existing literature has examined specific components influencing post-fault recovery: the Lf–

Rf output filter [108], PI-based current regulation with cross-coupling feed-forward [54], and

sequence extraction using dual-SOGI filters and SRF–PLL structures [112, 115]. These works

have established that each subsystem introduces distinct poles and damping factors that shape the

transient decay. However, the majority of prior studies analyze these elements in isolation, focusing

either on the power stage, the control loops, or the estimation path separately. This siloed approach

omits the dynamic coupling that occurs when these subsystems interact in closed-loop operation,

particularly during the linear-recovery phase after clamp clearance.

Furthermore, settling-time predictions in the literature are often derived from empirical sim-

ulation sweeps [116] or simplified low-order models [117]. Such approaches, while useful for
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quick tuning, can obscure the relative contributions of the current loop, sequence extractor, and

PLL to the overall recovery timeline. This limitation becomes especially pronounced under un-

balanced voltage conditions, where positive- and negative-sequence responses diverge and the

negative-sequence dynamics are strongly influenced by PLL bandwidth and filtering character-

istics [118, 119]. In these cases, relying solely on low-order approximations can lead to incorrect

attribution of the slowest mode, misjudging whether recovery is limited by control, filtering, or

estimation dynamics.

This lack of an integrated, physics-informed framework represents a critical gap in the field.

For protection engineers and grid code compliance evaluators, accurate prediction of recovery

timelines is not merely an academic exercise—it underpins correct relay coordination, FRT com-

pliance, and post-fault stability assessments [120, 121]. Importantly, these assessments depend

not only on the positive-sequence current behavior but also on the negative-sequence recovery,

which can dominate the total recovery time in weak-grid or unbalanced-fault scenarios [122,123].

Without analytical tools that explicitly capture the coupled dynamics of the circuit, control, and

estimation paths, there is a heightened risk of protection miscoordination, overly conservative FRT

margins, or misinterpretation of laboratory and field-test results.

In this work, we address these shortcomings by developing a unified linear time-invariant (LTI)

state-space model of the linear-recovery phase. The formulation explicitly combines:

1. The Lf–Rf output filter (circuit path),

2. Positive- and negative-sequence PI current regulators with cross-coupling feed-forward (con-

trol path),

3. A dual-SOGI-based SRF–PLL sequence extractor with small-signal modeling of the PLL

and Park transformation effects (estimation path).

By deriving closed-form expressions for the characteristic factors of each channel, the model en-

ables analytical estimation of 2% settling times for both positive- and negative-sequence currents.
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The results reveal when the recovery is limited by the current loop, the SOGI filter, or the PLL,

providing actionable insights for tuning and compliance evaluation under IEEE Std 2800–2022.

The remainder of this paper is organized as follows. Section ?? outlines the IBR control ar-

chitecture and its behavior during fault conditions. Section 5.3 develops a dynamic model for the

linear recovery phase, once nonlinear effects have subsided. Section 5.4 details the sequence of

post-fault events and their inter-dependencies. Section 5.5 presents EMT simulations and labora-

tory experiments used to validate the proposed framework.

5.2 IBR Dynamics During Fault

The detailed grid-following inverter model, including the control architecture, sequence-domain

formulation, modulation, filter dynamics, and saturation mechanisms, is developed in Section 4.2.

5.3 Dynamic Model for the Linear-Recovery Phase

This section derives a model for the close-loop recovery phase—the interval that starts once

both PI and PWM clamps have cleared and the modulator again operates inside its admissible

circle. From that moment the inverter returns to closed-loop operation and its settling speed is

governed by the interaction of three subsystems: (i) the Lf–Rf output filter (circuit); (ii) the dq

PI current regulators, including the standard cross-coupling feed-forward terms (control); and (iii)

the measurement chain that provides voltage in synchronous reference frame and phase angle (es-

timation). In this paper we adopt an architecture in which the phase angle is supplied by a dual

second-order generalized integrator PLL (DSOGI–PLL) and, when negative-sequence control is

enabled, the same block delivers separate positive/negative sequence components for the current

loops. The state-space formulation below is written for this DSOGI–PLL, but the procedure and

the resulting settling-time expressions can be extended to alternative extractors such as notch- fil-

tered or double-decoupled SRF PLLs. Figure 5.1 illustrates these signal-processing components in

detail: (a) the SOGI-QSG structure for orthogonal voltage generation, (b) the SRF-PLL that locks

to the positive-sequence component, and (c) the complete sequence-extraction path that delivers
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Figure 5.1: Signal-processing stages for sequence-component extraction: (a) Dual-SOGI quadrature–signal generator,
(b) SRF-PLL that maintains the synchronous reference frame, and (c) Integrated positive/negative-sequence extraction
chain.

v±dq to the control loop inputs. All synchronous quantities are expressed in the reference frame of

the PLL estimate, θ̂PLL. By treating the PLL estimated frequency ω̂ as a constant (small-signal

perturbations ∆ω are considered later), the composite model is LTI.

5.3.1 Dual–SOGI Sequence Extractor (Frozen ω̂)

Let v′α, v
′
β be the raw Clarke voltages obtained from the three–phase set via v′

αβ = Tαβvabc.

Each component is processed by an identical second–order generalized integrator (SOGI) that

produces an in–phase band-pass replica v and a 90◦-lead quadrature signal qv. For either Clarke

component we employ the realization

ẋ1 = −kω̂x1 − ω̂2x2 + kω̂ v′, (5.1a)

ẋ2 = x1, (5.1b)

v = x1, qv = −ω̂x2, (5.1c)

where ω̂ [rad/s] is the PLL frequency estimate, and 0 < k ≤ 2 is the damping (or gain) parameter

ζ = k/2(⇒ ζ∈ (0,1]). Taking Laplace transforms of (5.1) gives

76



Gd(s) =
v(s)

v′(s)
=

kω̂ s

s2 + kω̂ s+ ω̂2
, (5.2)

Gq(s) =
qv(s)

v′(s)
=

kω̂2

s2 + kω̂ s+ ω̂2
. (5.3)

Both Gd and Gq share the pole pair

s1,2 = −
kω

2
± j ω̂

√
1−

(k
2

)2
(0 < k < 2), (5.4)

Stacking the two identical SOGIs yields

xSOGI =
[
x1α, x2α, x1β, x2β

]⊤
, (5.5)

ẋSOGI = ASOGIxSOGI +BSOGIv
′
αβ, (5.6)

with block matrices

ASOGI =




−kω −ω2 0 0

1 0 0 0

0 0 −kω −ω2

0 0 1 0



, BSOGI =




kω 0

0 0

0 kω

0 0



. (5.7)

The corresponding 4×2 transfer matrix is

TSOGI(s) =




Gd(s) 0

Gq(s) 0

0 Gd(s)

0 Gq(s)



. (5.8)
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Define vg,αβ = [ vα, vβ ]
T and qvαβ = [ qvα, qvβ ]

T. Following [124] we obtain

v+
αβ = 1

2

(
vαβ − Jqvαβ

)
,

v−
αβ = 1

2

(
vαβ + Jqvαβ

)
,

. (5.9)

v+
αβ contains only the +ω̂ rotating phasor while v−

αβ contains only the −ω̂ component—no addi-

tional dynamics are introduced. Finally, Park matrices referenced to θ̂PLL map the separated αβ

vectors to the synchronous frames:

v+
dq = T

(+)
dq (θ̂PLL)v

+
αβ, (5.10a)

v−
dq = T

(−)
dq (θ̂PLL)v

−
αβ, (5.10b)

where

T
(+)
dq (θ) =




cos θ sin θ

− sin θ cos θ


 , T

(−)
dq (θ) =



cos θ − sin θ

sin θ cos θ


 .

Combining the Clarke matrix Tαβ , the dual-SOGI band-pass TSOGI(s), the algebraic sequence split-

ter T (±)
seq , and the fixed Park rotation T

(±)
dq yields a single LTI transfer from the raw three-phase PCC

voltage vg,abc(s) to the synchronous dq components supplied to the current loops:

v±
g,dq(s) = T

(±)
dq T (±)

seq TSOGI(s)Tαβ vg,abc(s). (5.11)

with T
(+)
seq and T

(−)
seq being the first and last two rows, respectively, of 1

2




1 0 0 −1

0 1 1 0

1 0 0 1

0 1 −1 0



.

5.3.2 Composite State–Space Model

The Lf–Rf output filter, dual PI current regulators and the dual–SOGI PLL can be assembled

into a single LTI model, expressed in the synchronous frame defined by the PLL angle θ̂PLL. We
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collect the positive- and negative-sequence currents (i±d/q), the corresponding PI-integrator states

(ξ±d/q) and the four internal states (x1α, x2α, x1β, x2β) of the dual SOGI:

x =
[
i+d i+q ξ+d ξ+q i−d i−q ξ−d ξ−q x1α x2α x1β x2β

]⊤ ∈ R
12. (5.12)

With I2=



1 0

0 1


, and 0m×n the m× n zero block, the current-loop sub-matrices are

A± = −Rf +Kp

Lf

I2 ±
ω

Lf

J, B±,ξ =
Ki

Lf

I2. (5.13)

Two disjoint input channels are required:

ur =




i∗+d

i∗+q

i∗−d

i∗−q



, ud =




v+g,d

v+g,q

v−g,d

v−g,q

v′α

v′β




. (5.14)

ur ∈ R
4 carries the positive- and negative-sequence current references, whereas ud ∈ R

6 groups

the instantaneous dq components of the grid voltage and the raw (α, β) voltages that drive the

SOGI. With the SOGI dynamics condensed into the square matrix ASOGI and its input matrix BSOGI,

see (5.7) for details, the composite state matrix reads

A =




A+ B+,ξ 0 0 0

−I2 0 0 0 0

0 0 A− B−,ξ 0

0 0 −I2 0 0

0 0 0 0 ASOGI




. (5.15)
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The reference-input matrix Br and disturbance-input matrix Bd are, respectively,

Br =




Kp

Lf
I2 0

I2 0

0
Kp

Lf
I2

0 I2

0 0




, Bd =




− 1
Lf

I2 0 0

0 0 0

0 − 1
Lf

I2 0

0 0 0

0 0 BSOGI




. (5.16)

If the measured variables are the four filter currents y =
[
i+d , i

+
q , i

−
d , i

−
q

]⊤
, the output matrix is

simply

C =



I2 0 0 0 0

0 0 I2 0 0


 . (5.17)

The complete LTI model is therefore

ẋ = Ax+Br ur +Bd ud, y = C x . (5.18)

In (5.18), rows 1–4 describe the positive-sequence loop, rows 5–8 the negative-sequence loop, and

rows 9–12 the dual-SOGI observer.

5.3.3 Closed-Loop Characteristic Factors

Because the composite matrix A in (5.18) is upper block–triangular, states are ordered

[i+, ξ+, i−, ξ−,xSOGI]
⊤,

and its characteristic polynomial factorizes:

det(sI − A) = det
(
sI − A+

)
det
(
sI − A−

)
det
(
sI − ASOGI

)
. (5.19)

Below, each factor is obtained in closed form.
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1. Positive–sequence dq current loop

Consider the d-axis channel; the q-axis is identical. With the SV-PWM operating in its lin-

ear region the bridge delivers vdq = GPWMvmod,dq. Substituting the PI law and cross–coupling

compensation from (4.3) into the filter equation (4.6) (a) gives, in the time domain

Lf i̇
+
d +Rf i

+
d = GPWM

[
Kp

(
i∗+d − i+d

)
+Ki

∫ (
i∗+d − i+d

)
dt
]
− v+g,d. (5.20)

The grid term v+g,d acts only as a disturbance; it does not affect the closed-loop poles, so it is

dropped for the homogeneous analysis. After differentiation one obtains

Lf ï
+
d +

(
Rf +GPWMKp

)
i̇+d +GPWMKi i

+
d = GPWMKi i

∗+
d , (5.21)

so the positive–sequence d-axis has the second–order polynomial

Lfs
2 +

(
Rf +GPWMKp

)
s+GPWMKi = 0. (5.22)

For compactness we use the effective gains, K̄p := GPWMKp, and K̄i := GPWMKi, leading to

the natural frequency ωn =
√
K̄i/Lf and damping ζ = (Rf + K̄p)/(2

√
LfK̄i). So the dominant

real part (used later for settling-time estimates) is σcur = ζωn.

2. Negative-sequence current loop

The negative channel is identical to the positive one except for the way the grid voltage enters

the feed-forward path. Because the SRF–PLL is locked to the positive sequence, v+g,q≈0 in steady

state; the PLL transfer function HPLL(s) = ωPLL
s+ωPLL

therefore multiplies a signal that is essentially

zero, so its pole s + ωPLL has negligible effect on the positive-sequence dynamics. The negative

sequence, however, appears as a 2ωs disturbance. It is first isolated by the DSOGI band-pass and

then attenuated by the same first-order low-pass HPLL(s); here the pole acts on a non–zero signal

and must be retained.
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Hence the negative-sequence characteristic polynomial is the current-loop quadratic (5.22)

multiplied by the extra first-order factor

s+ ωPLL = 0. (5.23)

Its dominant real part is therefore σ− = min
{
ζωn, ωPLL

}
. If the PLL bandwidth is slow (ωPLL <

ζωn) the negative-sequence response is PLL-limited; otherwise it is governed by the current-loop

damping, similar to as in the positive-sequence channel.

3. Dual-SOGI band-pass

For either Clarke component (α or β) the DSOGI implements the second-order denominator

s2 + kω̂ s+ ω̂2 = 0, (5.24)

The corresponding real part is σSOGI =
k
2
ω̂

5.3.4 Closed–Loop Characteristic Factors Including SRF–PLL Dynamics

The analysis of Section 5.3.3 treated the PLL center frequency as a fixed constant ω̂. In reality

the Dual-SOGI SRF–PLL adjusts its frequency and phase estimate during a transient; both actions

feed back into the current regulators through the Park transformations that convert αβ→dq.

Small–signal SRF–PLL model

The classical SRF–PLL comprises three non-linear stages: (a) a phase detector, (b) a PI loop

filter, and (c) a numerically–integrated VCO. Linearising each block about the synchronous oper-

ating point θ = θ̂ = θ0, so that ∆θ(t) = θ(t) − θ̂PLL(t)—gives the block diagram in Fig. 5.1b.

For the positive-sequence q-axis voltage v+q (t) = V +
g sin(θ − θ̂), a first-order expansion around

∆θ = 0 yields

∆v+q (t) ≈ V +
g ·∆θ(t). (5.25)
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The output of the PI compensator is the frequency deviation:

∆ω(s) =

(
Kp,PLL +

Ki,PLL

s

)
∆v+q (s). (5.26)

The estimated phase is generated by integration of the frequency command:

∆θ̂(s) =
∆ω(s)

s
. (5.27)

Combining (5.25)–(5.27), and closing the unity-feedback loop through the phase detector, PI con-

troller, and integrator, yields the transfer function from the measured voltage error to the frequency

deviation [125]:
∆ω(s)

∆v+q (s)
=

Kp,PLLs+Ki,PLL

s2 +Kp,PLLs+Ki,PLL

. (5.28)

This second-order low-pass response is shaped by the pole polynomial, while the zero affects

only high-frequency gain. Defining the standard damping parameters ωPLL :=
√

Ki,PLL, and

ζPLL :=
Kp,PLL

2
√

Ki,PLL
, and normalizing the numerator to match the dc gain (unity), gives the compact

low-pass model:

HPLL(s) =
ω2
PLL

s2 + 2ζPLLωPLLs+ ω2
PLL

. (5.29)

This transfer function describes the small-signal dynamics of the SRF–PLL frequency estimate.

Only the denominator, the pole set, enters the composite characteristic polynomial and the settling-

time analysis.

Impact on the SOGI poles

The dual–SOGI denominator contains the time–varying products kω̂ and ω̂2, where the PLL

estimate is ω̂(t) = ω0 +∆ω(t). A first-order expansion about the operating value ω0 gives

s2 + kω̂s+ ω̂2 =
[
s2 + kω0s+ ω2

0

]
︸ ︷︷ ︸

nominal quadratic

+(k s+ 2ω0)∆ω(s). (5.30)
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The square–bracketed term fixes the nominal SOGI poles at s1,2 = −kω0

2
± jω0

√
1− (k/2)2. The

correction (k s+ 2ω0)∆ω(s) is small for two reasons:

(a) it is at most first-order in s, so it can only append additional real roots; and

(b) ∆ω(s) is low-pass filtered by the PLL transfer function (5.28), i.e. ∆ω(s) = HPLL(s)∆ωgrid(s),

with HPLL(s) strictly proper.

Hence the extra term introduces only higher-order, stable factors that do not influence the

dominant dynamics. To first-order accuracy the SOGI poles are therefore retained at s2 + kω0s +

ω2
0 = 0.

Settling of the Park transformation

The Park transformation projects the measured αβ voltages into the synchronous reference

frame using the estimated angle θ̂PLL(t) provided by the PLL. This mapping is described by (5.10).

When the estimated angle differs slightly from the θ(t), the true (instantaneous) electrical angle of

the grid, i.e.,

θ̂PLL(t) = θ(t) + ∆θ(t), |∆θ(t)| ≪ 1, (5.31)

a first-order Taylor expansion of the rotation matrix gives

T
(±)
dq

(
θ̂PLL

)
≈ T

(±)
dq (θ)

(
I2 ∓∆θ J

)
. (5.32)

Applying the first–order expansion to each sequence channel σ ∈ {+,−} gives a compact expres-

sion for the small-signal Park-frame voltage error

∆v±
dq(t) := v±

dq(t)− v±
g,dq(t)

≈ −κσ ∆θ(t)Jv±
g,dq(t),

(5.33)

where the sign factor distinguishes the two sequences κ+ = +1, κ− = −1. Expressing the

small–signal phase relation ∆θ(s) =
∆ω(s)

s
in the Laplace domain, the resulting Park-frame
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voltage error is,

∆v±
dq(s) ≈ −κσ J

∆ω(s)

s
v±
g,dq(s). (5.34)

Equation (5.34) illustrates the orthogonal coupling introduced by phase error: a deviation in

the q-component of the grid voltage manifests in the d-axis measurement, and vice versa. This

cross-coupling arises because the Park transformation is evaluated using the estimated phase angle

θ̂(t), which lags the true grid angle θ(t) during transients.

In the Laplace domain, the Park-frame voltage error depends on the phase error as ∆v±
dq(s) =

−∆θ(s)Jv±
g,dq(s), and since ∆θ(s) = ∆ω(s)

s
, it introduces an additional integrator relative to the

SRF–PLL frequency response. Consequently, while ∆ω(s) follows the second-order dynamics

of the PLL transfer function (5.29), the Park-frame voltage error ∆v±
dq(s) inherits a third-order

response. The dominant real pole of this composite response still corresponds to the PLL damp-

ing rate ζPLLωPLL, which governs the rate at which the angle misalignment—and thus the error in

dq-coordinates—decays. Therefore, the Park-frame misalignment decays exponentially with time

constant τPark = 1
ζPLLωPLL

, and reaches within a 2% tolerance in approximately tPark
s,2% ≈ 4

ζPLLωPLL
.

Because the estimated phase angle θ̂PLL is shared by both synchronous frames, the Park-frame

misalignment caused by PLL transients affects both the positive- and negative-sequence channels

whenever the grid is disturbed. In the positive-sequence channel, this angle error perturbs the

transformation of v+g,dq, but since v+g,q is driven toward zero by the PLL itself, the error signal ∆v+q

quickly vanishes in steady state. As a result, the Park-frame error introduces only a mild first-

order lag in the positive-sequence channel. In contrast, the negative-sequence channel observes a

persistent 2ω component that the PLL must reject. The Park misalignment in this case multiplies

a nonzero rotating voltage vector and directly influences the extracted negative-sequence compo-

nents. This effect is more pronounced and cannot be neglected, which is why the corresponding

pole is explicitly retained in the negative-sequence characteristic polynomial derived in Sec. 5.3.3.
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5.3.5 Composite Linear Model and Post-Detection Settling Time

Collecting the dominant real parts associated with each block yields candidate time constants

that influence the overall post-transient decay:

• Current loop: σcur = ζωn, where ωn =
√

K̄i/Lf and ζ = (Rf + K̄p)/(2
√

LfK̄i).

• Dual-SOGI filter: σSOGI =
k
2
ω̂ from the damping of the band-pass response.

• PLL / Park transformation: σPLL = ζPLLωPLL—the dominant real pole of the second-order

small-signal model in (5.29).

These define the effective exponential decay rate of each channel. In the most general case, the

slowest decay rate across both positive- and negative-sequence channels is:

σ+ = min
(
σcur, σSOGI, , σPLL

)
, σ− = min

(
σcur, σSOGI, σPLL

)
, (5.35)

reflecting the fact that the PLL angle estimation directly affects both sequences, but dominates in

the negative sequence due to the persistent 2ω content.

Using the classical 4/σ rule-of-thumb for the 2% settling time [126], we obtain

t+s,2% ≈
4

σ+

, t−s,2% ≈
4

σ−

. (5.36)

If the PLL bandwidth is reduced so that σPLL = ζPLLωPLL becomes the smallest real part, it sets

the slowest pole across all channels. In that case, both settling times are approximately equal:

t+s,2% ≈ t−s,2% ≈
4

ζPLLωPLL
. (5.37)

In most utility-scale applications, the positive-sequence channel settles faster than the negative-

sequence channel. This occurs because the positive-sequence response is primarily shaped by

the current controller and SOGI filter—both typically tuned for rapid transient rejection. The PLL
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contributes little here, as the q-axis voltage is regulated toward zero and hence drives minimal phase

error. By contrast, the negative-sequence dynamics are significantly influenced by the PLL, which

must reject the persistent 2ω component appearing in unbalanced grid conditions. As a result, the

Park-frame misalignment induced by PLL tracking error introduces a slow decay envelope into the

negative-sequence response. If the PLL bandwidth is low (i.e., ζPLLωPLL is small), it becomes the

dominant limiting factor in the negative-sequence channel.

Post-detection trajectory.

At t = tdetect the ride-through coordinator applies the LVRT reference i∗dq,FRT, respecting

∥i∗dq,FRT∥ ≤ Imax and ∥ṽctrl
dq ∥ ≤ Vmax. Any residual voltage or current clamp persists for ∆tsat;

thereafter the closed-loop error decays exponentially, giving the practical transition time

Ttransition ≃ ∆tsat +max
(
t+s , t

−
s

)
. (5.38)

Typical parameter ranges reported in the literature are τc = 0.5–5 ms [108], k ≃ 1 (0.7−

1.3) [104], and ωPLL = 100–200 rad/s [109, 112] . Using the settling-time formulas gathered in

Sec. 5.3 one obtains

tcur
s,2% ≈ 4 τc ⇒ 2–20 ms,

tSOGI
s,2% ≈

8
k ω̂

⇒ 10–25 ms (50/60 Hz grid),

tPLL
s,2% ≈

4
ωPLL

⇒ 20–60 ms.

Selecting the slowest real part in each sequence gives t+s,2% ≈ 4/σ+ ≈ 10–25 ms, and t−s,2% ≈

4/σ− ≈ 20–60 ms. Hence, under shallow sags—where the residual clamp interval ∆tsat is only a

few milliseconds—the PLL pole often dominates the negative-sequence tail, whereas the positive-

sequence current is set by the faster of the PI loop or dual-SOGI filter. For severe voltage sags

the initial clamp can persist for an extended interval; in that case the saturation window, ∆tsat,

becomes a dominant contributor to the total post-fault transition time..
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(saturation dominated)
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Figure 5.2: Timeline of inverter fault response highlighting PI saturation, PWM saturation, linear recovery and the
steady-state faulted regime. Dashed lines mark the grid-fault inception and its subsequent detection by the controller.

Secondary influences.

DC-link droop during deep sags, fast hardware interlocks, up-stream clearing, or weak-grid

resonances can lengthen (or shorten) either ∆tsat or the linear tail in (5.38).

5.4 Timeline of Post-Fault Events

In the first ∼10–60 ms that follow a grid-fault event, an IBR traverses four generic—and highly

non-linear—operating modes:

(i) fault–detection logic,

(ii) PI-output (current-controller) clamping,

(iii) dc-link / SV-PWM clamping, and

(iv) linear closed-loop recovery.

The exact order, possible overlap, and duration of these windows depend on topology, firmware,

network strength, and the ride-through policy implemented by the manufacturer. Nevertheless,

the four mechanisms above are present in almost every grid-following converter, so the closed-

form expressions derived in the previous sections capture a generic IBR response. Figure 5.2

assembles the results into one chronogram; Table 5.1 lists the corresponding numerical ranges for

a representative utility-scale unit (VPCC = 690 VLL, Lf = 1.5 mH, Rf = 60 mΩ, ωPLL =

100–200 rad/s).
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Table 5.1: Dominant timing windows after a grid fault (utility-scale, 60 Hz)

Phase / Window Limit that governs Typical range

Fault–detector
latency Relay logic 2–20 ms
PI–clamp
interval M limit 0.5–5 ms
PWM–clamp
interval Vmax limit 1–5 ms

Linear-recovery phase (closed loop)

Positive-sequence
settling min(σcur, σSOGI, σPLL) 20–60 ms
Negative-sequence

settling min(σcur, σSOGI, σPLL) 20–60 ms

5.5 Evaluation

EMT simulations and laboratory experiments were performed to validate the post-fault event

sequence and timing framework developed in this paper. A detailed Type-IV wind plant model

incorporating FRT functions compliant with IEEE Std 2800 was implemented, extending the work

presented in [92].

The inverter connection schematic used in the EMT studies is shown in Fig. 4.5. On the DC

side, the grid-side converter is fed by a machine-side converter representing a Type-IV turbine. On

the AC side, the inverter is connected to a 0.69kV/33kV ∆–Y transformer; the secondary voltage is

scaled by a factor N to emulate plant-level power output while modeling a single detailed inverter.

A subsequent 33kV/138kV transformer interfaces the plant with the transmission grid.

Unless otherwise specified in the evaluation sections, all EMT cases use the baseline parameters

summarized in Table 5.2. Faults are applied at location F in Fig. 4.5, and the corresponding post-

fault currents are compared against the analytical predictions.
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Table 5.2: Baseline parameters for EMT simulations

Setting Description Value

Lf Filter inductance 200 µH
Rf Filter resistance 0.5 mΩ
k SOGI gain 1
T PLL
i PLL integral time constant 100

KPLL
p PLL proportional gain 30

KFRT
1 FRT gain (d→ i+) 1

KFRT
2 FRT gain (d→ i−) 2

Ki
p d–q current-controller Kp 3

Ki
i d–q current-controller Ki 0.01

Vdc DC-link voltage set-point 1.5 kV
Sbase Apparent power (single inverter) 5.8 MVA
Kdc

p DC-voltage controller Kp 4
T dc
i DC-voltage controller Ti 0.02

VLVRT LVRT threshold 0.9 pu
Rfault Fault resistance 0.01 Ω

5.5.1 Settling Time Evaluation

To assess the validity of the proposed linear-recovery model, we evaluate the settling time of

the inverter’s post-fault current response based on EMT simulations.

Validation of Linear-Recovery Model via Current Settling Time

To validate the linear-recovery model developed in Section 5.3, we analyzed the settling be-

havior of the inverter’s fault response by measuring the settling times of the positive- and negative-

sequence current magnitudes. The settling time was defined as the time at which each current

magnitude remains within a ±2% band around its post-fault steady-state value.

Figure 5.3 presents the simulation results for a representative case using system parameters

listed in Table 5.2. For this case, the analytically derived dominant poles were:

σcur = 7501.3, σsogi = 188.5, σpll = 123.08.
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The corresponding measured settling times were:

t+s = 28.8 ms, t−s = 24.8 ms.

These values closely match the analytical estimate for a second-order settling time, using the stan-

dard 4/σ rule-of-thumb:

ts,2% ≈
4

σPLL
=

4
123.08

≈ 32.5 ms.

This comparison confirms that the PLL pole, σpll, is the slowest and thus dominant dynamic in

the post-fault recovery. Although the measured settling times are slightly shorter than the analytical

prediction, this is expected due to simulation effects such as residual coupling between the PLL

and SOGI dynamics not captured in the simplified analytical model. In contrast, the current-control

loop and SOGI poles are significantly faster and do not limit the recovery rate.

Overall, the strong agreement between the analytical and simulated results validates the pro-

posed linear-recovery model and confirms that, under the baseline conditions, the inverter’s post-

fault settling behavior is primarily governed by the PLL dynamics.

Impact of PWM Saturation on Settling Time

To isolate the influence of PWM saturation on the inverter’s post-fault recovery, Fig. 5.4

presents results for a case with baseline system parameters, except that the fault was applied at

t = 0.0917 s—an inception instant previously identified (see Section 4.4.1) to trigger PWM satu-

ration in the simulation model used in this study.

Compared to the non-saturating case, the measured settling times increased significantly: t+s =

40.6 ms and t−s = 38.4 ms. These results confirm that the presence of PWM saturation prolongs the

dynamic recovery period, even when all other conditions remain unchanged. The distorted current

waveform during the saturation phase delays the return of current magnitudes to their post-fault

steady-state values, thereby extending the effective settling time. This highlights the importance

of accounting for PWM saturation in protection and control studies involving fast fault-response

dynamics.
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Figure 5.3: Voltages, sequence currents, and modulation index showing settling times without PWM saturation.
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Figure 5.4: Voltages, sequence currents, and modulation index showing settling times under PWM saturation.
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Settling trends vs. SOGI gain under BC and AG faults (no PWM clamp)

With the plant and PLL parameters fixed as listed in Table 5.2, the DSOGI gain k was swept,

and the resulting positive- and negative-sequence settling times, t+s and t−s , were measured. Two

analytical references are overlaid in Fig. 5.5: (i) the DSOGI benchmark tSOGI
s ≈21.23/k ms (for a

60 Hz grid), and (ii) the PLL floor tPLL
s ≈ 4/σPLL, where σPLL is estimated from the measured fre-

quency transient. These curves represent the slowest real poles of the composite model in Sec. 5.3.

In the BC case, t−s closely tracks the PLL floor across the sweep, confirming that the negative-

sequence channel is typically PLL-limited. t+s is larger for small gains (k ≲ 0.8), indicating a

DSOGI-limited tail, and then drops toward the same PLL floor as k increases. For k ≳ 2 both

sequences sit near 20-24 ms, consistent with a dominant PLL pole and a much faster current loop.

The AG case shows the same qualitative transition: small k yields a DSOGI-limited t+s , while

moderate-to-high k brings both t+s and t−s close to the PLL floor. A mild rise of tPLL
s at very large

k (caused by a modest reduction of the measured σPLL as the PLL is excited with increased high-

frequency content from a fast DSOGI) produces the slight flattening or increase observed in t±s at

the far right of the sweep.

Across both fault types, once k is moderate (∼ 1–2) the post-fault tail is governed by the

PLL pole; for very small k the DSOGI pole can become rate-limiting, particularly for t+s . These

observations match the composite model: the slowest real part among {σcur, σSOGI, σPLL} sets the

settling; here σPLL dominates after the DSOGI lag is reduced by increasing k.

PLL Bandwidth Effects on Post-Fault Settling

To investigate the influence of the PLL bandwidth on the post-fault settling behavior, a param-

eter sweep was performed by varying the proportional (kPLL
p ) and integral (TPLL

i ) gains of the PLL

while maintaining a sufficiently high SOGI gain to reduce the interaction between the DSOGI and

the PLL dynamics. As discussed in Section 5.3, the settling time of the inverter current response

is expected to reduce with increasing PLL bandwidth since the dominant pole associated with the

PLL moves further into the left-half plane, resulting in a faster dynamic response.
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Figure 5.5: Measured settling times T±
s vs. SOGI gain, with analytical references: ts,SOGI ≈ 21.23/k and ts,PLL ≈

4/σPLL (from measured frequency). For small k the DSOGI pole slows T+
s ; for moderate–high k both sequences

become PLL-limited.

Table 5.3: Measured settling times for varying PLL gains (Lf=200µH, Rf=0.5 mΩ, Vw=11 m/s, SOGI gain = 3 or
4).

Fault TPLL
p TPLL

i T+
s [ms] T−

s [ms]

AG 100 30 25.9 25.9
AG 150 45 28.2 28.2
AG 200 60 25.4 25.4
BC 100 30 34.8 34.8
BC 150 45 37.6 37.6
BC 200 60 32.1 32.1

Table 5.3 summarizes the measured positive- and negative-sequence settling times (t+s and

t−s ) along with the estimated PLL bandwidth σPLL for both AG and BC fault scenarios. For BC

faults, which do not induce PWM saturation, the results show a clear trend: increasing σPLL (i.e.,

reducing TPLL
p and tPLLi ) leads to a decrease in both t+s and t−s . This behavior aligns with the

analytical relationship ts ≈ 4/σPLL, confirming that, once the DSOGI bandwidth is sufficiently

higher than the PLL bandwidth, the PLL pole dominates the post-fault current dynamics.

For AG faults, however, the effect of PWM saturation remains significant despite the increased

SOGI gain. PWM saturation introduces nonlinearities that limit the impact of PLL bandwidth

improvements. While a slight reduction in t+s and t−s is still observed with increasing σPLL, the

improvement is less pronounced due to the saturation-induced current limiting.
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Impact of Sustained PWM Saturation under High Fault Impedance

An additional test case was conducted to investigate the inverter behavior under high fault

impedance and elevated PLL bandwidth. Specifically, a A–G fault with Rfault = 1 Ω was ap-

plied—significantly higher than the 0.01 Ω impedance used in prior cases. As shown in Fig. 4.13,

the inverter exhibits sustained PWM saturation throughout the post-fault period. In contrast to

earlier cases where saturation was brief and self-clearing, the modulation indices here remain per-

sistently clipped, and the inverter current becomes highly distorted.

While this phenomenon was initially attributed to high PLL gains interacting with the distorted

PCC voltage waveform, a deeper analysis revealed that the root cause is oscillatory mode toggling

between normal and FRT control modes. This behavior is described in detail in Section 4.4.1. The

toggling repeatedly initiates and terminates reactive current injection, producing voltage swings

near the detection threshold and causing the modulation to re-enter saturation with each switch.

The result is prolonged clamping and loss of current control—despite the presence of only a mod-

erate fault.

5.5.2 Experimental Setup for Validation

To validate the post-fault timing analysis (see Sec. 5.3), we performed experiments on a com-

mercial 21 kW inverter. The test arrangement is shown in Fig. 4.14. On its DC side, the inverter

under test (EUT) was fed by a programmable PV emulator; on its AC side it was tied to a power-

hardware-in-the-loop grid simulator controlled in real time by an OPAL-RT controller to impose

balanced and unbalanced faults. Because this inverter implements only positive-sequence current

control during faults, our subsequent evaluation focuses exclusively on the positive-sequence cur-

rent response.

Figure 4.15 illustrates the inverter’s response to a three-phase-to-ground fault applied at t =0.20

s by abruptly reducing all three phase voltages from 1 pu to 0.5 pu while operating at full load

(100% pre-fault power). The measured positive-sequence current settling time is 176.9 ms. Inter-

nal controller states were not accessible, so all conclusions rely on the point-of-common-coupling
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Figure 5.6: Experimental inverter response under three-phase-to-ground faults for multiple pre-fault power levels.

(PCC) measurements in Fig. 4.14. A closer look at the positive-sequence current waveform re-

veals a distinct change in slope at ∆t1 =30.3 ms after fault inception, suggesting that the inverter’s

ride-through controller detected the voltage sag and switched to its fault-current reference at that

instant. The interval [0,∆t1] corresponds to the normal control mode—during which PWM sat-

uration may have occurred—while the subsequent interval of approximately ∆t2 =146.6 ms is

required to reach the new steady-state fault current. Although this total settling time exceeds our

nominal simulation predictions, it remains within the range summarized in Table 5.1, and the rela-

tively long tail points to a limited PLL bandwidth as the dominant factor.

To isolate the PLL’s influence, we repeated the three-phase-to-ground test for fault voltages

{0.2,0.3,0.4,0.5,0.6} pu. As shown in Fig. 5.6, the positive-sequence settling time increases mono-

tonically with deeper voltage sags—a behavior consistent with slower PLL recovery under larger

disturbances. Finally, to assess the effect of pre-fault operating point, we ran faults at {100, 80,

60, 40, 20}% of rated inverter power. Figure 5.6 demonstrates that while the steady-state fault

current depends primarily on the depth of the voltage sag, it is largely independent of the pre-fault

current level; however, in all cases the settling time again grows for deeper sags. These experimen-

tal observations corroborate our analytical conclusion (Sec. 5.4) that during the linear-recovery
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Table 5.4: Measured faulted positive-sequence voltage (|v+postFault|), negative-sequence voltage (|v−postFault|), and
settling time (t+s ) under unbalanced fault conditions.

|v+postFault| (pu) |v−postFault| (pu) t+s (s)

0.6658 0.1660 0.3494
0.7496 0.2499 0.3153
0.6658 0.1660 0.3579
0.6663 0.1667 0.3347
0.6658 0.1662 0.3358
0.9000 0.1013 0.1542
0.8668 0.0652 0.1244
0.8673 0.0676 0.1310
0.8664 0.0654 0.1405

phase, the slowest of the three dominant loops—the PI current controller, the dual-SOGI sequence

extractor, and the PLL—governs the inverter’s current decay back to steady state.

To further evaluate the commercial inverter’s post-fault current response, additional experi-

ments were conducted under unbalanced fault conditions at the inverter terminals. The results are

summarized in Table 5.4.

The results clearly show that higher |v+postFault| values lead to shorter t+s , consistent with the

findings for three-phase-to-ground faults (Fig. 5.6). For cases with |v+postFault| ≈ 0.66 pu, the

settling time is significantly longer (≈ 0.33–0.36 s), whereas for cases with |v+postFault| ≈ 0.87–

0.90 pu, t+s reduces to 0.12–0.15 s. Variations in the negative-sequence voltage |v−postFault| had

minimal impact on T+
s , as expected since the commercial inverter actively modulated only the

positive-sequence current.

These observations further support the conclusion that the inverter’s fault current response is

primarily governed by the PLL dynamics. The longer settling times observed at deeper voltage

dips indicate slower PLL re-synchronization under such conditions. The experimental results are

therefore consistent with the analysis, confirming that in the linear recovery mode, the slowest

control loop—in this case, the PLL—dominates the inverter’s post-fault current response. Finally,

we applied a BC fault with a 30◦ phase step at the fault inception to deliberately stress the inverter’s

PLL. In this case the commercial unit did not converge to a steady post-fault operating point;
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Figure 5.7: Voltages, current, and sequence currents of the commercial inverter for a BC fault with a 30◦ phase jump

instead, the positive-sequence fault current exhibited a persistent oscillation (no clear decay) as

shown in Fig. 5.7.

A plausible mechanism is loss of PLL stability following the abrupt phase jump. The phase

step drives the SRF-PLL outside its linear range, producing large phase/frequency errors that push

the modulation index to its limits. The resulting PWM saturation distorts the PCC voltage seen

by the PLL, which in turn sustains (and potentially amplifies) the oscillation rather than allow-

ing a monotonic return to the steady state. Because the commercial inverter actively regulates

only the positive-sequence current, alternative explanations involving negative-sequence control

are unlikely. Overall, the experimental behavior is consistent with a PLL-dominated instability

reinforced by saturation effects, matching the qualitative features observed in the simulation.
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Chapter 6

Characterization of Subsystem Behavior – Part I:

Saturation Phase

6.1 Introduction

Grid-connected IBRs such as wind and photovoltaic plants are now dominant contributors to

new generation capacity worldwide [127, 128]. Their interconnection to power systems is subject

to stringent performance requirements, notably IEEE Std 1547-2018 for distribution systems [95]

and IEEE Std 2800-2022 for bulk power systems [94]. These standards mandate precise FRT be-

havior during grid disturbances. While inverter controls are designed to regulate output current

tightly and maintain thermal limits, fault events can still produce momentary current spikes that

exceed the rated limit. These spikes, though typically short in duration, can stress semiconductor

devices, trip protection, and jeopardize compliance. Multiple mechanisms contribute to such over-

currents, but modulation and controller saturation—particularly SVPWM duty-ratio clipping—are

often dominant during deep voltage sags.

When the commanded voltage vector exceeds the modulation boundary, SVPWM saturation

clips the duty ratios, partially bypassing the inner current control loop. This distortion produces

flat-topped or hexagonally modulated voltage waveforms, alters the instantaneous current trajec-

tory, and increases harmonic distortion [129–132]. The resulting harmonic content, especially in

the lower-order odd components, can rise significantly during saturation, with potential impacts

on protection coordination and power quality compliance. PWM saturation rarely occurs in iso-

lation—it often coincides with PI-controller saturation, abrupt mode changes after fault detection,

and active current-limiting actions [133–135]. The coupled dynamics of these nonlinearities gov-

ern the sub-cycle to millisecond-scale post-fault response, ultimately determining whether the plant

meets FRT and harmonic compliance thresholds.
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Previous work has investigated aspects of IBR fault response such as control reconfiguration

strategies [136, 137], current-limiter design [138, 139], and harmonic distortion mechanisms [131,

140]. Analytical models for post-fault transients often rely on low-order approximations or simulation-

based parameter sweeps [52, 113, 141–143], which can obscure the individual contributions of

modulation saturation, control-loop bandwidth, and sequence interactions. Experimental studies

have confirmed that saturation-induced harmonics—especially the 5th and 7th orders—are linked

to unbalanced fault conditions and non-fundamental sequence coupling [144, 145]. However, a

closed-form framework capable of predicting both transient peak currents and harmonic spectra

during PWM saturation has not been established.

Recent research has increasingly addressed how controller and modulation saturation influ-

ence both transient overcurrent and harmonic behavior in IBRs. [146] developed a dynamic model

capturing current-limiter and PI-controller saturation effects under symmetrical and asymmetrical

faults, but did not derive closed-form bounds for peak current magnitude. Similarly, [147] pro-

posed a PI tuning framework with explicit saturation handling to enhance transient performance,

yet the focus remained on controller design rather than analytical prediction of current peaks or

harmonic spectra. Adaptive saturation strategies, as in [148], dynamically adjust current limits to

maintain FRT stability, but stop short of providing parameter-based criteria for overcurrent risk or

harmonic distortion.

More recently, [102] examined weak-grid scenarios, showing that sinusoidal PWM saturation

combined with parameter uncertainties can significantly impact stability margins; however, their

scope excluded explicit prediction of peak currents and harmonic content during faults. In par-

allel, [149] established a nonlinear systems framework for converters with saturation and bilinear

terms, enabling rigorous stability and performance analysis, but without addressing the specific

sequence-dependent transient and harmonic phenomena triggered by PWM saturation in grid-

connected IBRs.

Earlier foundational work in motor-drive systems [150] demonstrated that over-modulation

produces flat-topped voltage waveforms and additional harmonics, but did not address the grid-
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connected IBR context or the sequence-coupled harmonic generation mechanisms critical during

FRT events.

Despite these advances, a closed-form framework that predicts both transient peak currents

and the associated harmonic spectrum during PWM saturation—while accounting for PLL and

sequence-extractor dynamics—has not yet been established. This gap limits the ability to directly

assess whether a given IBR configuration will violate current ratings or harmonic limits under grid

fault conditions based solely on controller and plant parameters.

The present work extends existing knowledge by deriving an exact dq-domain solution for

inverter current dynamics during PWM saturation. The formulation explicitly accounts for the

discontinuous voltage application caused by duty-ratio clipping and incorporates first-order cor-

rections for PLL frequency and phase transients, as well as sequence-extractor settling effects.

From this solution, we obtain closed-form expressions for two critical metrics: (i) upper and lower

bounds on transient peak current, and (ii) per-phase magnitudes of dominant harmonics, expressed

directly in terms of current controller gains, Lf–Rf filter parameters, pre-fault current magnitude,

and grid voltage conditions. This enables rapid, parameter-driven assessment of whether a plant

configuration will exceed current ratings or harmonic distortion limits under specified FRT scenar-

ios. The analytical results are verified through EMT simulations using a detailed IEEE Std 2800-

compliant Type-IV wind plant model. By directly connecting control-structure dynamics to mea-

surable peak and harmonic behaviors, the proposed framework provides both a rigorous theoretical

basis and actionable diagnostic tools for mitigating PWM saturation impacts in modern inverter-

based resources.

The remainder of this chapter is organized as follows. Section 6.2 reviews the sequence of

events and control actions governing IBR fault dynamics. Section 6.3 formulates the closed-form

dq-domain model of PWM saturation, and Section 6.4 establishes existence, uniqueness, and norm

estimates for the resulting system. Section 6.5 applies the model to derive analytical bounds on

peak current, while Section 6.6 uses the same framework to quantify harmonic content. Section 5.5
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validates the predictions through electromagnetic transient simulations. Finally, Section 6.7 sum-

marizes the findings and outlines directions for future work.

6.2 IBR Dynamics During Fault

The detailed grid-following inverter model, including the control architecture, sequence-domain

formulation, modulation, filter dynamics, and saturation mechanisms, is developed in Section 4.2.

6.3 Closed-Form dq-Domain Dynamics During PWM Satura-

tion

6.3.1 Setup and Assumptions Over a Clamp Window

During a PWM clamp the converter applies a saturated voltage vector with fixed magnitude

Vmax and (piecewise) constant direction ev ∈ R
2,

vsat
dq = Vmax ev, ev :=

ṽctrl
dq

∥ṽctrl
dq ∥

, (6.1)

where ṽctrl
dq is the pre-saturation control voltage vector. The unit vector ev encodes only the ori-

entation of the applied saturated voltage in the dq plane; it remains constant within each clamp

interval but may change between intervals as the controller updates its saturation direction. Anti-

windup freezes the PI integrator so the command direction remains nearly constant until ∥ṽctrl
dq (t)∥

decays back below Vmax. Over a single clamp episode (a few ms), we take: (i) ev constant, (ii) the

PCC voltage estimate vg,dq and the PLL speed ω̂ varying slowly (we treat both constant in the base

solution and add a first-order correction).
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6.3.2 Exact RL Dynamics in the PLL Synchronous Frame

Let i =

[
id iq

]T
denote the filter current in the frame rotating at the PLL speed ω̂ and angle

θ̂. Transforming from αβ to dq yields the standard inductor dynamics:

Lf i̇ = −Rf i +
(
vsat
dq − vg,dq

)
+ Lf ω̂ J i, J =



0 −1

1 0


 . (6.2)

Hence

i̇ =
(
−Rf

Lf
I+ ω̂ J

)

︸ ︷︷ ︸
A

i + 1
Lf

(
vsat
dq − vg,dq

)
︸ ︷︷ ︸

b

. (6.3)

On any interval where A and b are constant, the exact solution is

i(t) = eA(t−t0) i(t0) + A−1
(
eA(t−t0) − I

)
b, t ∈ [t0, t1]. (6.4)

The equilibrium (forced) current is i∞ = −A−1b and the solution can be written compactly as

i(t) = i∞ + eA(t−t0)
(
i(t0)− i∞

)
. (6.5)

Let a := −Rf/Lf . Using J2 = −I and (aI+ ω̂J) commuting with itself,

eAτ = e(aI+ω̂J)τ = eaτ
(
cos(ω̂τ) I+ sin(ω̂τ)J

)
,

τ := t− t0. (6.6)

Moreover,

A−1 =
1

a2 + ω̂2
(aI− ω̂ J), (a, ω̂) ̸= (0, 0). (6.7)

Substituting (6.6)–(6.7) into (6.4) gives a fully explicit expression.
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6.3.3 First-Order Corrections for PLL Transients

If ω̂ and vg,dq vary during the clamp, write ω̂(t) = ω̂0+∆ω(t) and vg,dq(t) = vg,dq,0+∆vg(t).

The exact solution of the time-varying system i̇ = A(t)i+ b(t) is

i(t) = Φ(t, t0) i(t0) +

∫ t

t0

Φ(t, τ)b(τ) dτ,

Φ̇ = A(t)Φ, Φ(t0, t0) = I. (6.8)

For small variations, linearize around A0 := aI+ ω̂0J and b0:

A(t) = A0 +∆ω(t)J, b(t) = b0 − 1
Lf
∆vg(t).

Using variation of constants,

i(t) ≈ eA0(t−t0)i(t0) +A−1
0

(
eA0(t−t0) − I

)
b0 (6.9)

+

∫ t

t0

eA0(t−τ)
[
∆ω(τ)J i0(τ) − 1

Lf
∆vg(τ)

]
dτ,

where i0(τ) denotes the base (constant-parameter) solution (6.5). The integral term is an explicit

first-order correction capturing the dynamic lag introduced by PLL and estimator states.

6.3.4 Projection Model: Circle vs. Hexagon

The saturated vector used above can be taken as a circular projection or a more accurate

hexagon (sector-wise affine) projection for SVPWM. The closed-form solutions (6.5)–(6.7) re-

main valid with piecewise constant b; sector transitions induce piecewise intervals [tk, tk+1) with

different e(k)v .
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6.3.5 Steady (Forced) Current During Clamp and Unclamp Initial Condi-

tions

For constant parameters on [t0, t1), the forced current is

i∞ = −A−1b = − 1

a2 + ω̂2
(aI− ω̂J) 1

Lf

(
vsat
dq − vg,dq

)
. (6.10)

The current at unclamp t1 provides the exact initial condition for the post-clamp linear recovery

model: i(t1) = i∞ + eA(t1−t0)
(
i(t0)− i∞

)
. Equations (6.5)–(6.10) furnish: (i) exact time-domain

currents during clamp, (ii) explicit forced (steady) currents under the saturated drive, (iii) precise

initial conditions for the post-clamp linear recovery, and (iv) a principled way to include PLL

dynamics via (6.9).

6.4 Existence, Uniqueness and Norm Estimates for Perturbed

dq-Domain Clamp Models

We consider the time-varying affine model on a clamp sub-interval [t0, t1]:

i̇(t) = A(t) i(t) + b(t),

A(t) = aI+ ω̂(t)J, b(t) = 1
Lf

(
vsat
dq − vg,dq(t)

)
, (6.11)

Let ω̂(t) = ω̂0 +∆ω(t) and vg,dq(t) = vg,dq,0 +∆vg(t), where ∆ω,∆vg are bounded on [t0, t1].

Lemma 6.4.1 (Existence & Uniqueness). Suppose ω̂(·) and vg,dq(·) are continuous on [t0, t1].

Then (6.11) admits a unique solution i(·) ∈ C1([t0, t1];R
2) for any initial condition i(t0) = i0.

Proof. The right-hand side of (6.11) is affine in i with continuous coefficients. By the Picard–

Lindelöf theorem, linear ODEs with continuous coefficients are globally Lipschitz in i on compact

intervals, hence admit unique solutions.
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Let A0 := aI+ ω̂0J and b0 :=
1
Lf

(
vsat
dq − vg,dq,0

)
. Denote by

i0(t) = eA0(t−t0) i(t0) +A−1
0

(
eA0(t−t0) − I

)
b0 (6.12)

the base (constant-parameter) solution on [t0, t1] and define the deviation e(t) := i(t)− i0(t).

Lemma 6.4.2 (Matrix exponential norm). For A0 = aI+ ω̂0J with a < 0, we have

eA0τ = eaτ
(
cos(ω̂0τ)I+ sin(ω̂0τ)J

)
,

∥∥eA0τ
∥∥
2
= eaτ , τ ≥ 0. (6.13)

Proof. Use J2 = −I to obtain the closed form; the factor multiplying eaτ is a rotation, which is

unitary in the 2-norm.

Lemma 6.4.3 (First-order deviation bound). Assume ∆ω,∆vg are bounded on [t0, t1] with ∥∆ω∥∞ :=

supt∈[t0,t1] |∆ω(t)| and ∥∆vg∥∞ := supt∈[t0,t1] ∥∆vg(t)∥. Then, to first order (i.e., evaluating the

perturbation on the base trajectory), the deviation satisfies

∥e(t)∥ ≤
∫ t

t0

∥∥eA0(t−τ)
∥∥
(
∥∆ω(τ)∥ ∥J i0(τ)∥+ 1

Lf
∥∆vg(τ)∥

)
dτ (6.14)

≤
(

sup
τ∈[t0,t]

∥i0(τ)∥
)

︸ ︷︷ ︸
Mi(t)

∥∆ω∥∞
1− ea(t−t0)

−a +
∥∆vg∥∞

Lf

1− ea(t−t0)

−a . (6.15)

Proof. Variation of constants for the time-varying system yields

e(t) =

∫ t

t0

eA0(t−τ)
(
∆ω(τ)J i0(τ)− 1

Lf
∆vg(τ)

)
dτ (6.16)

after neglecting higher-order terms (the e inside the integrand). Taking norms, using Lemma 6.4.2,

∥J∥2 = 1, and the sup bounds gives (6.14). The integral of ea(t−τ) over [t0, t] equals (1 −

ea(t−t0))/(−a), yielding (6.15).
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The bound depends on the envelope of the base trajectory. A convenient estimate is obtained

from (6.12):

∥i0(τ)∥ ≤ ∥i∞∥+ ∥i(t0)− i∞∥ ea(τ−t0), i∞ = −A−1
0 b0, (6.17)

so that Mi(t) ≤ ∥i∞∥+ ∥i(t0)− i∞∥.

Corollary 6.4.4 (Small-window approximation). Let ∆t := t1 − t0. Then

sup
t∈[t0,t1]

∥e(t)∥ ≤
(
Mi ∥∆ω∥∞ +

∥∆vg∥∞
Lf

)
1− ea∆t

−a = O(∆t) as ∆t→ 0+. (6.18)

In particular, over millisecond-scale clamp windows with |a| = Rf

Lf
= τ−1

c in the 100–500 s−1

range, the perturbation is linearly small in ∆t and suppressed by the stable factor 1− ea∆t.

Remark 6.4.5 (Piecewise-constant actuator direction). The same bounds hold when vsat
dq is sector-

wise constant (SVPWM hexagon). The interval [t0, t1] is then partitioned into finitely many sub-

intervals, and the estimate applies on each, with continuity of i enforced at the switching instants;

the global bound is the maximum of the sub-interval bounds.

Remark 6.4.6 (Interpretation). Lemma 6.4.3 quantifies the statement that dynamic lag introduced

by PLL and estimator states is small over a clamp window: the deviation scales with the sup norms

of ∆ω and ∆vg and with the effective window length through (1− ea∆t)/(−a) ≤ ∆t.

Lemma 6.4.7 (Forced-current norm bound). Let i∞ in (6.10) denote the forced (steady-state) cur-

rent for the constant-parameter model on [t0, t1]. Its Euclidean norm satisfies

∥i∞∥ =
∥∥vsat

dq − vg,dq,0

∥∥
Lf

√
a2 + ω̂2

0

, (6.19)

and, in particular, under a circular projection with ∥vsat
dq ∥ = Vmax,

∥i∞∥ ≤
Vmax + ∥vg,dq,0∥
Lf

√
a2 + ω̂2

0

. (6.20)
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Proof. Since A0 = aI+ ω̂0J is invertible for (a, ω̂0) ̸= (0, 0), its inverse is

A−1
0 =

aI− ω̂0J

a2 + ω̂2
0

. (6.21)

The matrix (aI− ω̂0J) is orthogonal up to the scale factor
√
a2 + ω̂2

0 , so its action preserves vector

norms up to that scale. Applying this property to (6.10) gives (6.19). Finally, using the triangle

inequality and ∥vsat
dq ∥ = Vmax in the circular-projection case yields (6.20).

Corollary 6.4.8 (Bound on Current Magnitude). Under the constant-parameter base model (6.12),

the instantaneous current magnitude satisfies

Mi(t) ≤
Vmax + ∥vg,dq,0∥
Lf

√
a2 + ω̂2

0︸ ︷︷ ︸
steady–state (forced) term

+ ∥i(t0)∥︸ ︷︷ ︸
transient (initial–condition) term

. (6.22)

Here the first term corresponds to the magnitude of the particular solution driven by the satu-

rated and grid voltages, while the second term reflects the homogeneous response from the initial

condition.

Worst–case bound: If no tighter information is available on ∥i(t0)∥, a conservative choice is to

bound it by the steady–state term:

∥i(t0)∥ ≤
Vmax + ∥vg,dq,0∥
Lf

√
a2 + ω̂2

0

. (6.23)

Substituting this into (6.22) yields

Mi(t) ≤
Vmax + ∥vg,dq,0∥
Lf

√
a2 + ω̂2

0

+
Vmax + ∥vg,dq,0∥
Lf

√
a2 + ω̂2

0

. (6.24)

In this special case the bound is simply twice the steady–state magnitude. If i(t0) = i∞, the

transient term vanishes and Mi(t) = ∥i∞∥.
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Remark 6.4.9 (Interpretation). The denominator
√

a2 + ω̂2
0 combines the resistive decay rate

|a| = Rf/Lf and synchronous rotation ω̂0; increasing either reduces the achievable forced current

for a given voltage drive.

6.5 Peak-Current Exceedance Condition During Clamp

During PWM saturation, the dq-frame current evolves according to Lemma 6.4.7, with the

steady (forced) value i∞ determined by (6.19). Let the initial magnitude at clamp entry be I0 =

∥i(t0)∥. The exact magnitude trajectory on the clamp interval is

∥i(t)∥ =
∥∥i∞ + eA0(t−t0)

(
i(t0)− i∞

)∥∥ , (6.25)

where A0 generates a rotation with decay rate a = −Rf/Lf .

6.5.1 Bound and Exceedance Condition

Because the rotation preserves the norm of the offset, the magnitude satisfies

∥i(t)∥ ≤ ∥i∞∥+ ea(t−t0) ∥i(t0)− i∞∥, a < 0, (6.26)

tight at t = t0 and as t→∞. Over-current is guaranteed if

max {I0, ∥i∞∥} > Imax, (6.27)

in which case the violation occurs immediately (if I0 > Imax) or after a delay

texceed − t0 =
1

|a| ln
( ∥i∞∥ − I0
∥i∞∥ − Imax

)
, ∥i∞∥ > Imax > I0. (6.28)

6.5.2 Worst-Case Peak Envelope

From (6.19) and (6.25)–(6.27), two key observations follow:
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• Smaller Lf or larger ∆Vpu increases ∥i∞∥pu.

• For deep sags with reactive-priority LVRT, ∥i∞∥pu may exceed Imax,pu even if I0 was nominal.

This provides a direct parametric test—based on pre-fault current, sag depth, and filter parame-

ters— for whether LVRT operation will transiently violate current ratings during PWM saturation.

6.5.3 Peak Bound and Fault-Type Generalization

The clamp-interval solution is

i(t) = i∞ + ea(t−t0) R
(
ω(t− t0)

) (
i(t0)− i∞

)
, (6.29)

where R(θ) is a 2× 2 rotation, ω ≈ ω̂0. Let

c := ∥i∞∥, d := ∥i(t0)− i∞∥, (6.30)

and θ0 be the initial angle between i∞ and the offset.

Lemma 6.5.1 (Peak-current bound). The peak magnitude satisfies

max
(
c, ∥i(t0)∥

)
≤ sup

t≥t0

∥i(t)∥ ≤ c+ d, (6.31)

with equality at the first alignment time talign = t0 +
−θ0+2πk

ω
for ω ̸= 0. If ω = 0, ∥i(t)∥ changes

monotonically.

Fig. 6.1 illustrates the geometric interpretation of peak current during PWM clamping: the

current vector rotates around i∞ as its offset magnitude decays exponentially. The peak occurs

when the offset aligns with i∞ and depends only on:

• c, determined by vsat
dq , vg,dq,0, and Lf ;

• d, representing the pre-fault current offset.
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c = ∥i∞,dq∥

Figure 6.1: Geometric interpretation of peak current during PWM clamp: the current vector rotates around i∞ with
exponential decay in the offset magnitude. The peak occurs when the decaying offset aligns with i∞.

Both c and d are measurable from EMT simulations or experiments, enabling the use of (6.5.1) for

any fault type, depth, or power factor without requiring internal control parameters.

6.6 Harmonic Analysis During PWM Saturation Derived from

Closed-Form Dynamics

We connect the closed-form dq-domain solution and the perturbation bounds to a constructive

harmonics analysis of the line current during the clamp.

6.6.1 Decomposition of the Applied Drive and Solution Structure

Let va,b,c(t) be the phase-to-neutral voltages applied by the saturated bridge. During clamp,

per-phase saturation (duty-ratio clipping) yields a flat-topped waveform, as illustrated in Fig. 6.2,

or, in the case of SVPWM, a sector-wise constant hexagon projection, so

vx(t) =
∑

k∈Z

Vx,k e
jkωt, x ∈ {a, b, c}, (6.32)

111



0 π

2

π 3π

2
2π

−Vmax

0

Vmax

flat top at +Vmax

flat top at −Vmax

ωt

v
a
(t
)
(p
u
)

Unclipped sinusoid Clamp level Flat-topped waveform

Figure 6.2: Example phase voltage va(t) during PWM clamp. Duty-ratio clipping produces a flat-topped waveform:
va(t) = sat[−Vmax, Vmax](V̂ sin(ωt)).

with Vx,−k = V ∗
x,k and Vx,0 = 0 (no DC in three-wire). Define the corresponding αβ series Vαβ,k

(Clarke transform) and the dq series Vdq,k := e−jkθ̂(t)Vαβ,k in the PLL frame. For time-invariant

analysis over a clamp sub-interval we treat ω̂(t) ≈ ω̂0 (steady rotation).

Plant seen by the k-th harmonic.

For a series Lf–Rf filter, the line current in αβ satisfies (component-wise)

Lf i̇α = −Rf iα + vα − vg,α, Lf i̇β = −Rf iβ + vβ − vg,β. (6.33)

At the harmonic frequency kω the phasor relation is linear:

Iαβ,k =
Vαβ,k − Vg,αβ,k

Rf + jkωLf

. (6.34)

For k ≥ 2, Vg,αβ,k=0 (grid is fundamental-only), so

Iαβ,k =
Vαβ,k

Rf + jkωLf

, k ≥ 2. (6.35)

Equation (6.35) is a direct consequence of the closed-form affine solution (Section 6.3): the forced

solution at each excitation frequency is obtained by replacing ω 7→ kω in the transfer 1/(Rf +

jωLf ), while the natural term is the exponentially decaying rotation e(a+jω̂0)t that creates only

inter-harmonic leakage (bounded by Lemma 6.4.3).
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6.6.2 Fundamental Component from Forced Solution (Link to Lemma 6.4.7)

At k = 1, the dq forced current from (6.10) yields the fundamental magnitude

∥i∞,1∥ =
∥∥vsat

dq,1 − vg,dq,1

∥∥
Lf

√
a2 + ω̂2

0

, a = −Rf/Lf . (6.36)

In balanced conditions with circular projection, vsat
dq,1 is a constant vector in the PLL frame (magni-

tude Vmax), so (6.36) gives the exact fundamental current during clamp. This is precisely the k = 1

case of (6.34) written in dq form.

6.6.3 Higher-Order Harmonics from Per-Phase Saturation

Per-phase saturation produces the Fourier coefficients Vx,k of a clipped sine. For a symmetric

flat-top with clipping angle θc = arcsin
(

Vmax

Vpk

)
, only odd k appear in each phase voltage:

Vx,k =
1

π

∫ 2π

0

vx(θ) e
−jkθ dθ, k ∈ {1, 3, 5, . . . }. (6.37)

For the symmetric flat-top, evaluating (6.37) yields

Vx,k =
2Vpk

kπ
[sin(kθc) + (π/2− θc) cos(kθc)] , k odd, (6.38)

where Vpk is the peak of the unclipped sine. Transforming to αβ and using (6.35) yields the line-

current harmonics:

|Ik| =
|Vαβ,k|√

R2
f + (kωLf )2

, k ∈ {5, 7, 11, 13, . . . }. (6.39)

Triplen harmonics (3rd, 9th, . . . ) cancel in line currents of a three-wire system.
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6.6.4 SVPWM Hexagon Case (Sector-wise Constant Approximation)

Under deep clamp the SVPWM hexagon projection is well approximated by sector-wise con-

stant phase voltages over 60◦ intervals, approaching six-step behavior. Then the well-known co-

efficients (per phase) satisfy |Vk| ∝ 1/k for k = 6m ± 1 and Vk ≈ 0 for k = 6m (ideal six-step,

balanced). Consequently, for an Lf–Rf line,

|Ik| ∝
1

k
· 1√

R2
f + (kωLf )2

≃ 1

k2 ωLf

(kωLf ≫ Rf ), (6.40)

with k ∈ {5, 7, 11, 13, . . . } (the 6m± 1 family).

6.6.5 Bounds and Diagnostics via Perturbation Lemmas

The transient term eA0(t−t0)(i(t0)−i∞) modulates the periodic steady solution and creates spec-

tral leakage around integer multiples of ω over short windows. Lemma 6.4.3 and Corollary 6.4.4

give

sup
t∈[t0,t1]

∥i(t)− i0(t)∥ ≤
(
Mi ∥∆ω∥∞ +

∥∆vg∥∞
Lf

)
1− ea∆t

−a = O(∆t), (6.41)

so interharmonic sidebands due to dynamic lag introduced by PLL and estimator states are lin-

early small in the ms-scale clamp window. Thus, the dominant spectral signature during clamp is

governed by (6.39) (flat-top or hexagon family), augmented by:

• a step in the fundamental negative-sequence ratio κ− := |I−1 |/|I+1 | (from (6.36) under unbal-

ance),

• and weak, window-length–scaled interharmonics near ω (Corollary 6.4.4).
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6.6.6 THD and Overcurrent Linked Criteria

Using (6.39),

THDI =

√∑
k∈K |Ik|2
|I+1 |

≈

√∑
k∈{5,7,11,13,... }

|Vαβ,k|2

R2
f
+(kωLf )2

|Vαβ,1−Vg,αβ,1|√
R2

f
+(ωLf )2

, (6.42)

where K excludes triplens in three-wire lines. Moreover, if the forced fundamental magnitude

∥i∞,1∥ exceeds Imax (Lemma 6.4.7), then the peak current will inevitably violate the rating during

clamp (Sec. 6.3, (6.26)–(6.28)), and simultaneously the low-order harmonic magnitudes given by

(6.39) increase due to deeper flat-topping (smaller θc), providing a consistent diagnostic: rising

{|I5|, |I7|}, THDI , and κ−.

6.7 Evaluation

EMT simulations were carried out to validate the closed-form predictions of peak current and

harmonic content during PWM saturation, using a detailed IEEE Std 2800-compliant Type-IV

wind plant model under various fault types, depths, and pre-fault operating points. . A detailed

Type-IV wind plant model, incorporating IEEE Std 2800-compliant FRT functions, was imple-

mented as an extension of the work in [92].

The EMT setup is illustrated in Fig. 4.5. On the DC side, the grid-side converter is fed by a

machine-side converter representing a Type-IV turbine. On the AC side, the inverter is connected

to a 0.69kV/33kV ∆–Y transformer; the secondary voltage is scaled by a factor N to emulate

plant-level power output while modeling a single detailed inverter. A subsequent 33kV/138kV

transformer interfaces the plant with the transmission network.

Unless stated otherwise in the evaluation sections, all EMT cases use the baseline parameters

listed in Table 5.2. Faults are applied at location F in Fig. 4.5, and the resulting post-fault currents

are compared with analytical predictions.
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Figure 6.3: Voltages, current, and modulation index under AG fault with PWM saturation

6.7.1 Harmonic Evaluation under PWM Saturation

To investigate the impact of PWM saturation on harmonic distortion during FRT, we performed

a controlled study under an AG fault condition. For consistency and to isolate the effect of satu-

ration, all parameters and control settings were kept identical across the two scenarios, except for

the KFRT
2 setting:

• Saturation case: KFRT
2 = 0 (allowing full saturation of the modulation signals)

• Unsaturated case: KFRT
2 = 2 (limiting the modulation index to avoid saturation)

The inverter phase currents for these two cases are shown in Fig. 6.3 and Fig. 6.4, respec-

tively. These waveforms illustrate the more pronounced waveform distortion in the saturated case,

particularly visible in the faulted phase during the fault period.
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Figure 6.4: Voltages, current, and modulation index under AG fault without PWM saturation

Harmonic Analysis Methodology

The harmonic spectrum was computed from the per-unit phase currents over the steady-state

post-fault window using an FFT-based approach. Harmonic magnitudes were extracted for the 5th,

7th, 11th, and 13th orders. The results were normalized with respect to the fundamental magnitude

for each phase to yield per-unit harmonic content.

Observed Harmonic Content and Alignment with Analytical Predictions

The measured harmonic magnitudes for each phase under both saturation and non-saturation

conditions are summarized in Fig. 6.5. For the 5th harmonic, saturation cases consistently exhib-

ited higher magnitudes across all phases, with increases of approximately 2–3× compared to the

unsaturated cases. For the 7th harmonic, the saturated case showed a 30–140% increase, most

significant in Phase B where the fault impact was most direct. Although the 11th and 13th har-
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Figure 6.5: Per-unit harmonic magnitudes with and without PWM saturation for each phase.

monics had smaller absolute magnitudes, the saturated case consistently exhibited higher values,

confirming increased high-frequency distortion during modulation saturation.

From the closed-form dynamics developed in Section 6.6, it was predicted that during PWM

saturation, the inverter control loop is effectively bypassed for portions of the cycle, allowing

non-fundamental components introduced by the fault and system asymmetry to propagate into the

output current. This effect is particularly pronounced for the 5th and 7th harmonics, which are

linked to unbalanced sequence interactions and nonlinear modulation effects. The measured re-

sults align closely with this prediction: the magnitude increase in the lower-order harmonics (5th

and 7th) matches expectations from the analytical coupling terms, while the presence of elevated

11th and 13th harmonics, though smaller in amplitude, confirms that saturation broadens the har-

monic spectrum by introducing sidebands from the nonlinear switching function. In contrast, the

unsaturated case, with KFRT
2 = 2, preserved current waveform quality.

6.7.2 Evaluation of Peak Current Bounds under BC Fault Conditions

Setup and assumptions.

We evaluate the peak-current envelopes derived in Lemma 6.5.1 and Eqs. (6.26)–(6.28) under

a BC fault. During the initial clamp interval the inverter-side voltage vector keeps a fixed direction

ev equal to the pre-fault positive-sequence angle (reactive priority, +q) while its magnitude is
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clamped; negative-sequence actuation is disabled. Thus the inverter reference is vinv1 = 1∠(ϕ1,pre+

90◦) p.u., vinv2 = 0. The grid-side post-fault sequences (v1, v2) and their angles are measured.

Calculation method.

The net sequence drives are ∆Ṽ + = 1ejϕinv − v1e
jϕ1 , ∆Ṽ − = −v2ejϕ2 , and the per-unit

filter impedance is Zpu = Rf,pu + jLf,pu with Rf,pu = Rf/Zbase, Lf,pu = ωbaseLf/Zbase. The

forced sequence-current magnitudes are I1 = |∆Ṽ +|/|Zpu|, I2 = |∆Ṽ −|/|Zpu|, so the forced

instantaneous magnitude satisfies |i∞(t)| =
√
I21 + I22 + 2I1I2 cos(2ωt+ δ), with extrema cmax =

I1 + I2 and cmin = |I1 − I2|. Without entry-phase information, the lemma-compatible bounds are

LB = min{ ipre, cmin }, UB = ipre + cmax .

The observed peak Ipeak from EMT simulation is expected to satisfy LB ≤ Ipeak ≤ UB.

Test matrix.

We performed two sweeps: (i) Rf ∈ {0.0005, 0.005, 0.05} Ω with Lf = 200 µH, and (ii)

Lf ∈ {150, 175, 200, 250} µH with Rf = 0.0005 Ω. Each sweep was run for three pre-fault

current magnitudes ipre ∈ {1.00, 0.87, 0.53027} pu.

Results.

Fig. 6.6 compare Ipeak against (LB,UB) for the three ipre groups. In all cases the measured

peaks lie strictly between the bounds, confirming the correctness of the envelope. For ipre =

1.00 p.u., the observed peaks (≈ 1.24-1.31 pu) are much closer to LB than to UB, indicating a

small entry offset and dynamics dominated by the forced component. For ipre = 0.87 pu, the

same trend holds, with peaks ≈ 1.11-1.28 pu well within the envelope. For ipre = 0.53027 pu,

the peaks ≈ 0.74-0.87 p.u. remain well above LB and far below UB, again consistent with the

analytical prediction. Across both sweeps, the envelopes exhibit the expected parametric trends:

increasing Rf (larger damping) lowers cmax and therefore UB; varying Lf shifts |Zpu| and the

forced term accordingly. That the observed peaks systematically track inside [LB,UB] for all
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Figure 6.6: BC fault: analytical bounds vs. observed peaks for varying ipre. Observed peaks lie strictly between the
predicted lower and upper bounds in all cases.

BC-fault cases provides empirical validation of the lemma-based bounds and the fixed-direction,

magnitude-clamped drive model used for the clamp interval.
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Chapter 7

Characterization of Subsystem Behavior – Part II:

Linear Phase (Trajectory Analysis)

This chapter analyzes the dynamic behavior of the inverter current response during the linear

(unsaturated) phase of fault and disturbance events. A per-sequence representation using positive-

and negative-sequence synchronous frames is adopted because it enables a clean decoupling of

the converter’s response to balanced and unbalanced grid conditions [130, 151]. This formulation

transparently reveals the role of grid-frequency variations, PLL alignment error, and sequence-

extractor artifacts in modulating the current-loop trajectory, and is a standard analytical framework

for characterizing IBR short-circuit and ride-through dynamics [152, 153].

The objective of this chapter is to determine how the regulated current vector evolves in time

under different perturbations — including phase-angle error, voltage imbalance, and measurement

bias — and to quantify the resulting tracking accuracy, settling time, and steady-state deviation.

This analysis directly supports later results on peak current prediction, current-envelope modeling,

and reduced-order trajectory-based ROM design.

The following sections describe the nominal per-sequence model, introduce PLL- and extractor-

induced perturbations, and derive analytical bounds and asymptotic behavior for the closed-loop

current dynamics.

7.1 Nominal per-sequence closed-loop model (unified circuit–

control)

We model each symmetrical–component channel σ ∈ {+,−} in the synchronous dq frame as

a combined circuit–control LTI system. The synchronous frame is aligned with the grid under the

nominal assumption ω̂ = ω0 and θ̂ = θ0 + ω0t. The output stage is an Lf–Rf filter and the inner
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current controller is PI with gains Kp > 0 and Ki > 0. For compactness let a := Rf/Lf , and let

J =



0 −1

1 0


 , sσ =





+1, σ = +

−1, σ = −
, (7.1)

so that J generates a 90◦ rotation in dq and sσ encodes the sequence rotation. Per sequence we write

the filter current iσ = [ idσ iqσ ]
⊤, the commanded inverter terminal voltage uσ = [udσ uqσ ]

⊤, the

PI integrator output zσ = [ zdσ zqσ ]
⊤, the current reference Rσ = [ irefdσ irefqσ ]⊤, and the grid voltage

expressed in the same frame Vgσ = [ vdσ vqσ ]
⊤. Time derivatives are denoted by dots.

The dq–frame filter dynamics for sequence σ are

i̇σ = −a iσ +
1

Lf

(
uσ − Vgσ

)
+ ω0sσ J iσ, (7.2)

where the last term is the synchronous cross–coupling between the d and q axes. The controller ap-

plies grid–voltage feedforward, resistive drop compensation, and synchronous–frame decoupling,

together with PI action:

uσ = Vgσ + Rf iσ − Lfω0sσ J iσ + Kp

(
Rσ − iσ

)
+ zσ, (7.3)

żσ = Ki

(
Rσ − iσ

)
. (7.4)

Substituting (7.3) into (7.2) shows that the feedforward and decoupling cancel the corresponding

plant terms, giving the nominal closed–loop current channel

i̇σ = −
(
a+

Kp

Lf

)
iσ +

1

Lf

zσ +
Kp

Lf

Rσ. (7.5)

Let Xσ = [ i⊤σ z⊤σ ]⊤ ∈ R
4 denote the state. Then the nominal combined circuit–control model

is

Ẋσ(t) = A0 Xσ(t) +Br Rσ, (7.6)
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with

A0 =



−
(
a+ Kp

Lf

)
I2

1
Lf
I2

−KiI2 02×2


 , Br =




Kp

Lf
I2

KiI2


 , (7.7)

where I2 is the 2×2 identity and 02×2 is the 2×2 zero matrix. In the nominal closed loop (7.6), the

cross–coupling term is exactly canceled and no ω0EσXσ term appears.

7.2 Model with PLL and Sequence–Extractor Errors

We extend the nominal per-sequence closed-loop model in (7.6) to capture perturbations in-

troduced by the phase-locked loop (PLL) and the sequence extractor. Let the PLL-estimated fre-

quency be ω̂(t) = ω0 + ∆ω(t). Using ω̂(t) inside the decoupling leaves a residual term in the

current channel equal to −(∆ω)sσJiσ, which in compact state form is −∆ω(t)EσXσ(t), where

Eσ := blkdiag(sσJ, 02×2), J =



0 −1

1 0


 . (7.8)

Let the sequence extractor provide the measured grid-voltage sequence V meas
gσ (t) = Vgσ(t) +

εvσ(t). Because the feedforward uses V meas
gσ , the nominal cancellation is imperfect and an additive

input remains in the current channel equal to 1
Lf
εvσ(t). We represent this with the input matrix

Bv :=




1
Lf
I2

02×2


 . (7.9)

Applying these perturbations to (7.6) yields the per-sequence perturbed closed-loop model

Ẋσ(t) = A0 Xσ(t) +Br Rσ︸ ︷︷ ︸
nominal

− ∆ω(t)EσXσ(t)︸ ︷︷ ︸
PLL residual

+ Bv εvσ(t)︸ ︷︷ ︸
sequence-extractor bias

. (7.10)
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7.2.1 Analytical Solution via Variation of Constants

For the nominal per–sequence closed-loop model without PLL or sequence–extractor pertur-

bations in (7.6), introduce the nominal state matrix Aσ,nom, with exact decoupling, no ω0Eσ term.

Let Φσ,nom(t) := eAσ,nomt denote the state–transition matrix of the homogeneous nominal system.

With Rσ constant, the nominal forced response for t ≥ t0 is

Xσ,nom(t) = Φσ,nom(t− t0)Xσ(t0) +

∫ t

t0

Φσ,nom(t− τ)BrRσ dτ. (7.11)

For the perturbed per–sequence model in (7.10), using the same Φσ,nom(·) yields

Xσ(t) = Φσ,nom(t− t0)Xσ(t0) +

∫ t

t0

Φσ,nom(t− τ)BrRσ dτ

+

∫ t

t0

Φσ,nom(t− τ)
[
− ∆ω(τ)EσXσ(τ) +Bv εvσ(τ)

]
dτ. (7.12)

In (7.12), the first two terms coincide with the nominal response (7.11). The last integral

accounts for (i) the multiplicative disturbance due to PLL frequency error, −∆ω(·)EσXσ(·), and

(ii) the additive disturbance introduced by the sequence extractor, Bv εvσ(·).

7.3 Response Characterization under Perturbations: Lemmas

and Corollaries

We develop a set of lemmas and corollaries that quantify well-posedness, stability, and tracking-

error bounds of the per-sequence closed loop in the presence of the multiplicative PLL term

−∆ω(t)EσXσ and the additive sequence-extractor bias Bv εvσ(t). All proofs are deferred to Ap-

pendix A.1.

Lemma 7.3.1 (Well-posedness and uniqueness). Assume ∆ω(·), εvσ(·) ∈ L∞([t0,∞)) and Rσ

is constant (or, more generally, bounded and measurable). Then for any initial state Xσ(t0), the
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Cauchy problem (7.10) admits a unique solution Xσ(·) ∈ AC([t0,∞);R4), hence Xσ is continuous

on [t0,∞).

Interpretation: The fault current trajectory is always mathematically defined even when PLL

and sequence-extractor imperfections are present, ensuring that subsequent bounds are meaningful.

Lemma 7.3.2 (Nominal exponential stability). Assume the nominal closed-loop matrix Aσ,nom

(recall Aσ,nom = A0) is Hurwitz, i.e., all eigenvalues satisfy ℜ(λ) < 0. Then there exist constants

Mσ≥1 and ασ>0 such that

∥Φσ,nom(t)∥ ≤Mσ e
−ασt, ∀ t ≥ 0, (7.13)

where Φσ,nom(t) = eAσ,nomt is the nominal state–transition matrix.

Interpretation: In the absence of perturbations, the fault current decays exponentially to its

steady-state value in the linear range, with rate α set by the control and filter parameters.

Corollary 7.3.3 (Explicit exponential constants from (Kp, Ki, Lf , Rf )). Under the assumptions of

Lemma 7.3.2, let a := Rf/Lf and define the per-axis closed-loop matrix

Aax =



−(a+Kp/Lf ) 1/Lf

−Ki 0


 . (7.14)

Let Pax ∈ R
2×2 be the unique positive-definite solution of the Lyapunov equation

A⊤
axPax + PaxAax = −I2, (7.15)

and set P = blkdiag(Pax, Pax). Then the nominal transition matrix satisfies

∥Φσ,nom(t)∥2 ≤ Mσ e
−ασt, (7.16)

Mσ :=

√
λmax(Pax)

λmin(Pax)
, ασ :=

1

2λmax(Pax)
.
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In particular, Mσ and ασ are computable functions of (Kp, Ki, Lf , Rf ) via Pax.

Corollary 7.3.4 (Uniform boundedness under small PLL/sequence–extractor errors). Assume Lemma 7.3.2

and consider the perturbed model (7.10) with constant Rσ and ∆ω(·), εvσ(·) ∈ L∞([t0,∞)). If

κσ :=
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞ < 1, (7.17)

then Xσ(t) is uniformly bounded for all t≥ t0, with

sup
t≥t0

∥Xσ(t)∥ ≤
Mσ∥Xσ(t0)∥+ Mσ

ασ

(
∥Br∥ ∥Rσ∥+ ∥Bv∥ ∥εvσ∥∞

)

1− κσ

. (7.18)

Interpretation: The quantity κσ = Mσ

ασ
∥Eσ∥ ∥∆ω∥∞ is a small–gain margin: it measures how much

PLL frequency error the closed loop can tolerate before losing uniform boundedness. A faster,

better–damped nominal current loop (larger ασ, smaller Mσ) or tighter PLL (smaller ∥∆ω∥∞)

enlarges this margin. The bound scales linearly with the sequence–extractor bias ∥εvσ∥∞ and the

setpoint magnitude through ∥Br∥ ∥Rσ∥, and degrades as κσ → 1.

Lemma 7.3.5 (ISS bound w.r.t. PLL and extractor around the nominal forced model). Let Lemma

7.3.2 hold and define the deviation from the nominal forced response X̃σ(t) := Xσ(t)−Xσ,nom(t),

where Xσ,nom(·) is given by (7.11). Suppose ∆ω(·), εvσ(·) ∈ L∞([t0,∞)) and

∥∆ω∥∞,[t0,∞) <
ασ

∥Eσ∥Mσ

. (7.19)

Then with αeff := ασ − ∥Eσ∥Mσ ∥∆ω∥∞,[t0,∞) > 0 and

Cnom := sup
t≥t0

∥Xσ,nom(t)∥ ≤ Mσ∥Xσ(t0)∥+
Mσ

ασ

∥Br∥ ∥Rσ∥, (7.20)
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the deviation satisfies, for all t ≥ t0,

∥X̃σ(t)∥ ≤ Mσe
−αeff(t−t0)∥X̃σ(t0)∥

+
Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞,[t0,t] + ∥Eσ∥ ∥∆ω∥∞,[t0,t] Cnom

)
. (7.21)

Hence the closed loop is exponentially ISS in the input pair (∆ω, εvσ) around the nominal forced

trajectory.

Interpretation: The lemma states an eISS property of the closed loop around the nominal forced

trajectory: the deviation X̃σ decays exponentially with rate αeff and is ultimately bounded by a term

proportional to the disturbance magnitudes ∥εvσ∥∞ and ∥∆ω∥∞ (the latter scaled by Cnom). The

small-gain condition ensures αeff > 0, i.e., that residual PLL coupling cannot overwhelm the nom-

inal damping. When εvσ≡0 and ∆ω≡0, the deviation vanishes exponentially; with persistent but

bounded perturbations, the steady bound is O
(
(Mσ/αeff)

(
∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥ ∥∆ω∥∞Cnom

))
.

Design-wise, increasing the nominal decay rate (larger ασ, smaller Mσ) or reducing PLL error

tightens the bound; large setpoints inflate Cnom and thus the effect of ∆ω.

Corollary 7.3.6 (Steady-state error ball: PLL vs. extractor contributions). Under the hypotheses of

Lemma 7.3.5 (so αeff > 0 and Cnom are as defined there), the deviation X̃σ(t) = Xσ(t)−Xσ,nom(t)

satisfies

lim sup
t→∞

∥X̃σ(t)∥ ≤
Mσ

αeff

∥Bv∥ ∥εvσ∥∞
︸ ︷︷ ︸

=: rext

+
Mσ

αeff

∥Eσ∥ ∥∆ω∥∞ Cnom

︸ ︷︷ ︸
=: rPLL

. (7.22)

Interpretation: The steady-state deviation from the nominal forced trajectory lies in the Minkowski

sum of two balls with radii rext (extractor bias) and rPLL (PLL error). The extractor term depends

only on the bias magnitude, whereas the PLL term scales with the operating-point size via Cnom;

both shrink with larger αeff (i.e., better damping) and blow up as the small-gain margin tightens

(αeff ↓ 0). If either disturbance is zero, its radius vanishes; if both are zero, the asymptotic error is

zero.
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Corollary 7.3.7 (ISS about the nominal equilibrium (explicit gains)). Assume Lemma 7.3.2 and

constant Rσ, so the nominal equilibrium Xσ,∞ = −A−1
σ,nomBrRσ exists. For the perturbed model

(7.10), let

κσ :=
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞ < 1, (7.23)

αeff := ασ −Mσ∥Eσ∥ ∥∆ω∥∞ > 0. (7.24)

Then the deviation X̃σ(t) := Xσ(t)−Xσ,∞ satisfies, for all t ≥ t0,

∥X̃σ(t)∥ ≤ Mσe
−αeff(t−t0)∥X̃σ(t0)∥︸ ︷︷ ︸
β(∥X̃σ(t0)∥, t−t0)

+
Mσ

αeff

∥Bv∥ ∥εvσ∥∞,[t0,t]

︸ ︷︷ ︸
γext(∥εvσ∥∞,[t0,t]

)

+
Mσ

αeff

∥Eσ∥ ∥Xσ,∞∥ ∥∆ω∥∞,[t0,t]

︸ ︷︷ ︸
γpll(∥∆ω∥

∞,[t0,t]
)

. (7.25)

Hence the closed loop is exponentially ISS about Xσ,∞ with explicit gains

β(r, t) = Mσe
−αeff tr, γext(s) =

Mσ

αeff
∥Bv∥ s, γpll(s) =

Mσ

αeff
∥Eσ∥ ∥Xσ,∞∥ s. (7.26)

Interpretation: This ISS bound says deviations from the nominal equilibrium decay exponentially

with rate αeff and are ultimately limited by two L∞ → L∞ gains: one from the extractor bias

(γext) and one from PLL error (γpll). The PLL contribution scales with the operating point via

∥Xσ,∞∥—so at (or near) zero setpoint it is negligible to first order, while large setpoints amplify

PLL-induced error. Improving nominal damping (larger ασ, smaller Mσ via (Kp, Ki) and filter

design) or tightening the PLL (smaller ∥∆ω∥∞) shrinks both terms; as the small-gain margin

closes (αeff ↓0), the bound degrades.

Lemma 7.3.8 (Closed-form forced current with estimator bias). Consider the per-sequence closed-

loop model (7.10) with zero PLL error and a constant sequence–extractor bias, i.e., ∆ω ≡ 0 and
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εvσ(t) ≡ ε̄vσ. For constant Rσ, the solution is

Xσ(t) = Xσ,∞ + eA0(t−t0)
(
Xσ(t0)−Xσ,∞

)
, (7.27)

with equilibrium

Xσ,∞ = −A−1
0

(
BrRσ +Bvε̄vσ

)
, (7.28)

hence

iσ,∞ = Rσ, zσ,∞ = RfRσ − ε̄vσ. (7.29)

Moreover, for each axis k ∈ {d, q} define τ := t− t0 and let s1,2 be the roots of

Lfs
2 + (Kp + aLf )s+Ki = 0. (7.30)

Writing ek(τ) := ikσ(t)−Rkσ and ∆zk := zkσ(t0)− zkσ,∞, the current admits the closed form

ikσ(t) = Rkσ + Ake
s1τ +Bke

s2τ , (7.31)

where

ek(0) = ikσ(t0)−Rkσ, ėk(0) = −(a+ Kp

Lf
) ek(0) +

1
Lf
∆zk, (7.32)

and

Ak =
ėk(0)− s2ek(0)

s1 − s2
, Bk =

s1ek(0)− ėk(0)

s1 − s2
. (7.33)

In the critically damped case s1 = s2 =: s,

ikσ(t) = Rkσ +
(
ek(0) + (ėk(0)− s ek(0)) τ

)
esτ . (7.34)

Interpretation: For constant extractor bias and no saturation, the PI loop achieves perfect steady-

state current tracking: iσ → Rσ while the integrator offsets the bias (Lemma 7.3.8). Thus, the

steady-state deviation from the nominal forced trajectory lies entirely in the controller state (and
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commanded voltage), not in the current. Nonzero steady current error arises only from time-

varying bias, PLL mismatch, discretization/delays, or actuator limits/anti-windup.

Remark 7.3.9 (Placement and meaning of the extractor bias (updated)). In the unified closed-

loop model (7.10), the sequence–extractor error enters only through the additive term Bv εvσ(t).

With the control law (7.3) using grid-voltage feedforward, this produces an effective converter-

side voltage in the current channel equal to 1
Lf

εvσ(t), i.e., the filter equation contains + 1
Lf
εvσ(t).

If a given architecture disables/omits this feedforward (or injects the biased voltage elsewhere),

replace Bv accordingly to reflect the actual injection path; no extra bias channel beyond Bv εvσ is

needed.

Lemma 7.3.10 (Peak-current bound in the linear phase). Assume the unsaturated (linear) oper-

ating phase and the small-gain range so that αeff > 0 (cf. Lemma 7.3.5). With constant Rσ and

bounded perturbations ∆ω(·), εvσ(·) ∈ L∞, the per-sequence current satisfies

sup
t≥t0

∥iσ(t)∥ ≤ ∥Rσ∥︸ ︷︷ ︸
setpoint

+

Mσ∥iσ(t0)−Rσ∥︸ ︷︷ ︸
initial mismatch

+
Mσ

αeff

(∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥Cnom ∥∆ω∥∞)

︸ ︷︷ ︸
perturbation leakage

. (7.35)

Sharper nominal (step) bound. In the nominal case ∆ω ≡ 0, εvσ ≡ 0, each axis obeys Lfs
2 +

(Kp + aLf )s + Ki = 0, with natural frequency ωn =
√

Ki/Lf and damping ratio ζ = (Kp +

aLf )/(2
√
KiLf ). If Rσ steps at t0 and 0 < ζ < 1, the underdamped step overshoot factor

Mstep = exp
(
− πζ√

1− ζ2

)
(7.36)

yields the axis-wise bound supt≥t0 | ikσ(t) − Rkσ | ≤ Mstep | ikσ(t+0 ) − Rkσ | (k ∈ {d, q}), and

consequently

sup
t≥t0

∥iσ(t)∥ ≤ ∥Rσ∥+Mstep ∥iσ(t+0 )−Rσ∥. (7.37)

For ζ ≥ 1, Mstep = 0 (no overshoot).
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Interpretation: The peak current in the linear (unsaturated) phase is bounded by the nominal steady

level plus a nominal transient term and an “error tube” induced by perturbations. Equivalently, the

trajectory stays within a tube around the nominal path whose radius is

r∞ =
Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥Cnom ∥∆ω∥∞

)
, (7.38)

with an additional decaying piece Mσe
−αeff(t−t0)∥iσ(t0)− Rσ∥ along the nominal transient. In the

ideal nominal case (εvσ = ∆ω = 0) the tube collapses and the bound reduces to the classical

overshoot determined by ζ; with perturbations, the tube widens proportionally to their magnitudes

and shrinks as αeff increases.

Corollary 7.3.11 (Time-to-within-ϵ of steady state). Assume the hypotheses of Cor. 7.3.7 (so αeff >

0). Let

rss :=
Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥ ∥Xσ,∞∥ ∥∆ω∥∞

)
(7.39)

be the ultimate (state) radius from Cor. 7.3.7. Then for any ϵ > 0,

T (X)
ϵ :=

1

αeff

ln

(
Mσ ∥X̃σ(t0)∥

ϵ

)
(7.40)

satisfies, for all t ≥ t0 + T
(X)
ϵ ,

∥X̃σ(t)∥ ≤ rss + ϵ.

Moreover, for the current output ĩσ = CX̃σ the bound

T (i)
ϵ :=

1

αeff

ln

(
∥C∥Mσ ∥X̃σ(t0)∥

ϵ

)
(7.41)

ensures, for all t ≥ t0 + T
(i)
ϵ ,

∥̃iσ(t)∥ ≤ ∥C∥ rss + ϵ. (7.42)

Interpretation: The time to enter an ϵ–tube around steady state splits cleanly into two parts: an ir-

reducible radius rss set by the disturbance levels (εvσ,∆ω), and an exponential approach governed

by αeff and the initial deviation. Larger αeff (stronger nominal damping) shortens the log–time
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id

iq

i∞

steady ball ∥C∥ rss

i(t0)

nominal

spiral (0 < ζ < 1)

ISS “tube”

Mσe
−αeff (t−t0) ⊕ ∥C∥rss

modal rotation ωd

decay αeff

i∞

entry i(t0)
steady ball ∥C∥ rss
ISS tube (schematic)

Figure 7.1: Geometric interpretation in the id–iq plane. For an underdamped nominal loop (0 < ζ < 1), the trajectory
(gray) spirals toward i∞ with modal frequency ωd and decay rate αeff . Perturbations produce a steady current ball of
radius ∥C∥ rss and a time-varying ISS tube (blue halo) equal to the decaying term Mσe

−αeff (t−t0)∥X̃σ(t0)∥ plus the
steady radius. For ζ≥1, the approach is monotone (no rotation).

∝ α−1
eff ln(·), while rss is unaffected by initial conditions and depends only on disturbance mag-

nitudes and gains. For the current, the same conclusions hold up to the output factor ∥C∥. If

disturbances vanish, rss = 0 and the expressions reduce to the standard settling-time formulas for

an exponentially stable linear system.

7.4 Trajectory Patterns in the Linear (Unsaturated) Phase

This section synthesizes the lemma–level results into a compact picture of how the per–sequence

current evolves during a fault while the loop remains linear (no saturation/anti–windup) and the

small–gain range holds so that αeff > 0 (cf. Lemma 7.3.2, Lemma 7.3.5). We view the response

as a nominal backbone (Sec. 7.1, (7.11)) plus a perturbation that is confined to an ISS tube around

that backbone (Cor. 7.3.7, Cor. 7.3.6). Figure 7.1 provides a geometric map of the patterns below.

7.4.1 Nominal backbone: monotone vs. ringdown.

With exact decoupling, each axis is a second–order loop with characteristic Lfs
2 + (Kp +

aLf )s + Ki = 0. The damping ratio ζ selects the shape: ζ ≥ 1 gives a monotone approach to

the setpoint, while 0 < ζ < 1 yields an underdamped ringdown (a logarithmic spiral in id–iq),
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with peak set by the standard step–overshoot factor (Lemma 7.3.10). This nominal shape is the

trajectory’s spine in Fig. 7.1.

7.4.2 Tube around the backbone.

By Lemma 7.3.5 and Cor. 7.3.7, the state and current remain inside a time–varying neighbor-

hood of the nominal path composed of (i) a decaying radius Mσe
−αeff(t−t0)∥X̃σ(t0)∥ from the entry

mismatch and (ii) an ultimate radius rss set by the perturbations. Equivalently,

Xσ(t) ∈ Xσ,nom(t) ⊕ B

(
rss +Mσe

−αeff(t−t0)∥X̃σ(t0)∥
)
, (7.43)

and the current inherits the same structure via the output map (∥iσ∥ ≤ ∥C∥ ∥Xσ∥). In Fig. 7.1 this

appears as the decaying tube around the nominal spiral and the steady ball around i∞.

7.4.3 Extractor bias: constant vs. time–varying.

A constant sequence–extractor bias does not distort the current trajectory in steady state: the

integrator trims and iσ → Rσ (Lemma 7.3.8). In particular, with R− = 0 there is no persistent

negative–sequence current (Cor. 8.1.3). Time–varying bias enlarges the tube’s ultimate radius in

proportion to its magnitude (Cor. 7.3.6, Cor. 7.3.7); the nominal backbone is unchanged, but the

halo around it is thicker.

7.4.4 PLL perturbations and operating–point scaling.

PLL frequency error enters multiplicatively via EσXσ, so its effect scales with the operating

point: near zero setpoint the tube’s steady radius due to PLL is small; at larger commanded currents

it grows linearly with ∥Xσ,∞∥ or Cnom (Cor. 7.3.6, Cor. 7.3.7). Thus two runs with the same ∆ω

trace the same backbone but exhibit visibly different halo sizes depending on Rσ.

7.4.5 Peaks and settling.

The peak current in the linear phase is the sum of the nominal peak (set by ζ) and the tube radius

induced by perturbations (Lemma 7.3.10); increasing αeff both reduces that radius and attenuates
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the decaying part. The time to enter an ϵ–neighborhood of steady state separates cleanly into a

logarithmic decay term α−1
eff ln(·) and the irreducible steady radius rss (Cor. 7.3.11). Design levers

are therefore: raise αeff (via (Kp, Ki) and Lf , Rf ), and reduce the disturbance magnitudes.

7.4.6 Sequence symmetry and when the picture breaks.

In the nominal model the + and− channels evolve independently with identical tube structure;

any apparent cross–sequence effect in the current is attributable to estimator imperfections already

accounted for in rss. The patterns above hold until saturation/anti–windup, coarse discretizations,

or unmodeled resonances become active, at which point the linear ISS tube no longer certifies the

trajectory and a separate nonlinear analysis is required.

134



Chapter 8

Characterization of Subsystem Behavior – Part III:

Linear Phase (Harmonic Content)

This chapter characterizes the harmonic behavior of IBR during the linear (unsaturated) phase

of operation. Whereas prior chapters examined the macroscopic transient response and current-

limiting behavior under faulted conditions, the focus here is on the spectral content of the current

and voltage waveforms when the modulation index remains within its linear operating region.

The motivation for this analysis arises from the fact that a substantial portion of IBR behav-

ior during faults—even those that ultimately reach PWM saturation—begins in the linear region,

where harmonic injection results principally from controller dynamics, PLL behavior, sequence

couplings, and converter switching interactions. Understanding this regime enables a clearer at-

tribution of harmonic components to specific subsystems, rather than conflating these effects with

nonlinear modulation saturation.

Accordingly, we investigate the frequency content of positive- and negative-sequence current

during linear operation, decomposing the observed signal into fundamental and non-fundamental

components. The analysis examines:

1. how the PLL and sequence extraction structures contribute to spectral artifacts;

2. how the current regulator dynamics shape harmonic propagation into the terminal currents; and

3. how the electrical filter components (transformer leakage, Lf , Cf , and grid impedance) attenu-

ate or amplify individual frequency components.

These results provide physical insight that informs subsequent reduced-order modeling, param-

eterization of the fault-response envelopes, and the interpretation of harmonic distortions during

both normal and ride-through operating modes.
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8.1 Response Characterization under Perturbations

The key well-posedness, nominal exponential stability, and eISS/steady-state tracking-error

bounds for the per-sequence closed loop under the multiplicative PLL term −∆ω(t)EσXσ and

the additive sequence-extractor bias Bv εvσ(t) are developed in Section 7.3; see Lemma 7.3.1,

Lemma 7.3.2, Lemma 7.3.5, and the associated corollaries therein, with proofs deferred to Ap-

pendix A.1. In this section, we build on those results and present additional characterizations that

are specific to the analyses in Chapter 8.

8.1.1 Harmonic and Interharmonic Leakage under Perturbations

Assume the hypotheses of Lemma 7.3.5 so that the small-gain range holds and αeff > 0. Let the

nominal forced trajectory Xσ,nom(·) be defined as in (7.11), and define Cnom := supt≥t0 ∥Xσ,nom(t)∥,

which is finite under Lemma 7.3.2. Linearizing the perturbed model (7.10) about Xσ,nom yields the

following frequency-domain bound on the per-axis current deviation ĩσ := iσ − iσ,nom.

Lemma 8.1.1 (Harmonic and interharmonic leakage bounds under perturbations). Assume Lemma 7.3.5

and constant Rσ. Then, for Ω ≥ 0,

∥∥̂ĩσ(jΩ)
∥∥ ≤

∣∣∣∣
s

Lfs2 + (Kp + aLf )s+Ki

∣∣∣∣
s=jΩ︸ ︷︷ ︸

=: |G(jΩ)|

(
1

Lf

∥∥ε̂vσ(jΩ)
∥∥+ ∥Eσ∥Cnom

∣∣∆̂ω(jΩ)
∣∣
)
.

(8.1)

Consequently, for multi-tone or band-limited εvσ and ∆ω, the spectrum of ĩσ is contained in the

union of the input lines/bands and its magnitude at each Ω is bounded by the right-hand side.

Interpretation: The shaping factor G(jΩ) is high-pass (zero at Ω = 0), so constant extractor bias

produces no steady current error (cf. Lemma 7.3.8 in Section 7.3). Only time-varying components

of εvσ and ∆ω leak into the current spectrum, with PLL-induced leakage scaling with the operating-

point size through Cnom.
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8.1.2 Short-Window Smear Bound

The following corollary quantifies the energy of mismatch accumulated over a finite window,

which is useful when comparing short data records (e.g., relay measurement windows) to nominal

trajectories.

Corollary 8.1.2 (Short-window smear). Assume Lemma 7.3.5 so that αeff > 0. For any window

[tw, tw +∆t] with ∆t > 0, the windowed mean-square deviation between the perturbed and nom-

inal currents satisfies

∫ tw+∆t

tw

∥̃iσ(t)∥2dt ≤ ∆t ∥C∥2M2
σ

(
∥Xσ(tw)−Xσ,nom(tw)∥

+ α−1
eff

(
∥Bv∥ ∥εvσ∥∞,[tw,tw+∆t] + ∥Eσ∥Cnom ∥∆ω∥∞,[tw,tw+∆t]

))2
.

(8.2)

Interpretation: Over short windows, smear energy scales linearly with window length and quadrat-

ically with an effective amplitude formed by instantaneous mismatch at tw plus disturbance levels

weighted by α−1
eff .

8.1.3 Spurious Negative-Sequence Current due to Extractor Bias

The negative-sequence channel is particularly sensitive to estimation imperfections. The fol-

lowing result specializes the general eISS bounds from Section 7.3 to the case of nominally zero

negative-sequence setpoint.

Corollary 8.1.3 (Spurious negative sequence from extractor bias). Consider the negative-sequence

channel with R− = 0 and Vg− = 0.

(a) If ∆ω ≡ 0 and the extractor bias is constant, εv−(t) ≡ ε̄v−, then

i−(t) → 0, z−(t) → −ε̄v−, u−(t) → −ε̄v−, (8.3)

137



i.e., no steady spurious negative-sequence current arises; the PI integrator offsets the bias (cf.

Lemma 7.3.8 in Section 7.3).

(b) If ∆ω ≡ 0 and εv−(·) ∈ L∞([t0,∞)), then the negative-sequence current is eISS with

respect to εv−:

∥i−(t)∥ ≤ M−e
−α−(t−t0)∥i−(t0)∥+

M−

α−

∥Bv∥ ∥εv−∥∞,[t0,t], (8.4)

and, in particular,

lim sup
t→∞

∥i−(t)∥ ≤
M−

α−

∥Bv∥ ∥εv−∥∞. (8.5)

Interpretation: A constant extractor bias does not create persistent negative-sequence current in

the ideal linear regime; time-varying bias leaks through with an L∞→ L∞ gain proportional to

(M−/α−)∥Bv∥. In practice, saturation/anti-windup, discretization, and PLL mismatch can create

additional leakage mechanisms beyond the assumptions used here.

8.2 Harmonic Content in the Linear (Unsaturated) Phase

In the linear, unsaturated phase (post-clamp), the inner current loop follows the nominal closed-

loop dynamics of Sec. 7.1. Grid-voltage feedforward cancels the plant voltage in the nominal

channel, while estimator imperfections enter as described in Sec. 7.2. This section characterizes the

resulting spectral structure: the baseline harmonic content in the positive-sequence frame and the

additional harmonics and interharmonics introduced by PLL and sequence-extractor perturbations.

A pathway-level summary is illustrated in Fig. 8.1. All symbols (e.g., J , Eσ, A0, Bv) follow

previous definitions.

8.2.1 Baseline structure in the positive-sequence synchronous frame

Lemma 8.2.1 (Baseline content in the positive-sequence frame). Under exact alignment (ω̂ = ω0,

θ̂ = θ0 + ω0t), exact decoupling, and constant references:

(i) If R− = 0, the positive-sequence dq current is purely DC.
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PLL

∆ω(t), δθ(t)
SequenceExtractor

εv+(t), εv−(t)

Multiplicative
phase/freq. modulation

Additive
bias/leakage

G+(s)
Positive-seq. loop

G−(s)
Negative-seq. loop

Seq. interaction
(+ω0 with −ω0)

i+dq(t) i−dq(t)

in dq+: DC (const. R+)
+ baseband sidebands Ω
+ 2ω0 only if R− ̸= 0

in dq−: DC (const. R−)
+ baseband sidebands Ω

(2ω0 only when viewing i+ in dq−)

iabc(t) = T −1{ i+(t)ejω0t + i−(t)e−jω0t }
Harmonic outcomes:

• Near-fundamental interharmonics: ω0 ± Ω (PLL/extractor)
• If 2ω0 present in dq+ (i.e., R− ̸=0): mix → {ω0 ± Ω, 3ω0 ± Ω}

(3ω0 ± Ω are zero-sequence; blocked in 3-wire line currents)

• Constant extractor bias ⇒ no steady current error (PI rejection)

• Amplitudes shaped by G±(jω)

Linear inner
current controller

Estimator chain

Figure 8.1: Harmonic pathways in the linear (unsaturated) phase. PLL jitter and sequence-extractor ripple inject
baseband components in the dq loops; recombination to abc shifts them near the fundamental (ω0 ± Ω). A 2ω0 term
in dq+ (if R− ̸= 0) produces additional components near 3ω0 ± Ω. All amplitudes are shaped by the closed-loop
responses G±(jω).

139



(ii) If R− ̸= 0, the positive-sequence frame contains a single 2ω0 component,

idq(t) = i+dq,dc + ℜ{ı̃2ωe−j2ω0t}, (8.6)

with ı̃2ω proportional to R−. No higher harmonics appear in dq under purely fundamental

forcing.

Sketch. With exact decoupling and constant R+, the positive-sequence loop is LTI with a con-

stant equilibrium in its own synchronous frame, producing only DC content. A negative-sequence

component rotates at −ω0 in αβ and therefore appears at −2ω0 in the + frame.

Corollary 8.2.2 (ABC-domain implication). If idq contains only DC and 2ω0 components, the abc

currents contain only fundamental positive and/or negative sequences, while instantaneous power

exhibits a 2ω0 oscillation proportional to ∥̃i+∥ ∥̃i−∥.

8.2.2 Transient envelopes and modal content

Lemma 8.2.3 (Modal content and mapping). In the linear regime with fixed parameters, each per-

sequence loop is second order with poles sσ,1,2 = −σσ± jωd,σ. For piecewise-constant references,

idq(t) = i+dq,dc + ℜ{ı̃2ωe−j2ω0t}+
∑

σ∈{+,−}

e−σσtℜ{η̃σejωd,σt}. (8.7)

Under inverse Park, a transient at ωd,σ in dq maps to abc sidebands at |ω0 ± ωd,σ| with decay rate

e−2σσt.

8.2.3 Perturbation-induced harmonics and interharmonics

Define the closed-loop shaping factor (per axis)

G(s) =
s

Lfs2 + (Kp + aLf )s+Ki

, (8.8)

and recall the leakage mechanism of Lemma 8.1.1.
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Lemma 8.2.4 (Sidebands from PLL jitter and extractor ripple). Let ∆ω(t) =
∑

ℓ wℓe
jΩℓt and

εvσ(t) =
∑

p epe
jΩpt over a window where Xσ,nom is bounded. Then, to first order,

∥̂̃iσ(jΩ)∥ ≤ |G(jΩ)|
(

1
Lf
∥ε̂vσ(jΩ)∥+ ∥Eσ∥ ∥Xσ,nom∥ |∆̂ω(jΩ)|

)
. (8.9)

PLL jitter produces baseband lines in dq at Ωℓ and, when 2ω0 content exists, additional components

at 2ω0±Ωℓ. Extractor ripple generates analogous baseband and 2ω0±Ωp components, all shaped

by G.

Corollary 8.2.5 (ABC-domain sideband map). A dq spectral line at Ω maps to abc tones at |ω0±Ω|.

Thus baseband dq interharmonics appear near the fundamental in abc, while 2ω0±Ω components

map to {ω0 ± Ω, 3ω0 ± Ω}.
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Chapter 9

Characterization of Subsystem Behavior – Part IV:

Reference Current Policies

This chapter examines the steady–state and dynamic reference–current policies that govern

the response of inverter–based resources during grid disturbances. While the preceding chap-

ters focused on subsystem dynamics and linear–phase current behavior, here we turn to the cur-

rent–command logic that ultimately shapes the external electrical response of the converter. In par-

ticular, we analyze how positive– and negative–sequence current injections are synthesized from

the instantaneous terminal–voltage measurements and how these reference policies enable voltage

support, ride-through compliance, and operational safety.

The motivation for this analysis arises directly from modern grid codes and interconnection

standards, which now articulate explicit expectations for reactive and negative-sequence support

from grid-connected inverters. Requirements in IEEE Std 2800-2022, and related European and

UK practice guidelines, specify not only connectivity obligations during abnormal voltages but also

the minimum fault-response current envelopes and coordination rules between active and reactive

current components. These policies form an essential layer that bridges low-level current control

with grid-level voltage stability.

For these reasons, this chapter formalizes performance-consistent reference–current policies,

quantifies their operating envelopes, and examines how positive- and negative–sequence support

is coordinated during unbalanced voltage depressions. The following sections dissect the policy

structures, limitations, saturation behaviors, and feasibility domains that arise when these policies

operate under instantaneous current limits and real converter hardware constraints.
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9.1 Reference current policies for fault ride-through in grid-

following inverters

This section specifies reference-current policies for voltage support during faults, consistent

with major grid codes and interconnection standards. We focus on the steady-state mapping from

measured positive-sequence voltage magnitude V1 := |V 1| to the positive-sequence reactive cur-

rent reference Iref1,Q (and its coordination with active-current references) used by the current con-

troller. Policies are formulated in per-unit (p.u.) on the same base.

9.2 Positive-sequence reactive current versus positive-sequence

voltage magnitude

Let Vref = 1 (p.u.) and define the signed deviation

∆V1 := Vref − V1. (9.1)

The core voltage-reactive policy is a monotone map with (i) a deadband, (ii) a slope (gain) in A/V

(p.u./p.u.), and (iii) saturation at the admissible current envelope. A canonical form that covers

voltage-based functions and European FRT prescriptions is:

Ipol1,Q(V1 ) = sat[−IQ,max, IQ,max]

(
IQ,0 + KQ Sϵ

(
∆V1

))
,

Sϵ(x) := sgn(x) max{|x| − ϵ, 0},
(9.2)

where IQ,0 is the pre-fault reactive current, ϵ ∈ [0,1) is a deadband half-width, and KQ > 0 is

the reactive-current gain (“K-factor”).5 The complex positive-sequence current reference is then

Iref1 = Iref1,P ejθv1 + j Iexec1,Q ejθv1 , θv1 := arg V 1, (9.3)

5Under-voltage (∆V1 > 0) yields capacitive Ipol1,Q > 0; over-voltage yields inductive Ipol1,Q < 0.

143



where Iexec1,Q is the allocated reactive current after coordination with limits.

9.2.1 Deadbands, slopes, and saturation limits

9.2.2 Deadband and slope.

Equation (9.2) implements a piecewise-affine law

Ipol1,Q =





IQ,0 +KQ(∆V1 − ϵ), ∆V1 ≥ ϵ,

IQ,0 −KQ(∆V1 + ϵ), ∆V1 ≤ −ϵ,

IQ,0, |∆V1| < ϵ.

(9.4)

Values for KQ and ϵ are prescribed by grid codes. Typical ranges are KQ ∈ [2, 6] (pu reactive

current per pu voltage drop) with zero or small deadbands ϵ ∈ [0, 0.02] for transmission-connected

IBRs, and technology-category dependent choices for distribution DERs.6 Let the instantaneous

magnitude envelope be

Ienvmax := min
{
Ithermal, Ishort(τ), I

volt
max(θi, Vdc, V1)

}
(9.5)

(thermal, short-term, and voltage-feasibility bounds). Define the positive-sequence budget after

reserving any mandated negative sequence I2 (if applicable) as

Imax,1 :=

√(
Ienvmax

)2 − I22 , I2 ≥ 0. (9.6)

The reactive saturation bound for I1 is then

|I1,Q| ≤ IQ,max :=
√

I2max,1 − I21,P , (9.7)

6See citations for ENTSO-E RfG/GB Grid Code FFCI; IEEE 1547-2018 defines voltage-→reactive functions and
performance categories.
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and the outer saturation in (9.2) guarantees |I1| ≤ Imax,1.

For a worst-case voltage drop to V1 = Vret, nonbinding saturation requires

KQ max{0, 1− ϵ− Vret} ≤ IQ,max, (9.8)

which translates into an upper bound on KQ at a given envelope (and vice versa). If (9.8) is vio-

lated, the policy automatically operates on the saturation face |I1,Q| = IQ,max, which is acceptable

if the grid code only specifies a minimum response (“at least KQ”) up to the hardware cap.

9.2.3 Active–reactive coordination under a circular limit.

Let I⋆1,P be the pre-fault active current (or an operator-specified target during FRT). Under the

instantaneous circle constraint |I1| ≤ Imax,1 the reactive-priority allocation solves

min
(
I1,P − I⋆1,P

)2
+

+ ρ
(
I1,Q − Ipol1,Q

)2
+

s.t. I21,P + I21,Q ≤ I2max,1, 0 < ρ≪ 1,

(9.9)

yielding the radial projection

(Iexec1,P , Iexec1,Q ) =





(
I⋆1,P , I

pol
1,Q

)
, if (I⋆1,P )

2 + (Ipol1,Q)
2 ≤ I2max,1,


 Imax,1 I

⋆
1,P√

(I⋆1,P )
2 + (Ipol1,Q)

2

,
Imax,1 I

pol
1,Q√

(I⋆1,P )
2 + (Ipol1,Q)

2


 ,

otherwise.

(9.10)

Equation (9.10) preserves the power-factor angle of the desired (I⋆1,P , I
pol
1,Q) pair while meeting

the instantaneous limit.

9.2.4 Ride-through state machine and admissible regions.

Let the voltage ride-through (VRT) region be defined by a no-trip envelope VNT ⊂ R≥0 ×R≥0

in the (V1, time) plane. During (V1, t) ∈ VNT, current injection must continue and the policy (9.2)–
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(9.10) is active. Outside VNT (extreme low/high voltage regions), cessation or disconnection is

permitted/mandated. A minimal state machine is

σ(t+) =





RUN, (V1, t) ∈ VNT,

MOM-CEASE, (V1, t) ∈ VMC,

TRIP, (V1, t) ∈ VTRIP,

(9.11)

VNT ∪ VMC ∪ VTRIP = R≥0 × R≥0

with VMC a narrow band where momentary cessation may be allowed by local codes. In RUN,

(9.10) must be respected; in MOM-CEASE active and reactive injection may be reduced subject to

applicable standards.

9.2.5 Policy–envelope feasibility and guaranteed minimum response.

Combining (9.4) and (9.10), the guaranteed reactive current delivered at a retained voltage Vret

is

Imin
1,Q (Vret) = min

{
KQ (1− ϵ− Vret)+,

√
I2max,1 − (I⋆1,P )

2
}
, (9.12)

which meets grid-code minima provided Imax,1 (hardware and DC-link) and KQ satisfy (9.8). If

the code additionally caps the total current at the short-term rating Ishort for a duration τ , replace

Imax,1 by min{Imax,1, Ishort(τ)}.

9.2.6 Prefault bias removal.

Some grid codes specify that the reactive-current increment is proportional to the change in

voltage from the pre-fault level Vpf . This is implemented by replacing ∆V1 with ∆Vpf := Vpf −

V1 and setting IQ,0 ← IQ,pf (measured just before fault). The policy then responds identically

regardless of pre-fault power factor.
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9.3 Negative-sequence reactive current versus negative-sequence

voltage magnitude

This subsection specifies a steady-state policy for negative-sequence support during asymmet-

rical faults. Let V2 := |V 2| and θv2 := arg V 2. We define a voltage-proportional policy (consistent

with European RfG implementation guidance and GB FFCI developments that explicitly discuss

asymmetric support options [154–157])

Ipol2 (V2) = K2 Sϵ2(V2) e
j(θv2+ϕ2,pol),

Sϵ2(x) := max{x− ϵ2, 0},
(9.13)

with gain K2 > 0 (pu/pu), deadband ϵ2 ∈ [0, 1), and a policy angle ϕ2,pol. The executed

reference is the projection of Ipol2 onto the instantaneous feasibility envelope:

Iref2 = Proj|I1|2+|I2|
2≤(Ienvmax)

2

(
Iref1 , Ipol2

)∣∣∣
Iref1 from (9.3)

, (9.14)

where the projection implements either balanced scaling (angle preserving) or reactive-priority

allocation. While explicit negative-sequence obligations vary across jurisdictions (some leave them

as national options [154,155]), (9.13) captures the common engineering form used in practice and

in testing proposals.

9.3.1 Phase targeting (voltage balancing).

For steady-state voltage balancing, the negative-sequence reactive current should be in quadra-

ture with V 2. We parameterize

ϕ2,pol = σ
π

2
+ δϕ2, σ ∈ {+1,−1}, (9.15)
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where σ = +1 (σ = −1) injects capacitive (inductive) negative-sequence current relative to V 2.

Linearizing the sequence KVL around the PCC (Thévenin negative-sequence source V 2,th, network

Z2,g, inverter equivalent Z2,inv) gives

V 2 = V 2,th − (Z2,g + Z2,inv) I2

⇒ dV2

dK2

∣∣∣∣
δϕ2=0

= −ℜ
{
(Z2,g + Z2,inv) j e

jθv2
}

· Sϵ2(V2) ≤ 0,

(9.16)

so δϕ2 = 0 with σ = +1 (capacitive) yields the steepest reduction in |V 2| for inductive grids

(ℑ{Z2,g} > 0). A small policy misalignment δϕ2 induces a first-order degradation of voltage

balancing ∝ cos δϕ2.

9.3.2 Coupled ratio with positive-sequence support.

Let IpolQ,1(V1) be the positive-sequence reactive policy from (9.2). A common coordination rule

is a share ratio
|Ipol2 |
|IpolQ,1|

= ρ2(V1, V2) ∈ [0, ρ2,max], ρ2,max ≤ 1, (9.17)

selected by the TSO/DSO to prioritize bulk voltage support (often ρ2,max ≪ 1) [154, 156]. Imple-

ment (9.17) by

K2(V1, V2) = ρ2(V1, V2)
|IpolQ,1(V1)|
Sϵ2(V2)

,

K2 ≤ K2,max

(hardware/DC-link constraint). (9.18)

Under the instantaneous circle limit |I1|2 + |I2|2 ≤ (Ienvmax)
2, the reactive-priority projection

preserves the power-factor angles of both sequences while meeting the cap, whereas balanced

scaling preserves the ratio |I2|/|IQ,1|; both are convex and uniquely defined.
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9.3.3 Guaranteed minimum and feasibility.

For a retained unbalance V2,ret, the delivered magnitude satisfies

|Iexec2 | ≥ min
{
K2 Sϵ2(V2,ret),

√
(Ienvmax)

2 − |Iexec1 |2
}
, (9.19)

which is the negative-sequence analogue of (9.12). Equation (9.19) formalizes the trade-off be-

tween the share ρ2, the envelope, and the concurrent +1 support mandated by FRT provisions

[154, 156].
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Chapter 10

Proposed Reduced-Order Model – Part I:

Symmetrical Fault Response

10.1 Introduction

The fault response of inverter-interfaced distributed generators (IIDG) is different from that of

synchronous generators because the IIDG fault current is limited by the inverter maximum cur-

rent rating, which is determined by the limited thermal overcurrent capacity of semiconductor

devices [158], and the current-control strategies of the IIDGs [159]. Also, the inverter controls can

respond faster to faults [160] than synchronous generators. The fault current from conventional

generators partially depends on the impedance between the generator terminal and the fault loca-

tion, whereas the fault current from inverters, which are typically current-regulated sources, shows

little or no dependence on network impedance [161]. Hence, traditional generator voltage-source

equivalent models for fault analysis are not suitable for modeling IIDGs [160]. Because of the way

conventional generators, i.e. synchronous generators, behave during faults, their fault current can

be very high. The reason behind the high short-circuit current of synchronous generators is that

the initial high reluctance for magnetic flux forces the armature current to be very high to maintain

the constant flux linkage. The gradual decrease of reluctance results in gradually decreasing fault

current for synchronous generators. But inverter fault currents can change much more quickly and

are typically much lower; they can be further limited by the control and protection functions of

the inverter, sometimes to values even less than the inverter rated current. Thus, overcurrent-based

protection systems that were developed considering conventional generators might not be adequate

for networks with high penetration levels of IIDGs [158, 162]. Unlike conventional generators,

there is no widely accepted tried-and-tested analytical model that captures the fault response of

IIDGs [159, 163]. Generally, studies involving inverter fault response model inverters in three
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ways: (i) complex and full EMT model [164,165]; (ii) constant current model [160,166]; (iii) con-

stant power model [160, 167]. EMT models of inverters are not suitable for large scale protection

studies as they are computationally expensive [168] and require information that is confidential

(i.e. generally not available outside of inverter manufacturers). On the other hand, approaches (ii)

and (iii) are not robust enough to capture the contribution of fault-current from IIDG as there exists

a time-dependency of inverter fault current [169].

Though inverter fault response has been studied extensively with time domain simulations

[170] using EMT models of inverters and experimental studies [171, 172], the need of analytical

fault models of inverter has been identified by many researchers [160, 173] because accurate and

efficient analytical fault models are needed for large-scale protection studies. However, the fault

current response of inverters at fundamental frequency after a grid fault cannot be fully explained

by models currently available in literature. Authors in [173,174] have presented an analytical fault

model of inverters considering the current limiting approaches to limit inductor current. Taking

into account PQ source inverters, the model only considers the controller action on inverter fault

response, ignoring the impact of hardware components of the inverter and the standard/grid code

requirements. Fault characteristics of IIDGs with two different control modes, current control and

voltage control, have been studied in [158]. The impact of different current limiting approaches

was also investigated in this research. However, no analytical model was presented by the authors

to calculate the fault-current of grid-following inverters. Based on the sequence-current control and

reactive power support during grid fault, [160] proposed a short-circuit current calculation method

for a multi-IIDG system. The authors assumed the inverters are constant power sources, where the

reference power is dependent on reactive power support during grid fault. But, in realty, inverters

can also operate in other modes. Moreover, the presented method does not provide any way to

calculate different fault current magnitudes observed within the first few cycles after a fault. [169]

recommends to model the short-circuit current contribution of a Type IV wind farm as a limited

current-source with a current value of 2− 3 pu for the first one to two cycle and 1.5 pu thereafter.

This model is quite simple and may not conform to the experimental fault response. In addition,
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the model does not provide any information about the transition from one fault current level to

another fault current level. Using the controller-based equivalent circuit concept, phasor domain

short-circuit models have been proposed for Type IV wind turbine generators in [175] and for Type

III wind turbine generators in [176]. These models can be used for other IIDGs accounting for dif-

ferent control schemes, transient functionality, decoupled sequence control, and fault ride-through

capability. The models provide steady-state fault current via iterative solutions. Some commercial

software are using similar models for Type III and Type IV wind turbine generators [177]. How-

ever, these models do not give information on how the IIDG current settles from pre-fault current

to the steady-state fault current and does not explain the initial current spike during faults typically

observed for IIDGs.

The fault responses of grid-forming inverters and grid-following inverters are different. This

paper analyzes grid-following inverters because nearly all grid-connected inverters are grid-following

at present. The objectives of this paper are to develop an analytical background to characterize the

fault behavior of grid-following inverters and to develop a reduced-order parameterized short-

circuit current (RPSC) model that explains the most important aspects of inverter fault current

magnitude for the purposes of protection and interconnection studies. As such, the model is in-

tentionally relatively simple, and does not reproduce detailed fault current waveforms. The RPSC

model of inverters presented in this paper has some similarity with synchronous machine models.

To the best of our knowledge, the proposed RPSC model is the first model that addresses the ob-

servable high initial spike of inverter fault current and exponential transition to quasi-steady-state

fault current magnitude. The model presents mathematical and physical explanations to this be-

havior. Most of the published relevant models mainly deal with quasi-steady-state fault current,

ignoring the transition from sub-transient to transient and finally to steady-state fault current. The

rest of the paper is organized as follows: Section 10.2 discusses the typical system description of

IIDG, then section 10.3 explores the contribution of different inverter components to the fault cur-

rent. Based on the analysis carried out in section 10.3, an RPSC model of inverters is proposed in
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Figure 10.1: Common approach to connect an IIDG with the grid

section 10.4. Validation of the proposed RPSC model through experimental and simulation results

is presented in section 10.5 and finally section 10.6 concludes the paper.

10.2 IIDG System Overview

The power delivery capability of IIDG to the grid is determined by the availability of power at

the energy source and the power electronics based interfacing units connecting the grid. Fig. 10.1

shows a common approach to connect IIDG with the grid. Because the IIDG is connected with

the grid through an inverter, the behavior of the IIDG during a grid fault is largely determined by

the inverter. The input energy source dynamics (e.g. photovoltaics or battery systems) typically

do not heavily influence AC fault response, so the IIDG fault response is dictated by the inverter

controller and the hardware components of inverter. Though actual control strategies and hardware

configurations (i.e. power stage, filter etc.) used in inverters vary widely, a general understanding

of these blocks will be helpful to design a generic short-circuit model of inverter.

10.3 Factors Affecting Inverter Behavior During Faults

10.3.1 Current Controller and Output Filter

Inverter output current, igrid,k, is controlled to track the reference current, irefk , by proper se-

lection of current controller compensator, Gi. Here k ∈ {a, b, c} or k ∈ {α, β} or k ∈ {d, q},
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depending on the choice of reference frame for current control. Selection and parameter tuning

of Gi depends on the gain of PWM inverter, Ginv, sensor gains of measured output current, Hi,

inverter output filter, and feedforward voltage passed through feedforward function, Gfb. The esti-

mated voltage at point of common coupling (PCC), v̂g is often time passed through Gfb and applied

in the current controller to supress the disturbance of actual PCC voltage, vg. Fig. 10.2a shows typ-

ical current control strategies found in literature, and Fig. 10.2b shows the relationship of output

current to input current for a generic current controller [178]. Gx1 depends on the current con-

troller compensator, and inverter hardware components whereas Gx2 mainly depends on inverter

hardware including filter parameters. For example, Fig. 10.2c shows a basic current controller for

an inverter with LCL filter for which Gx1 and Gx2 can be calculated as

Gx1 =
GiGinvZCf

Zinv + ZCf

(10.1)

Gx2 =
Zinv + Zgrid

ZinvZgrid + (Zinv + Zgrid)ZCf

(10.2)

where Zinv is the impedance of inverter side L filter, Zgrid is the impedance of grid side L filter,

and Zcf is the capacitor impedance of the LCL filter.

From Fig. 10.2b, the relation of grid current, igrid,k, to the reference current, irefk , can be

calculated as (10.3).

igrid,k =
T

1 + T

1

Hi

irefk − Gx2

1 + T
vg (10.3)

where T is the loop gain of the current controller and can be expressed as T = Gx1Gx2Hi. Since

current controllers are mostly symmetrical, i.e. the transfer functions of d and q axis output cur-

rents with respect to corresponding reference currents are the same, for the following discussion, k

is discarded for the sake of simplicity. (10.3) indicates that inverter output current not only depends

on the reference current, but also on the inverter terminal voltage. Under normal operating condi-

tion, the inverter current controllers are designed such a way that the loop-gain T is substantially

high to make the contribution of the second part in (10.3) negligible. In some cases, voltage feed-
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(a)

(b)

(c)

Figure 10.2: Block diagram of typical current-control strategies a) general current controller b) equivalent current
controller c) current controller for inverter with LCL filter.
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forward terms are added to the inverter current controller to eliminate the impact of grid voltage

on inverter output current [178, 179]. The voltage feed-forward term should be theoretically able

to suppress the impact of distorted grid-voltage. But, in reality, voltage feed-forward term cannot

sufficiently suppress the impact of voltage disturbance on inverter output current [180] as there are

errors introduced by signal distortion by the conditioning circuits, digital controller control delay

and the pulse-width modulation zero-order hold. When voltage feed-forward terms are used, (10.3)

can be updated as (10.4).

igrid =
T

1 + T

1

Hi

iref − Gx2

1 + T
vg +Gfbv̂g (10.4)

if v̂g = Gvvg, (10.4) can be updated as

igrid,k =
T

1 + T

1

Hi

irefk − Y vg (10.5)

where Y = Gx2

1+T
− GfbGv. From (10.5), it is evident that even if voltage feed-forward terms are

added in the current controller to eliminate the voltage disturbance, a sudden change in voltage

magnitude and phase angle will still have impact on the inverter output current. A close examina-

tion of (10.3) and (10.5) reveals that the impact of voltage disturbances on inverter output current

is highly dependent on the complexities of the inverter output filter, at least for the initial transient

response.

To verify the observations made in this section, four different cases relative to the general

inverter current-controller shown in Fig. 10.2a were simulated as shown in Table 10.1. Other

parameters common for all cases are shown in Table 10.2. For L filter, the value of filter inductance

was calculated as L = Linv + Lgrid. The reference current for all four cases was the same, but

the grid voltage magnitude and phase angle were changed at different locations of the voltage

waveform. Fig. 10.3 shows the simulation results for two types of grid disturbances: (i) change

of voltage magnitude from 1 p.u. to 0.2 p.u. and (ii) 30◦ change of phase angle. The responses

observed in phase A of the simulated three phase inverters are shown in Fig. 10.3. It can be seen
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Table 10.1: Simulated cases

Case 1 Case 2 Case 3 Case 4

Filter LCL LCL L L

Voltage FF None Yes None Yes

Table 10.2: Simulated inverter parameters to evaluate the initial spike of inverter current during fault

Parameter Value Parameter Value

vg 220V Linv 600 µH

fgrid 60 Hz Cf 10 µF

P0 6 kW Lgrid 200 µH

fs 10 kHz

Gi 0.1 + 2.5s
s2+(31.4)2

Gfb
1

120

Ginv 120 Hi
1

0.0001s+1

that the spike of inverter output current after a sudden change of voltage magnitude and phase

angle depends on the location on the voltage waveform where the disturbance was applied and on

the inverter filter. Other factors, i.e. voltage feed-forward gain, have a small effect compared to

the factors previously mentioned. Neglecting the factors with lower impact on the initial spike of

inverter fault output current, it can be said that the initial spike of inverter output current after grid

fault largely depends on the inverter filters, fault voltage, and point-on-wave timing of the fault.

Intuitively, it can be explained as the release of energy stored in the passive components of the

inverter filter following a voltage disturbance. Inverter filters will have higher bandwidth than the

bandwidth of inverter current-controller to avoid unwanted interactions. So, the time to dissipate

the the stored energy in the filter due to voltage disturbance will be lower than the time constant

of inverter current controller. The current controller time response is typically in the range of

5 − 50 ms, depending on the inverter switching frequency and specific requirements [129, 181].

Assuming the filter has ten times higher bandwidth than the current controller, the initial current

spike after grid fault is expected to diminish within 0.5 ms-5 ms. The reference current during this

period can be safely assumed as constant. From (10.3) and (10.5), it is evident that the relation of

voltage disturbance and inverter output current is quite complex. However, based on the previous
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(a) (b) (c) (d)

Figure 10.3: Transient inverter current responses to: (a)-(b) change of voltage phase angle at two different points-
on-wave; (c)-(d) change in voltage magnitude at two different points-on-wave. Ig1-Ig4 are for the four cases in Table
10.1.

discussion, it can be characterized by an initial spike of output current followed by rapid decay of

that initial spike. For most practical purposes, e.g. protection coordination, it is enough to know the

approximate magnitude of the initial spike and time to decay that spike. Following this argument,

the impact of voltage disturbance on inverter output current can be approximated as

I(t) = Ipre + Ispikee
−t

T
′′ (10.6)

where I(t) is the magnitude of the output current, Ipre is the pre-fault current magnitude, Ispike is

the magnitude of initial current surge, and T
′′ ∈ [0.5ms, 5ms] is the time constant of the exponen-

tial decay of Ispike if approximated as a first-order response. When using detailed EMT simulation

or lab tests to estimate Ispike, the fault can be applied near the peak of the voltage waveform to

obtain a worst case fault magnitude.

10.3.2 Current Limiters

Grid codes and standards [18] require the inverter to remain connected with the grid during

certain voltage disturbances while injecting current, so it is essential to monitor the reference cur-

rent for any current limit violation. A separate current limit block may be used in the current

controller, or the current reference generation algorithm may be designed to prohibit generating
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any reference current that violates the inverter current rating [167]. During faults, the grid voltage

at the PCC changes depending on the severity and nature of the fault. Depending on which grid

code and standard is being followed, the inverter response to a grid disturbance will vary widely.

For example, for an inverter that conforms to IEEE 1547-2018, if the grid voltage falls within the

continuous operation region, the inverter current must be adjusted to maintain the same pre-fault

power or prorated power. Thus, in this range, the IIDG system can be considered a current-limited

power source. Outside the continuous operation region, the IIDG has more flexibility to regulate its

output current [182] so that the inverter power electronic switches are protected from overcurrent.

The IIDG can employ any of the following mechanisms to provide this protection [158, 162, 173]:

Instantaneous saturation limit on reference current

This approach limits the instantaneous magnitude of the reference current whenever the current

tends to exceed the acceptable current threshold value, Imax, of the inverter. This approach can be

expressed as:

Irefssf =





IrefPQ Vcl ≤ vPCC (10.7a)

IrefPQ IrefPQ < Imax and vPCC ≤ Vcl (10.7b)

Imax others (10.7c)

where vPCC is the voltage at PCC, Vcl is the lower voltage limit of continuous operation region,

IrefPQ is the reference current required to maintain constant reference output power and Irefssf is the

quasi-steady-state reference current after the fault. When the current hits the saturation limit, the

phase angle of fault current depends on the active power or reactive power priority settings of the

inverter.

Predefined fault current

In this case, the reference current will be changed to a predefined fault current to avoid damag-

ing the inverter during a fault. Predefined fault current may be defined in two ways:
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(a) A fixed predefined fault current, Irefssf,pd0, may be used for any fault that results in a grid

voltage disturbance beyond the continuous operation region. This approach can be expressed as

follows:

Irefssf =




IrefPQ Vcl ≤ vPCC (10.8a)

Irefssf,pd0 others (10.8b)

(b) A variable predefined fault current, Issf,pd, based on fault voltage or other parameters can

be used. This approach to the predefined fault current can be expressed as follows:

Irefssf =




IrefPQ Vcl ≤ vPCC (10.9a)

Irefssf,pd(vPCC , Ipre) others (10.9b)

where Ipre is the pre-disturbance inverter output current.

The inverter reference current gets updated once a voltage disturbance has been detected and

the pre-disturbance reference current, Irefpre_f , gets changed to the Irefssf after detection of fault. The

transition from Irefpre_f to Irefssf tends to happen in an approximately exponential manner because of

the presence of a low-pass filter [174,183,184] in the power controller and in the current reference

generator to eliminate higher order harmonics. The cutoff frequency of the low-pass filter in the

power controller needs to be low enough to eliminate the unwanted terms and high enough to

meet design requirements on power response time [184]. Several values appear in the literature for

the cutoff frequency for this low-pass filter. Reference [185] recommended a transient response

time for the power controllers on the order of 100 ms to provide a slowly changing reference

current to ensure a high-quality inverter output current. It was recommended in [186] to fix the

cutoff frequency of the low-pass filter one decade below the fundamental frequency. IEEE 1547-

2018 contains some requirements that might influence the low-pass filter design. For example,

following the restoration of the voltage to the mandatory operation region, the inverter must restore

the active current to 80% of the pre-disturbance value within 0.4 s, and the inverter must be able

to meet the response time requirements for the frequency-power droop and other grid support
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functions. In most cases, this low-pass filter is first order, but a higher order filter could also be

used. For the purpose of generalization, a first-order low-pass filter with a cutoff frequency of ωc

can be assumed, which will result in an exponential transition from Irefpre_f to Irefssf . Assuming the

current controller tracks reference current with sufficiently high accuracy, inverter output current

magnitude, I , during fault will be a time-dependent variable and can be expressed as (10.10).

I(t) = Irefssf + (Irefpre_f − Irefssf )e
−ωct (10.10)

10.3.3 Grid-support Functions

Grid support functions will not have any impact on the maximum fault current from the inverter

because the current limiter will clip any attempt to increase the fault current beyond the acceptable

value. The voltage support functions in IEEE 1547-2018 have relatively slow response times

because they are designed to support steady-state voltage, so the effect on the fault current will be

minimal. In some regions following other interconnection standards, inverters may directly adjust

current magnitude or phase angle to support voltage during faults. In such cases, the response

depends on the specific grid code being followed, but is still constrained by the inverter current

limit. To obtain an RPSC model that accounts for the effects of standards requirements such as

continuous current production, momentary cessation, or fast dynamic voltage support, the relevant

functions should be enabled during the simulation or testing used to produce the RPSC model.

RPSC model parameters may be different for different inverter settings configurations.

10.4 Reduced-order Parameterized Short-circuit Current (RPSC)

Model

Discussion in Section 10.3 showed that the inverter fault current has at least three compo-

nents that are time dependent. (10.6) - (10.10) describe these time-dependent components. These

time-dependent components of the inverter fault current can be considered analogous to the sub-

transient, transient, and steady-state reactance of the synchronous generators during transient con-

161



ditions [187]. But unlike synchronous generators, these components refer to the inverter current

instead of the reactance. Another key difference between the three-phase fault current transients

in synchronous generators and the IIDG is that the former has a DC component but the IIDG does

not have significant DC component in the fault current. At the moment of voltage dip during fault,

there could be some DC current due to interactions of flux linkages in the filter inductors. How-

ever, this DC component will die out quickly as the time response of the inverter current controller

takes effect.

Inverter fault behavior can be modeled in three distinct time periods:

Subtransient period, T
′′

During this period, there is an initial spike of inverter fault current after the grid fault, as

discussed in section 10.3.1. The magnitude of the initial spike largely depends on the inverter filter

and the point-on-wave of the grid voltage where the fault happened. The duration of this period is

expected to be less than the time constant of the inverter current controller. Based on the published

literature on current-controller time constants, it can be assumed that T
′′ ≤ 5ms. The maximum

current magnitude, I
′′

, in this very brief period could be as high as 200% to 300% of nominal

current [187–189] for typical off-the-shelf inverters.

Transient period, T
′

This is the period when the inverter output current transitions to steady-state fault current from

the pre-fault current as described by (10.10) and discussed in Section 10.3.2. This transition from

pre-fault current to steady-state fault current may last between 15ms to 500ms. At the beginning

of this period, the inverter output current, I
′

, is approximately equal to the pre-fault current, i.e.

I
′

= Ipre, and the period ends when the inverter output current reaches close to the steady-state

fault current.

Steady-state period

This is the final stage of inverter fault response when the inverter reaches a quasi-steady state.

The fault current during this period can be denoted as a steady-state current, Issf . The value of

162



Table 10.3: Range of the proposed RPSC model parameters

Parameter Range Parameter Range

I
′′

1− 3 p.u. T
′′

0.5ms− 5ms

I
′

Ipre T
′

15ms− 500ms

Issf < 1.5 p.u. T ss Clearing time

Issf will be limited by (10.7), (10.8) or (10.9). Inverters exhibiting steady state fault response as

described by (10.9) need additional consideration since the steady state fault current is a function

of fault voltage at PCC and pre-fault current. In time-domain simulation, a lookup table can be

used for those inverters to set the steady state fault current. For more accurate analysis, a power

flow study can be done to get an estimate of the fault voltage at PCC to set the steady state fault

current level, perhaps using iterative power flow solution techniques as in [175] and [176].

Immediately after a grid fault, the IIDG can be modeled as a current source as shown in Fig.

10.4a. Fig. 10.4b graphically shows the three distinct periods of inverter current response after a

grid fault. Mathematically, the proposed RPSC model can be expressed as (10.11).

If (t) = (I
′′ − I

′

)e
−t

T
′′ + (I

′ − Issf )e
−t

T
′ + Issff(t), (10.11)

where If (t) is the IIDG fault current and f(t) is a step function which can be defined as

f(t) =

{
1 t ≤ T ss (10.12a)

0 t > T ss (10.12b)

where T ss is the clearing time of the fault. The expected range of the parameters of the proposed

inverter fault current model is presented in Table 10.3. Most commercially available inverters

control their output current in positive sequence only, without contributing to negative- and zero-

sequence currents. In those cases, the RPSC model developed in this paper can be applied to

positive sequence only. However, the model can be easily extended to negative and zero sequence

currents if the inverter also contributes to negative and zero-sequence currents. Note that the pro-

posed RPSC model covers fault current magnitude, so the model can be used of the model can be
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(a) (b)

Figure 10.4: Visual illustration of the RPSC model of inverters a) inverter fault model b) inverter fault current

in overcurrent protection analysis. The phase angle of the fault current is not currently modeled;

the model could be expanded to include phase angle in future work. The phase angle will be deter-

mined by many factors, including availability of the primary energy source, the control structure of

the inverter, and the standards the inverter conforms to. Once the fault current envelop is known,

by considering the factors effecting phase angle, the RPSC model can be used for setting other

protective relays, e.g. distance relays.

10.4.1 Model Parameter Fitting

Fig. 10.5 shows the steps developed to fit the RPSC model to experimental data. Inverter fault

response is recorded via laboratory experiment (or via detailed electromagnetic transient simula-

tion if available). The envelope of the fault current curve can be detected using available envelope

detection algorithms, for example, the function envelope in Matlab. The envelope may be passed

through a low-pass filter to remove components at frequencies above those of interest. Using a

filter may add additional time delay in the detected envelope which may negatively impact fitting

the model to data. To mitigate this, it is necessary to time shift the fault current envelope to align

with the fault start time.

After the fault current envelope is obtained, an appropriate form of the RPSC model needs to be

selected. In the first iteration, the basic form as shown in (10.11) can be chosen. The RPSC model

response in the transient period can be easily updated with an appropriate higher order response if

164



capturing the higher-order response is important for any specific application. In that case, the first

order decay term e
−t

T
′ in can be replaced with a second order decay term d(t). Equations (10.13)

and (10.14) show the expressions for d(t) and D(s), the second order responses to a unit step

change in the time domain and frequency domain, respectively.

d(t) = e
−ζt

τs

(
cos (tωd) +

ζ√
1− ζ2

sin (tωd)

)
(10.13)

D(s) =
1

τ 2s s
2 + 2ζτss+ 1

(10.14)

Here τs is second order time constant, ζ is damping factor and ωd = 1
τs

√
1− ζ2. An example of

the inclusion of higher order terms is demonstrated in the next section.

Before the model and envelope data can be used in a curve fitting algorithm, initial estimates

of the model parameters are required if a least-squares curve-fitting algorithm is used. The approx-

imate values of I
′′

, I
′

and Issf can be directly measured from the inverter fault response. It was

found that setting T
′′

= 0.002 and T
′

= 0.02 as starting points gives good convergence using a

lease-squares curve fitting algorithm. Once the model is fitted, the r-squared value is calculated as

an indicator of goodness of fit (GoF). If the GoF of the fitted model is acceptable, the fitted model

can be accepted. Otherwise, the process is repeated with with different starting points (or higher

order equations) until an acceptable GoF is reached.

10.5 Experimental and Simulation Results

The proposed inverter fault current model presented in this paper was validated with experi-

mental and simulation results.

10.5.1 Experimental Setup

The inverter fault test setup shown in Fig. 10.6 was developed at the Energy Systems Integra-

tion Facility (ESIF) of the National Renewable Energy Laboratory (NREL). The test setup consists

of a PV simulator, commercial off-the-shelf inverter (equipment under test (EUT) in Fig. 10.6),
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Figure 10.5: Algorithm to fit the model with experimental data

and a grid simulator (programmable AC voltage source). The grid simulator output voltage was

controlled by an OPAL-RT to generate test voltage waveforms. The grid simulator was used to

change the grid voltage from nominal to non-nominal voltages to simulate grid disturbances. The

OPAL-RT provides flexibility to create different grid fault scenarios using the grid simulator. Two

off-the-shelf PV inverters with a rated powers of 20 kVA and 550 kVA from two different manu-

facturers were used in the experimental evaluations. Both inverters were three-phase, three-wire

Figure 10.6: Inverter fault test setup at NREL’s ESIF
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Table 10.4: Simulated inverter parameters to validate the proposed RPSC model

Parameter Inverter 1 Inverter 2

vg(rms) 277 V 277 V

f 60 Hz 60 Hz

fs 5 kHz 5kHz

Srating 550 kVA 22 kVA

Linv 2.08 mH 5.72 mH

Lgrid 3.54 mH 9.74 mH

Cf 3.35 µF 12.12 µF

Rf 0.1 Ω 2.7 Ω

Gi 0.243 + 20
s

6.7 + 20
s

Gfb 1 1

inverters (with neutral connections present for measurement only, as is typical). To complement

the experimental results, a detailed EMT model similar to the test setup shown in Fig. 10.6 was

developed in MATLAB/Simulink for time domain simulation. Two separate three-phase inverter

models were developed with ratings of 20 kVA and 550 kVA. The inverters were modeled with a

damping resistor Rf in series with the capacitor in the LCL filter to damp the resonance associ-

ated with LCL filters. The LCL filter parameters of these inverters were determined following the

filter design procedure presented in [190], and the current controller in the synchronous reference

frame was designed following the steps shown in [129]. Thus, the modeled inverters represent

generic inverters rather than manufacturer-specific models, allowing the time-domain simulation

results to be compared to hardware tests to validate the inverter fault-response model developed in

this paper. Table 10.4 lists the key parameters used in the time domain simulation to validate the

proposed inverter fault current model.

10.5.2 Steady-State Fault Current

The 20-kVA and 550-kVA inverters were subjected to different low and high impedance grid

fault conditions by changing the AC-side voltage from its nominal value to a reduced value rep-

resenting the residual voltage during the fault. Both inverters were tested for fault response at
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(a) (b)

Figure 10.7: Steady-state experimental fault current during three-phase-to-ground faults a) 20-KVA inverter b) 550-
KVA inverter

different pre-fault power levels. Fig. 10.7 shows the measured steady-state fault currents (Issf ) for

three-phase-to-ground faults with various residual voltages. During the tests, the low-voltage trip

times for both inverters were set to the maximum allowed values to better observe the steady-state

fault current.

For pre-fault power levels of 80% and below, the 20-kVA inverter maintained the pre-fault

power level down to 0.74 p.u. voltage. When the fault current reached Imax, in this case 1.031

p.u., the inverter maintained that current by prorating the power, even in the continuous operation

region. Below 0.74 p.u., it switched to a predefined fault current, Irefssf,pd0, which was same for all

fault levels regardless of pre-fault power or current (the fault currents are staked on top of each

other in the figure). The 550-kVA inverter behaved differently than the 20-kVA inverter. The test

results show that for voltages above 0.88 p.u., the 550-kVA inverter maintained the pre-fault power

level by increasing its current. The inverter no longer maintained the pre-fault power level when

the grid voltage dropped to less than 0.88 p.u. For the voltages ≤ 0.88 p.u., the inverter output

current transitioned to a predefined steady-state fault current, Irefssf,pd(vPCC), which is a function of

the fault voltage and does not depend to the pre-fault power or current. These results validate the

assumptions on quasi-steady-state fault current of IIDG made in section 10.3.2.
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(a) (b)

(c) (d)

Figure 10.8: Fitting of the proposed RPSC with experimental and simulation results: (a) experimental result for 20-
kVA inverter, (b) simulated result for 20-kVA inverter, (c) experimental result for 550-kVA inverter, (d) simulated
result for 550-kVA inverter.

10.5.3 Transient Periods of Inverter Fault Current

Experimental studies and time domain simulations were performed to verify the proposed

RPSC model. Due to space constraints, test results of selected cases are presented here in Fig.

10.8 showing the fault responses of the 20-kVA and 550-kVA inverters along with their counter-

part EMT models and the RPSC current envelope, IRPSC . For the cases shown here, the inverter

pre-fault current was 1 p.u., and at time t = 1s, a three-phase balanced fault was applied that re-

sulted in sudden drop of grid voltage to 0.2 p.u. The off-the-shelf inverters were found to have three

distinct transient periods when they were subjected to this fault. The envelope of the fault currents

for both of the off-the-shelf inverters and corresponding EMT models were fitted with the proposed

RPSC model. Examining the fitted model in Fig. 10.8, it can be said that the proposed model traces

the inverter fault current envelope with accuracy acceptable for most applications. The 550-kVA

inverter has a second-order response during the transient period instead of a first-order response as
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Table 10.5: RPSC model parameters found for the off-the-shelf inverters

Parameters 20-kVA inverter 550-kVA inverter

for (11)

I
′′

2.318 p.u. 2.317 p.u.

I
′

1 1

Issf 0.1207 p.u. 0.7605 p.u.

T
′′

8.52 ms 2.022 ms

T
′

15 ms 35.9 ms

proposed in (10.10). In order to capture the second order response seen in the 550 kVA inverter

more accurately, the first order decay term e
−t

T
′ during transient period was replaced with a second

order decay term, (10.13). The model fitting algorithm presented in section 10.4 was used to fit

the model to experimental and EMT simulated fault responses observed for both of the inverters.

Parameters calculated for the RPSC model are presented in Table 10.5 for both of the inverters. As

shown, the parameter values are consistent with the expected values presented in Table 10.3. Fig.

10.8a and Fig. 10.8c show the fitting of the RPSC model for the physical inverters. In Fig. 10.8,

the curves indicated by IRPSC show the fitted model when (10.6) is directly used and the curves

indicated by IRPSC−2 show the fitted model when (10.6) is updated with the second order response

expressed by (10.13). The maximum current magnitude in the subtransient period, I
′′

, was some-

what higher for both of the off-the-shelf inverters than their counterpart EMT models. The reason

for this mismatch is that the actual filter configuration and corresponding parameters along with

control strategies for the off-the-shelf inverters are not known. Fig. 10.8b and Fig. 10.8d illustrate

the concept of fitting the RPSC to match an EMT simulation rather than test data.

10.6 Chapter Summary

A reduced-order parameterized fault current model for inverter interfaced distributed genera-

tion is presented in this paper. It is shown here that inverter current after a fault undergoes three

distinctive periods. Analogous to synchronous machine behavior, these periods were defined here

as subtransient, transient and steady-state period. But unlike synchronous machines, instead of
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reactance, inverter output current has different magnitudes during these periods. The initial high

spike of current after the fault was found to depend mostly on the inverter output filter and the

grid voltage point-on-wave where the fault occurs. This initial spike lasts for a very short duration

(less than one cycle). After the fault, the inverter may take up to several cycles to reach a new

quasi-steady state fault current. The magnitude of this quasi-steady-state current partly depends

on the grid code or standard that the inverter conforms to and may vary widely from manufac-

turer to manufacturer. For typical inverters, the quasi-steady-state fault current is not expected to

be much higher than the rated current of the inverter. Experimental and simulation results were

presented to verify the model. The model is expected to be useful for fault response analysis of dis-

tribution networks containing inverter-coupled generation, such as utility protection coordination

studies. Future work could extend the model to include fault current phase angle and sequential

components.
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Chapter 11

Proposed Reduced-Order Model – Part II:

Asymmetrical Fault Response

11.1 From Theoretical Fault-Response Analysis to the Proposed

Reduced-Order Model

The reduced-order model (ROM) developed in this dissertation is not an empirical approxima-

tion but a direct abstraction of the underlying physics and control dynamics governing IBR fault

response. The model architecture and parameterization arise from a sequence of analytical studies

that examined the behavior of grid-following inverters under saturation, current limiting, sequence

interactions, estimator imperfections, and ride-through policies. Across six complementary in-

vestigations, a consistent view emerged: IBR fault currents evolve through a structured series of

event-driven dynamic regimes, each characterized by distinct mathematical behavior. The ROM

generalizes these dynamics into a compact parametric form whose components correspond directly

to the physical mechanisms identified in the theoretical analysis.

11.1.1 Event-Driven Structure of IBR Fault Response.

The analytical studies demonstrate that IBRs do not respond to grid faults in an arbitrary man-

ner; rather, the response progresses through four dominant stages: (i) a subtransient interval gov-

erned by PWM saturation and instantaneous voltage depression; (ii) a transient recovery interval

dominated by current controller dynamics, anti-windup behavior, and filter interactions; (iii) a

composite settling interval in which PLL and sequence-extractor effects shape multi-rate exponen-

tial envelopes; and (iv) a steady-state injection interval determined by grid-code reference-current

policies and circular current limits. This natural partitioning motivates the ROM’s additive struc-

ture, which decomposes the total current into subtransient, transient, and steady-state components.
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11.1.2 PWM Saturation and Subtransient Dynamics.

Temporal saturation analyses reveal that during the first few hundred microseconds, the in-

verter bypasses PI control and behaves as a clipped voltage source filtered through the Lf–Rf

network. The resulting current trajectory follows a rapidly decaying exponential modulated by the

grid frequency and initial voltage depression. This justifies the ROM’s transient term of the form

isub(t) = A0e
−t/τ0 sin(ωf t+ ϕ0), (11.1)

with parameters tied to saturation-induced voltage deficits and filter constants.

11.1.3 Composite Transient Behavior.

Post-saturation analysis shows that the inverter enters a region where the current controller,

dc-link dynamics, PLL, and sequence extractor interact to produce a multi-rate exponential decay.

Closed-form dq-domain expressions and simulation evidence confirm that two to three dominant

dynamic modes describe this interval. This motivates the ROM’s transient component:

itr(t) =
∑

k

Ake
−t/τk cos(ωkt+ ϕk), (11.2)

which captures underdamped oscillations, overshoot, and rate variations observed in EMT simula-

tions and theoretical derivations.

11.1.4 PLL and Sequence-Extractor Imperfections.

Closed-loop analyses with PLL and sequence-extractor imperfections show that, once outside

the saturation region, the dq-domain current converges exponentially toward an equilibrium refer-

ence. Imperfect phase tracking produces bounded harmonic and interharmonic leakage but does

not change the dominant exponential envelope. This motivates the ROM’s steady-state term:

iss(t) = I∞ + A∞e−t/τ∞ , (11.3)
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representing the long-term convergence to the grid-code-mandated reference current.

11.1.5 Harmonic and Interharmonic Leakage.

Analytical results show that harmonic leakage arises from PLL phase error and dq–αβ cou-

pling, but these effects remain small and exponentially bounded. Consequently, they can be cap-

tured implicitly through the phase terms ϕ0 and ϕk of the ROM, avoiding the need for dedicated

harmonic states and preserving model compactness.

11.1.6 Reference-Current Policies and Steady-State Targets.

Grid-code-mandated positive- and negative-sequence current policies define the steady-state

injection following a fault. These policies produce the equilibrium value I∞ that the ROM’s steady-

state term must asymptotically reach. Thus, the theoretical mapping from (V1, V2) to (Iref1 , Iref2 )

directly informs the ROM’s steady-state target.

11.2 Overview of the Proposed ROM Approach

The proposed ROM is a parametric representation of an IBR’s short-circuit behavior. It is

derived from high-fidelity EMT simulations or field-test measurements, but formulated for efficient

use within conventional short-circuit and protection-study environments.

At its core, the ROM expresses the per-sequence, per-axis fault current response iσν (t), for

σ ∈ {+,−} and ν ∈ {d, q}, as a compact sum of physically meaningful components [52, 191]:

iσν (t) = Aσ
0,ν + Aσ

1,νe
−ασ

ν t + Aσ
2,νe

−γσ
ν t +

2∑

k=1

Bσ
k,νe

−βσ
k,ν

t cos
(
ωσ
k,νt+ ϕσ

k,ν

)
, (11.4)

where Aσ
0,ν denotes the steady-state current for each axis and sequence, Aσ

1,ν and Aσ
2,ν represent

the subtransient and transient exponential envelopes, and the oscillatory terms Bσ
k,ν , β

σ
k,ν , ω

σ
k,ν , ϕ

σ
k,ν

capture dynamics primarily shaped by PLL behavior and sequence-extraction effects.

The model captures the sequence-domain fault current response as a function of:

174



1. Pre-fault operating point: The pre-fault positive-sequence current magnitude I+pre, deter-

mined by the active and reactive power setpoints (Pref , Qref).

2. Voltage depression during fault: Positive- and negative-sequence voltage drops ∆V +,∆V −

at the point of common coupling (PCC), which govern current limiting and control-mode

transitions.

3. Dynamic control response: Effects of current limiting, PLL dynamics, anti-windup logic,

and gain scheduling activated during the fault.

The ROM structure is intentionally compact, with parameters directly linked to physical and

control-relevant quantities (e.g., effective impedance, current limits, control gains). This enables:

• Parameter portability: The same parametric form can be used across different short-circuit

tools by exchanging parameter files, without rewriting model code.

• Scalability: Multiple units or plants can be represented by scaling and aggregating parameter

sets.

• Transparency: Parameters can be shared and verified without exposing proprietary controller

implementations.

Unlike traditional fixed voltage-source–behind–impedance models, the ROM explicitly repro-

duces control-driven effects such as current saturation, positive/negative-sequence coupling, and

trajectory shaping caused by PLL dynamics and sequence-component estimation errors during the

fault. Compared with tabular voltage–current lookup models, the continuous-time formulation

in (11.4) preserves subcycle dynamics and the smooth evolution of currents from fault inception

through steady state.

In practice, the parameter identification workflow proceeds as follows:

1. Run EMT simulations or use field-test data for representative pre-fault conditions and fault

types.
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2. Extract positive- and negative-sequence dq current trajectories.

3. Fit the trajectories to (11.4) to obtain the parameter sets.

4. Validate the ROM against independent EMT or measurement cases within required protection-

study tolerances.

Once the sequence-domain currents are predicted, the three-phase currents are reconstructed

using the inverse symmetrical-component and inverse Park transformations (Fig. 11.1):

iabc(t) = T−1
sym




i+d (t) + j i+q (t)

i−d (t) + j i−q (t)

0



. (11.5)

∑

T
−1

i
+

abc
(t)

i
+
q (t) i

+

d
(t)

T
−1

i
−

abc
(t)

i
−

q (t) i
−

d
(t)

iabc(t)

POC

PLL

vabc(t)

ωtωt

−ωt

Figure 11.1: Base reduced-order model workflow showing the transformation of positive- and negative-sequence dq
currents back to three-phase abc currents via the inverse symmetrical component and inverse Park transformations.
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11.3 Data-Driven Generalizability Layer

While the core ROM structure provides a compact and physically interpretable short-circuit

model, industrial deployment requires robustness across loading levels, voltage-sag severity, and

inverter operating conditions. To achieve this, a data-driven generalizability layer is integrated into

the ROM framework to preserve model fidelity across a wide range of operating scenarios.

The generalizability layer extends the base parameter set through simple, physically motivated

adjustment rules applied on a per-sequence, per-axis basis. Specifically, each ROM parameter Cσ
ν

for σ ∈ {+,−} and ν ∈ {d, q} is adjusted according to

Cσ
adj,ν = Cσ

base,ν + kσ
I,νI

σ
pre + kσ

V,ν∆Vσ, (11.6)

where:

• I+pre is the pre-fault positive-sequence current magnitude (with I−pre = 0 under balanced

operating conditions),

• ∆Vσ = Vσ,pre − Vσ,fault is the sequence-specific voltage depression,

• kσ
I,ν and kσ

V,ν are sensitivity coefficients identified during ROM parameter fitting.

The adjusted parameters Cσ
adj,ν are then used directly in the parametric ROM formulation of

Sec. 11.2. For balanced faults, only the positive-sequence adjustments C+
adj,ν are active, while

negative-sequence adjustments C−
adj,ν become effective during unbalanced faults when ∆V − > 0.

This generalizability mechanism provides several key advantages:

• Smooth parameter evolution: Continuous dependence on Ipre and ∆V ensures realistic cur-

rent trajectories between tested operating points.

• Minimal data requirement: A relatively small set of EMT simulations or field tests is suffi-

cient to calibrate the adjustment coefficients.
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• Operational adaptability: The same ROM structure remains valid across fault severities,

loading conditions, and inverter operating regimes.

• Preserved interpretability: The adjustment maintains physical meaning of the base ROM

parameters while enabling practical operational flexibility.

The generalizability layer is technology-agnostic in structure but technology-specific in its fit-

ted coefficients. For example, in IBRs with fast current-limiting control, the dependence on Ipre

may be weak (kσ
I,ν ≈ 0), whereas systems exhibiting stronger control–hardware coupling often

require both Ipre and ∆V terms for accurate fault-current representation.

11.4 Multi-Platform Implementation

The ROM framework was designed as a modular, cross-platform workflow to enable consistent

model generation, tuning, and validation across multiple EMT simulation environments. Its archi-

tecture integrates data acquisition, scenario simulation, parameter extraction, and post-processing

within a unified automation pipeline that can interface with PSCAD, MATLAB/Simulink, and

Python environments. The goal is to allow users—ranging from inverter manufacturers and re-

searchers to utilities—to apply the same workflow whether the source data originate from detailed

EMT simulations, hardware-in-the-loop (HIL) experiments, or field measurements.

11.4.1 Workflow Overview

The end-to-end process begins with available measurements or detailed simulation outputs in

the three-phase (iabc, vabc) domain. Each dataset is tagged with metadata describing the operat-

ing condition, control mode, and applied fault scenario. These data are then processed through

three major functional layers: simulation and extraction, processing and analysis, and output and

validation. The complete workflow is illustrated in Fig. 11.2.

Data Preparation.

The workflow accepts inputs from either measured or simulated inverter responses. For simu-

lated cases, the EMT environment (e.g., PSCAD or Simulink) produces time-domain voltage and
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current waveforms for each test condition. Each case is indexed by a scenario list that defines

pre-fault power flow, fault type, location, and control mode.

Simulation and Extraction.

Fault scenarios are executed in the detailed EMT model to generate voltage and current time

series. The raw three-phase quantities are converted into synchronous reference-frame components

(d–q) using Python or MATLAB utilities embedded in the extraction module. This conversion iso-

lates positive- and negative-sequence components required for parameter fitting and performance

comparison.

Processing and Analysis.

The extracted sequence currents are analyzed over multiple cycles to separate subtransient,

transient, and steady-state segments. A scenario loop function enables serial or parallel execution

of multiple cases, with automatic saving of intermediate results. Signal processing techniques such

as the Fourier transform, Hilbert transform, or Prony analysis are optionally applied to compute

frequency and damping characteristics. For each case, the ROM parameters are estimated using an

iterative identification routine that fits the simplified dynamic equations to the extracted currents.

Parameter Generation and Sensitivity Computation.

Once fitted, all parameters are stored in a centralized database that includes metadata such

as controller type and operating point. A post-processing stage performs sensitivity analysis and

k-factor computation to determine the dependency of ROM coefficients on pre-fault current and

voltage sag magnitude. This step enables dynamic parameter adjustment during subsequent simu-

lations, ensuring that the ROM captures variations in fault severity and control strategy.

Output and Validation.

The generated parameter sets are formatted for direct use in Simulink and PSCAD environ-

ments. A validation module automatically compares ROM responses against detailed EMT results

using quantitative metrics—RMSE, cumulative error, phase shift, and relay timing deviation—and

179



compiles composite performance plots. This unified workflow allows the same ROM to be vali-

dated across platforms, promoting repeatability and transparency in the model-development pro-

cess.

Data Simulation / Extraction Processing & Analysis Outputs / Validation

Available
Measurements (ABC)

Scenario Index
& Settings

Fault Response
(iabc, vabc)

EMT Simulator
(e.g. Simulink, PSCAD)

ABC→dq Extraction
(Python / MATLAB / PSCAD)

Scenario Loop
(serial / parallel)

Program Configuration
& Scenario List

Model Fitting
(ROM / ID)

Run Single Scenario

Model
Selection

Signal Analysis
(Fourier / Hilbert)

Parameter
DB

Sensitivity &
K-factor Calc

ROM Parameter

Add Bias

Validation Runs

Model Parameter Generation

Figure 11.2: Multi-platform workflow for ROM generation, parameter fitting, and validation across PSCAD,
Simulink, and Python environments.

This architecture ensures that ROM development is both platform-agnostic and data-driven.

The modular design supports rapid testing of new scenarios, automatic feature extraction, and

cross-validation with experimental data. It also enables end users to contribute additional data

for model refinement without modifying the core structure. Ultimately, this multi-platform im-
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plementation bridges detailed inverter modeling with system-level protection studies, facilitating

widespread adoption and benchmarking of the ROM across research and industry applications.

11.4.2 Applicability and Model-Fitting Workflow

A key design objective of the proposed reduced-order modeling framework is broad practical

applicability. The model-fitting process is not restricted to any specific simulation environment,

data source, or user type. Instead, the framework is designed to be usable by a wide range of

stakeholders involved in inverter modeling and protection studies.

The proposed approach can be employed by any user with access to inverter fault-response data

in the three-phase abc reference frame. This includes equipment manufacturers, consultants, util-

ities, system planners, and academic researchers. Data for model fitting may originate from field

measurements, laboratory experiments, hardware-in-the-loop testing, or detailed electromagnetic

transient (EMT) simulation models.

In practice, however, utilities and system operators are rarely provided with full internal control

and firmware details of commercial inverters. Although vendors are typically required to supply

validated EMT models for interconnection and compliance studies, these models are commonly

delivered as compiled black-box implementations that obscure internal controller structure and pa-

rameters. This lack of transparency significantly limits independent verification, cross-tool porta-

bility, and protection-oriented analysis. As a result, an external model-extraction process becomes

essential for developing protection-relevant representations of inverter fault behavior that do not

rely on proprietary control information.

Users with access to detailed inverter models may apply the accompanying software tool de-

veloped in this dissertation to automatically execute multiple fault scenarios, extract fault-response

data, and perform systematic parameter identification for the reduced-order model. This capability

enables rapid exploration of operating conditions, fault types, and control settings, significantly

reducing the effort required to construct and validate protection-oriented inverter models.

The overall workflow is intentionally flexible. It supports both measured and simulated data,

and it integrates seamlessly with commonly used platforms including PSCAD, MATLAB/Simulink,
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and Python-based processing pipelines. This flexibility ensures that the proposed framework can

be incorporated into existing utility and research workflows without requiring proprietary software

dependencies or modifications to established simulation infrastructures.
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Chapter 12

Proposed Reduced-Order Model – Part III:

Validation

12.1 Validation of the Reduced-Order Model (ROM)

12.1.1 Objective and Scope

The validation focuses on evaluating the fidelity, robustness, and scalability of the developed

ROM for IBRs. The ROM aims to replicate the short-circuit and post-fault current behavior of

IBRs through a physics-informed, data-driven formulation that captures subtransient, transient,

and steady-state components.

The validation activities were designed to confirm the model’s ability to reproduce key charac-

teristics observed in detailed EMT simulations and measured laboratory data. The main objectives

included:

• Quantitative comparison of ROM and EMT responses in terms of current magnitude, phase,

and relay decision logic.

• Verification of relay element trigger timing accuracy.

• Evaluation of model generalizability across control modes, fault types, and network condi-

tions.

12.1.2 Validation Framework and Methodology

The validation of the ROM leverages its multi-platform implementation to ensure performance

consistency across simulation environments, control modes, and data sources. Because the ROM

was developed to be platform-agnostic, its behavior can be directly compared against EMT-generated
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waveforms in both Simulink and PSCAD, as well as against laboratory experimental measure-

ments. This multi-platform capability forms the foundation of a comprehensive validation frame-

work.

Multi-Platform Capability.

The ROM is implemented in Python, Simulink, and PSCAD-compatible forms, enabling a uni-

fied evaluation workflow. In the first stage of validation, ROM-generated currents were compared

directly with inverter currents from both experimental tests and simulation environments. These

comparisons were performed in:

• the ABC frame, to assess raw waveform fidelity during fault inception and recovery,

• the sequence domain, evaluating positive- and negative-sequence current magnitudes and

corresponding phase-angle trajectories.

This dual-frame comparison allowed the ROM to be evaluated not only on amplitude accuracy but

also on its ability to preserve the correct dynamic phasor evolution following unbalanced faults.

Data Sources. Two categories of reference data were used:

• Experimental measurements, obtained from the hardware test platform described in Sec-

tion 10.5.1, including ABC voltages and currents under staged fault events.

• Detailed EMT simulation data, generated using high-fidelity models of the IBR in both

Simulink and PSCAD. The Simulink EMT implementation is documented in [75, 92, 93],

while the PSCAD model is detailed in [192].

These EMT models support multiple control strategies—such as synchronous-reference-frame (dq)

current control and stationary-frame negative-sequence suppression—allowing the ROM to be val-

idated across diverse control architectures commonly employed in modern grid-following and grid-

forming inverters.
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Simulation-Based Verification. For simulation-based verification, identical fault scenarios were

executed in both the detailed EMT models and the ROM environment. This included:

• AG and BC faults,

• faults at multiple electrical distances,

• variations in IBR control mode and operating point.

This ensured that differences between ROM and EMT outputs arose solely from the modeling

approach rather than from discrepancies in the signal-processing pipeline.

Quantitative Performance Evaluation.

Beyond qualitative waveform inspection, the ROM was subjected to a structured set of quan-

titative accuracy assessments. For every EMT–ROM pair of waveforms, multi-cycle error metrics

were computed using the definitions provided in Section 12.1.3. These include the cycle-specific

Cumulative Error (CE), Root Mean Square Error (RMSE), and phase-shift error for both positive-

and negative-sequence currents. By evaluating these metrics over the first three cycles following

the fault, the framework captures the ROM’s ability to reproduce subtransient, transient, and early

steady-state dynamics. A Composite Performance Metric (CPM) further condenses these results

into a single normalized score, enabling rapid comparison across fault types, control modes, and

electrical distances. This quantitative layer ensures that ROM fidelity is measured consistently and

objectively across all test cases, complementing both waveform-level and relay-level validation

stages.

Relay-Based Performance Evaluation.

Because the long-term objective of the ROM is to support large-scale protection studies, the

final stage of validation analyzed relay behavior when driven by ROM versus EMT waveforms. To

achieve this, fault responses from both the ROM and PSCAD EMT model were passed through a

detailed distance and overcurrent relay model, following the methodology described in [12, 193].

Relay elements—including TRIP, Z1G, XAG, MAG, F32, and FIDEN—were monitored for:
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• element pickup timing,

• zone misalignment or premature pickup,

• changes in negative-sequence directional behavior,

• consistency across cycles and control schemes.

This relay-focused evaluation provides a direct measure of whether the ROM maintains sufficient

fidelity for its intended application in protection studies.

End-to-End Validation.

The complete validation workflow therefore integrates:

1. experimental and EMT waveform acquisition,

2. multi-platform dq and sequence-domain extraction,

3. direct waveform-to-waveform comparison,

4. multi-cycle performance metrics (CE, RMSE, phase error, CPM),

5. relay decision-path validation.

12.1.3 Performance Evaluation Metrics

To assess the accuracy of the ROM in comparison to the detailed simulation model, we define

several evaluation metrics. These metrics quantify the error in current magnitude and phase angle

responses over multiple cycles following a disturbance. Additionally, a CPM is introduced to

provide a single-score evaluation of model accuracy.

Cumulative Error (CE)

The CE measures the total accumulated deviation between the ROM and the detailed model

over a given time window. It is computed for both the positive- and negative-sequence current

magnitudes (I1, I2) as:
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CE =

∫ tf

t0

|Idetailed(t)− IROM(t)| dt, (12.1)

where t0 and tf define the integration window for each cycle. To normalize the error, we express

it as a percentage relative to the integral of the peak current magnitude over the same period:

CE% =
CE∫ tf

t0
|Ipeak(t)|dt

× 100, (12.2)

where Ipeak(t) represents the estimated three-phase peak current magnitude.

Root Mean Square Error (RMSE)

The RMSE quantifies the average deviation between the ROM and detailed model. It is com-

puted as:

RMSE =

√√√√ 1

N

N∑

i=1

(Idetailed,i − IROM,i)
2, (12.3)

where N is the number of time samples in the cycle. Similar to CE, RMSE is expressed as a

percentage relative to the maximum peak current magnitude:

RMSE% =
RMSE

max(Ipeak)
× 100, (12.4)

where Ipeak represents the estimated three-phase peak current magnitude during the same time

window.

Phase Shift Error

The Phase Shift Error quantifies the misalignment between the phase angles of the positive- and

negative-sequence currents. The relative shift between the detailed and ROM models is computed

using cross-correlation:

∆θ = argmax
τ

(∑

i

Idetailed,iIROM,i+τ

)
, (12.5)
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where τ represents the time lag that maximizes the correlation. The phase shift score is then

normalized using the maximum possible shift within one cycle:

θscore = 1− min(|∆θ|, 1)
1

, (12.6)

ensuring that a perfect alignment results in a score of 1.

Composite Performance Metric (CPM)

To provide a single performance indicator, we define the CPM as a weighted combination of

the normalized scores for cumulative error, RMSE, and phase shift:

CPM = w1 · CEscore + w2 ·RMSEscore + w3 · θscore, (12.7)

where:

• w1 = 0.4 (Cumulative Error weight),

• w2 = 0.4 (RMSE weight),

• w3 = 0.2 (Phase Shift weight).

Each component is normalized as:

CEscore = 1− min(CE, 100)

100
, (12.8)

RMSEscore = 1− min(RMSE, 100)

100
, (12.9)

θscore = 1− min(|∆θ|, 1)
1

, (12.10)

ensuring that a CPM value close to 1 indicates high model accuracy, while a lower CPM signifies

a greater deviation from the detailed model.
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12.2 Performance Evaluation Across Different Data Sources

This section presents representative waveform used for the validation of the ROM. While the

detailed PSCAD and Simulink implementation procedures are documented in other sections, the

figures included here illustrate the key input signals, reference frames, and inverter response char-

acteristics that form the basis for the ROM parameter extraction and multi-platform interoperabil-

ity.

12.2.1 PSCAD EMT Simulation

The proposed ROM was validated against a detailed PSCAD model of the IBR. Both models

were subjected to identical unbalanced fault conditions, with the voltage and current at Bus 3

(PCC) recorded for comparison, as shown in Fig. 12.1.

Figure 12.1: Simulation setup.

The reference model was a PSCAD EMT representation including full converter, control, and

network detail. The ROM was tuned using a diverse set of scenarios spanning multiple fault types,

locations, and pre-fault current levels, all with active negative-sequence control in the dq frame.

Parameters obtained from these cases leveraged the ROM’s ability to generalize inverter fault re-

sponse across operating conditions. Figure. 12.2 and 12.3 show representative comparisons be-

tween the ROM and detailed EMT model for AG and BC faults, respectively, both using the same

tuned parameter set without further adjustment. For the AG fault (Fig. 12.2), the ROM closely

reproduces the EMT model’s transient and steady-state current waveforms, capturing magnitude,

phase, and oscillatory content within 1.5 cycles after fault inception. The EMT response for the AG
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Figure 12.2: AG fault response comparison between detailed EMT model and ROM.

Figure 12.3: BC fault response comparison between detailed EMT model and ROM.

fault also exhibits pronounced harmonic distortion; however, since the ROM is designed to repre-

sent only the fundamental-frequency behavior, these high-frequency components are not present in

the ROM output. A similarly high level of agreement is observed for the BC fault case (Fig. 12.3),

demonstrating the ROM’s accuracy across different fault types.

12.2.2 Simulink-Based EMT Simulation

To support cross-platform ROM deployment, the same fault conditions and input signals were

replicated using Simulink-based reduced-order modeling frameworks. Figures 12.4 and 12.5 cap-
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ture the core subsystems used to process ABC-domain inputs into synchronous and stationary

reference frames.

Figure 12.4: Simulink synchronous reference-frame model used for dq transformation and filtering.

Figure 12.5: Simulink stationary-frame (αβ) model for alternative sequence extraction and control validation.

12.2.3 Commercial Off-the-Shelf (COTS) Inverter

Finally, Figure 12.6 illustrates the performance of the ROM in replicating the fault response of a

COTS inverter. The experimental setup used to obtain the COTS inverter waveforms was described
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in Section 10.5.1. These measured responses were used to tune the ROM parameters, after which

the same fault conditions were applied to the tuned ROM to assess its ability to reproduce the COTS

behavior. As shown in the figure, the ROM closely matches the measured COTS fault response,

achieving very high accuracy within the first cycle following fault inception.

Figure 12.6: Snapshot of the COTS environment used for multi-platform ROM validation.

12.3 Relay-Based Performance Evaluation

To establish whether the ROM is suitable for protection studies, this section summarizes the ap-

proach used to compare relay responses driven by ROM-generated currents against those obtained

from detailed EMT simulations.

12.3.1 Test System and Fault Scenarios

The validation of the ROM was performed using the simplified transmission corridor shown in

Fig. 12.7. This network represents a generic medium-voltage transmission path between a main

grid source and an IBR connected through a step-up transformer. The model preserves the essential

impedance partitions and transformer interfaces required to reproduce the voltage and current pro-

files that strongly influence inverter short-circuit behavior and protection system response. On the

left side of Fig. 12.7, the grid is represented by a Thévenin equivalent source feeding the corridor
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through an equivalent impedance Zeq. Downstream of this point, the line is divided into multiple

segments:

• 0.15Z12: an initial short section from the grid to the first bus,

• (m− 1)Z12: an adjustable intermediate section,

• mZ12: the final segment leading into the IBR interconnection.

Here, Z12 is the line impedance, and the parameter m determines the effective electrical distance

between buses, enabling systematic variation of fault severity and negative-sequence voltage levels

along the feeder. Two sources supply the reduced network:

1. A hydro generator connected to the first bus through a step-up transformer (TF1, Yg–∆),

2. The primary grid feeding through Zeq.

The IBR under study is connected at Bus 3 through transformer TF2 (Yg–∆), representing typical

grounding and harmonic-separation characteristics observed in utility-scale PV, wind, or storage

systems. Four designated fault points are available in the model:

• f1: grid-side bus fault,

• f2: fault at the intermediate bus near the hydro generator,

• f3: line fault between the two primary buses (used extensively for EMT–ROM comparisons),

• f4: fault at the bus feeding the IBR transformer.

Fault location f3 is particularly useful because varying the parameter m shifts the electrical distance

from the IBR to the fault. Across this network, the following fault scenarios were evaluated:

• Fault Types: AG (single line-to-ground) and BC (line-to-line),

• Fault Locations: 5%, 50%, and 80% of the electrical distance between the two main buses

(implemented by scaling m),
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• IBR Control Modes:

1. dq-frame negative-sequence current suppression,

2. αβ-frame negative-sequence current suppression,

3. αβ-frame negative-sequence current injection,

• Operating Points: Zero active/reactive power flow (baseline), with selected cases including

nonzero pre-fault current to evaluate sensitivity.

These scenarios collectively exercise the ROM across a wide range of electrical distances,

sequence-voltage levels, and converter control modes. A complete summary of all evaluated test

∼

Grid

f1

Zeq 0.15Z12

BUS 1

f2

(m− 1)Z12

f3

mZ12

BUS 2

f4

Yg∆

TF2

Bus 3

IBR

∼

Hydro

Yg∆

TF1

Figure 12.7: Single-line diagram of the reduced generic transmission corridor used for ROM and EMT validation.
The model includes multiple fault points (f1–f4), transformer interfaces, and adjustable line impedance sections.

conditions—including fault types, locations, control modes, and operating points—is provided in

Table 12.1, which defines the full scenario space used throughout the ROM–EMT validation.

12.3.2 Impedance Trajectories in the R–X Plane

Figures 12.8 and 12.9 show the R–X trajectories for AG and BC faults. Protection elements

were evaluated by plotting the dynamic impedance seen from the relay location. The ROM-

generated impedance trajectories closely reproduce those from the EMT simulation.

• Zone 1 and Zone 2 reach boundaries are crossed at nearly the same time.
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Table 12.1: Summary of Test Scenarios Used for ROM Validation

Scenario Cate-

gory

Options / Variations Notes Purpose

Fault Types AG (Single Line-to-
Ground)
BC (Line-to-Line)

Covers both zero-
sequence and
negative-sequence
rich events

Evaluate ROM
performance
under different
sequence-voltage
conditions

Fault Locations f3
(primary analysis at
5%, 50%, 80% of line
to BUS 2)

Implemented by
varying parameter
m in line impedance
partitions

Assess sensitiv-
ity to electrical
distance and grid
strength

Current Control

Modes

dq-frame neg. seq. sup-
pression
αβ-frame neg. seq.
suppression/injection

Represents com-
mon IBR control
strategies under
unbalanced faults

Test robustness of
ROM across con-
trol architectures

Operating Condi-

tions

Zero P/Q (baseline)
Selected cases with
nonzero pre-fault cur-
rent

Nonzero pre-fault
current used for sen-
sitivity and k-factor
extraction

Examine impact of
operating point on
ROM accuracy

• The shape and direction of the trajectory—particularly the negative-resistance swing char-

acteristic during unbalanced faults—match strongly between EMT and ROM.

• Any deviations are confined to the first 3–5 ms of the subtransient period and do not affect

relay decision paths.

12.3.3 Directional and Distance Protection Elements

Figures Figures 12.8 and 12.9 illustrate the directional (32QG) responses for selected AG and

BC faults. The directional logic (zero-sequence or negative-sequence based) shows consistent

forward-fault indication between the two models.

• The 32QG element in the ROM activates within one cycle of EMT.

• Mho elements (MAG1/MAG2) show nearly identical entry and exit times relative to zone

boundaries.
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(a) AG Fault – EMT (b) AG Fault – ROM

Figure 12.8: R–X plane impedance trajectories for AG fault.

(a) BC Fault – EMT (b) BC Fault – ROM

Figure 12.9: R–X plane impedance trajectories for BC fault.

• The ROM is able to reproduce complex relay logic ordering: TRIP → Z1G → MAG →

F32V, maintaining proper event sequencing.

12.3.4 Mho Element Response

Figures 12.12 show the mho-element reach (MAG) comparison. The ROM correctly repro-

duces the zone entry/exit behavior observed in EMT.
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(a) AG Fault – EMT (b) AG Fault – ROM

Figure 12.10: Directional element (32Q) response for AG fault.

(a) BC Fault – EMT (b) BC Fault – ROM

Figure 12.11: Directional element (32Q) response for BC fault.

12.3.5 Relay Timing Comparison

Relay element trigger timing is one of the most important benchmarks for validating the ROM,

because protection decisions depend not only on the magnitude and direction of measured quanti-

ties but also on the precise ordering and timing of relay element activation. To evaluate this, relay

firing instants were extracted for six representative cases (Cases 13–18), covering a range of fault

types, fault locations, and inverter control modes. Both the EMT model (serving as the reference)
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(a) BC Fault – EMT (b) BC Fault – ROM

Figure 12.12: Mho element reach comparison for BC fault.

and the ROM were subjected to identical scenarios, and protection element activation times were

recorded in cycles from the instant of fault inception.

Table 12.2 presents the full relay-element timing matrix. Across all cases, the ROM closely

reproduces the timing of key elements—TRIP, Z1G, XAG, MAG, F32V, and FIDEN—typically

within 0.25 to 1.0 cycles of the EMT reference. Such deviations fall well within industry-accepted

tolerances for protection studies, particularly for inverter-based resources whose responses exhibit

rapidly decaying subtransient components not fully modeled in simplified representations.

Several important trends emerge:

• Primary protection elements: TRIP, Z1G, and XAG exhibit consistent ordering between

EMT and ROM across all six cases.

• Directional and voltage-dependent elements: the ROM activates F32V and F32QG slightly

earlier due to smoother negative-sequence profiles, but never produces a false activation.

• Distance/mho elements: MAG1, MAG2, and XBC1/XBC2 show small timing offsets (typi-

cally 0.25–0.50 cycles), but preserve correct reach and direction behavior.

• Stability elements: FIDEN matches exactly between EMT and ROM in all scenarios.
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Overall, the results demonstrate that the ROM is sufficiently accurate for relay time-coordinated

studies, ensuring correct element sequence, correct zone entry/exit, and acceptable timing fidelity

for EMT-to-ROM substitution in large-scale studies.

Across all cases evaluated:

• No element that remained inactive in EMT was falsely activated in ROM.

• Deviations larger than one cycle were not observed.

• All deviations fall within typical industry tolerances for protection studies (1–1.5 cycles).

12.4 Quantitative Performance Evaluation

Using the metrics defined in Section 12.1.3, the accuracy of the ROM was evaluated against

the detailed EMT simulation across multiple unbalanced-fault scenarios.

12.4.1 Multi-Cycle Error Metrics

Table 12.3 summarizes the CE, RMSE, and phase-shift values for the positive- and negative-

sequence currents across three consecutive cycles following fault inception. These metrics are

provided for Cases 13–18, covering variations in fault type, location, and inverter control mode.

Consistent with expectations, the largest deviations appear during Cycle 1, where fast EMT-only

subtransient effects dominate. Errors decrease sharply in Cycle 2, and by Cycle 3 both CE and

RMSE fall within low single-digit percentages across all cases. The negative-sequence phase shift

shows small signs of misalignment during Cycle 1 for certain cases but converges rapidly by Cycle

3, often reaching perfect alignment (∆θ = 0). These results confirm that the ROM accurately

captures the dominant sequence currents that govern relay behavior once the initial subtransient

distortion diminishes.

12.4.2 Composite Performance Metric (CPM)

While the multi-cycle error metrics in Table 12.3 provide detailed insight into the ROM perfor-

mance for each cycle and sequence component, it is often useful to have a single scalar indicator
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that summarizes overall accuracy. The CPM defined in Section 12.1.3 serves this purpose by com-

bining normalized CE, RMSE, and phase-shift scores into one value between 0 and 1. Figure 12.13

shows the CPM values for all eighteen test cases. For Cases 1–12, which span a range of AG and

BC faults and operating conditions, CPM remains consistently high, typically between about 0.985

and 0.995. Cases 13–18 correspond to the more challenging scenarios summarized in Table 12.3;

even in these cases, CPM never drops below approximately 0.96. Overall, all eighteen cases satisfy

the target acceptance threshold of CPM > 0.95, confirming that the ROM delivers a high level of

fidelity across different fault types, locations, and control modes.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

0.94

0.96

0.98

1

Case

C
P
M

Figure 12.13: Composite Performance Metric (CPM) for all 18 test cases. A value of 1 corresponds to perfect
agreement between the ROM and the detailed EMT model.

12.4.3 Satisfaction of ROM Requirements

The developed reduced-order model satisfies the derived requirements of Section 2.4.4 through

its formulation, implementation, and multi-platform validation. A concise summary of requirement

fulfillment is provided below.

Outputs

The ROM natively produces the required sequence-domain quantities {|I1|,∠I1, |I2|,∠I2} as

functions of the corresponding voltage sequences. These outputs retain EMT-level temporal reso-
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lution and accurately reproduce subtransient, transient, and early steady-state behavior, as demon-

strated through the CE, RMSE, phase-shift, and CPM metrics across all test scenarios.

Behaviors

Key inverter behaviors relevant to protection performance are embedded directly in the model:

current limiting with Iq/Ip priority, negative-sequence suppression or injection (depending on con-

trol mode), and the ride-through logic involving timers, hysteresis, and setpoint freeze. Sensitivity

to grid strength and operating point is captured through parameter regression and K-factor tuning.

These features allow the ROM to reflect the dominant control, electrical, and sequence-coupling

dynamics governing IBR fault response.

Interfaces

The ROM supports export of parameter tables and sequence-resolved surfaces for use in short-

circuit and protection-coordination tools. Metadata, scenario identifiers, and verification artifacts

are included for traceability. Cross-validation utilities allow users to directly compare ROM and

EMT outputs in Python, Simulink, or PSCAD environments.

Quality Targets

Quantitative evaluation confirms that the ROM meets the accuracy targets established for pro-

tection applications. Multi-cycle error metrics show low steady-state error and good phase align-

ment, with subtransient deviations limited to the first cycle. Relay-based validation demonstrates

timing differences typically within 0.25–0.5 cycles for primary protection elements, indicating that

the ROM preserves the timing, magnitude, and sequence characteristics needed for reliable use in

protection studies.

Overall, the ROM satisfies the outputs, behaviors, interfaces, and quality requirements and

demonstrates robust performance across platforms, operating conditions, and data sources, includ-

ing EMT simulations and COTS inverter measurements.
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Table 12.2: Relay Element Trigger Timing Table (Cycles From Fault Inception)

Relay Model IBR Model Case

13

Case

14

Case

15

Case

16

Case

17

Case

18

TRIP
Full Model 1.375 2 1.375 2.125 2.125 2

ROM Model 1.625 1.375 1.5 3 3 3

Z1G
Full Model 1.375 2.25 1.375 2.125 2.125 2

ROM Model 1.625 1.375 1.5 3 3 3

Z2GT
Full Model

ROM Model

XAG1
Full Model 2 2

ROM Model 1.625 1.5 1.5

XAG2
Full Model 2 2.125 2.125

ROM Model 1.625 1.5 1.5

MAG1
Full Model 2 2 2.75

ROM Model 1.625 1.375 1.5

MAG2
Full Model 2 2 2.125

ROM Model 1.625 1.375 1.375

F32QG
Full Model

ROM Model 0 0 0

F32V
Full Model 0.75 0.75 0.75

ROM Model 0.625 0.625 0.625

FSA
Full Model 2 2 2.125

ROM Model 1 1.375 1.375

FSB
Full Model

ROM Model

FSC
Full Model

ROM Model

FIDEN
Full Model 1 1 1

ROM Model 1 1 1

XBC1
Full Model 2.125 2.125 2.5

ROM Model 3 3 3

XBC2
Full Model 2.125 2.125 2.125

ROM Model 3 3 3

MBC1
Full Model 2.125 2.125 2

ROM Model 3 3 3
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Table 12.3: Multi-Cycle Error Metrics for Test Cases 13–18

Case Cycle I1 CE I2 CE I1 RMSE I2 RMSE I1 Phase Shift I2 Phase Shift

13

1 25.33 5.46 14.13 3.40 0 -0.22

2 19.39 6.10 18.80 6.13 0 0.31

3 4.71 9.49 5.68 9.57 0 0

14

1 25.07 6.28 14.01 3.82 0 -0.22

2 19.16 6.31 18.62 6.48 0 0.31

3 4.71 7.96 5.68 8.03 0 0

15

1 25.15 6.98 14.03 4.15 0 -0.22

2 19.06 6.50 18.55 6.83 0 0.30

3 4.74 6.96 5.72 7.04 0 0

16

1 30.63 13.46 20.62 9.30 0 0.61

2 21.03 6.28 20.32 6.77 0 -0.14

3 4.93 2.44 6.68 2.90 0 0

17

1 30.56 13.49 20.59 9.35 0 0.61

2 20.93 6.37 20.25 6.93 0 -0.15

3 4.90 2.47 6.66 2.93 0 0

18

1 30.50 13.50 20.56 9.38 0 0.58

2 20.96 6.24 20.29 6.96 0 -0.21

3 4.94 2.53 6.77 3.03 0 0
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Chapter 13

Conclusions and Future Work

This dissertation presented a comprehensive and systematic investigation into the fault response

of IBRs and the development of a ROM suitable for large-scale protection studies. Motivated by

the growing penetration of IBRs and the resulting challenges in protection coordination and fault

analysis, the work established a full end-to-end framework that combines requirements engineer-

ing, detailed modeling, theoretical characterization, and multi-platform validation.

The research began with an in-depth requirements analysis to identify the essential behaviors

and output characteristics an IBR model must exhibit to be useful for protection studies. This anal-

ysis defined the need to capture subtransient, transient, and steady-state current behavior; negative-

sequence phenomena; current-limiting logic; ride-through characteristics; and sequence-domain

outputs compatible with relay algorithms. Based on these requirements, high-fidelity EMT models

were developed in Simulink and PSCAD to generate accurate IBR fault responses across a range

of control modes, grid strengths, and fault locations.

A detailed theoretical investigation of inverter fault response was then carried out to understand

the sequence of events following a disturbance. This included a temporal analysis of subtransient

and transient intervals, current-trajectory patterns in the dq and sequence frames, and harmonic

content arising from voltage imbalance and control saturation. These theoretical insights provided

the foundation for deriving a physics-informed, data-driven ROM capable of reproducing the dom-

inant dynamics of IBR short-circuit currents while maintaining interpretability and computational

efficiency.

The central contribution of this dissertation is the formulation of this physics-informed ROM

and its implementation across multiple platforms, demonstrating both accuracy and portability. A

comprehensive validation campaign was performed using detailed EMT simulations and exper-

imental measurements from a COTS inverter. The evaluation included waveform-level compar-

isons in the ABC and sequence domains, quantitative analysis using CE, RMSE, phase-shift error,
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and the CPM, and relay-based assessments using a detailed distance and overcurrent relay model.

Across all test scenarios, the ROM demonstrated strong agreement with EMT and experimental

results, with especially tight alignment after the first cycle. Relay timing deviations were generally

within 0.25–0.5 cycles, confirming that the ROM preserves the timing, magnitude, and sequence

characteristics relevant for protection performance.

Beyond accuracy, the ROM satisfies practical interface and usability requirements through its

ability to model parameter, generate sequence-resolved response surfaces, embed scenario meta-

data for traceability, and support structured cross-validation workflows in Python, Simulink, and

PSCAD. This ensures that the model can integrate directly into utility short-circuit and protection

coordination tools and can be maintained and extended in alignment with PPMV (performance,

provenance, maintenance, validation) practices.

While the ROM captures the dominant dynamics governing grid-following IBR fault response,

certain limitations remain. The model does not explicitly represent switching-scale oscillations or

high-frequency control effects inherent to EMT models. Furthermore, although validated across

multiple control modes, additional testing under grid-forming control schemes, hybrid inverter

architectures, and more complex network conditions would broaden its applicability. Maintaining

and updating the model as inverter control strategies evolve is also essential.

Overall, this dissertation advances the state of the art in reduced-order modeling for modern

power systems. By combining theoretical insight, high-fidelity simulation, laboratory measure-

ments, and protection-oriented metrics, this work provides a validated and practical ROM suitable

for large-scale short-circuit and protection studies. The research framework developed herein es-

tablishes a strong foundation for continued innovation in modeling, analyzing, and protecting grids

with high levels of inverter-based resources.

13.1 Contribution Statement

This dissertation provides several original contributions to the understanding, modeling, and

application of IBR fault behavior for protection studies. The work spans requirements analysis,
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theoretical characterization, high-fidelity simulation, and reduced-order modeling, resulting in a

cohesive framework for short-circuit analysis in power systems with high IBR penetration. The

key contributions are as follows:

• Requirements-Guided Framework for IBR Fault Modeling: A systems engineering based

requirements assessment was developed to identify the essential behaviors, outputs, inter-

faces, and performance targets for a protection-oriented IBR short-circuit model. This anal-

ysis integrates standards (IEEE 2800, IEEE 1547), protection principles, and inverter control

limitations, providing a structured foundation for ROM formulation.

• Theoretical Characterization of IBR Fault Dynamics: A sequence of analytical investiga-

tions was conducted to describe the subtransient, transient, and steady-state processes gov-

erning inverter fault response, including: (i) PWM saturation onset and recovery, (ii) set-

tling characteristics of dq-current controllers, (iii) PLL distortions and sequence-extraction

effects, (iv) harmonic and interharmonic components during unbalanced faults. These anal-

yses collectively provide a coherent theoretical representation of the dynamic stages present

during IBR short-circuit events.

• High-Fidelity EMT Modeling and Data Generation: EMT models of modern grid-following

IBRs were implemented in both Simulink and PSCAD to produce simulation data for anal-

ysis and validation purposes. The models support multiple control modes and realistic grid

conditions, enabling fault responses to be evaluated over a broad operating domain.

• Physics-Informed, Data-Supported Reduced-Order Model: Using the theoretical insights,

a ROM was developed that represents the principal physical stages of inverter fault behav-

ior while remaining computationally efficient. The model captures subtransient magnitude

changes, transient decay patterns, steady-state current limits, positive/negative sequence in-

teractions, and dependencies on operating conditions.

• Parameter Adaptation Across Operating and Grid Conditions: A data-based parameter ad-

justment methodology was introduced to extend the ROM applicability across varying pre-
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fault operating points, grid strengths, controller parameters, and negative-sequence voltage

magnitudes. This enables accurate representation without requiring exhaustive enumeration

of simulation scenarios.

• Validation Across Modeling Platforms and Protection Contexts: The ROM was compared

against PSCAD/Simulink EMT simulations, laboratory measurements, and relay models.

The results indicate that the ROM reproduces IBR fault current characteristics and protection-

relevant quantities with sufficient accuracy for short-circuit analysis and protection coordi-

nation studies.

13.1.1 Limitations

While the proposed reduced-order modeling framework provides a practical and protection-

oriented representation of inverter fault response, several limitations of the present study should be

acknowledged.

First, the model focuses on the dominant electromechanical and control-driven dynamics rele-

vant to short-circuit and protection studies, and therefore does not explicitly capture high-frequency

switching harmonics or electromagnetic phenomena above the fundamental-frequency range. Such

effects, while important for electromagnetic compatibility and power-quality analysis, fall outside

the intended scope of protection-oriented fault modeling.

Second, the current framework has been developed and validated primarily for grid-following

inverter architectures. Grid-forming inverters, which exhibit fundamentally different control struc-

tures and fault-response mechanisms, are not explicitly addressed in this work and constitute an

important direction for future extension.

Third, the proposed model is intended to represent inverter behavior at the device level or at the

level of multiple closely coupled inverters (e.g., within a plant or feeder section). It is not designed

to replace full network-wide EMT simulation of large interconnected power systems. This design

choice reflects a deliberate and reasonable modeling scope: the model captures detailed inverter
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dynamics where they matter most for protection behavior, while enabling efficient integration into

broader system studies through established short-circuit and protection analysis tools.

13.2 Future Work

Several opportunities exist to extend and apply the modeling framework developed in this dis-

sertation:

• Positive-sequence reduced-order model for large-scale studies. Extending the approach

to develop a planning-grade positive-sequence ROM would allow system-wide screening,

faster relay coordination studies, and integration into existing transmission-level short-circuit

and dynamic simulation tools.

• Reduced-order model for grid-forming inverters. As grid-forming inverters become increas-

ingly common, a complementary ROM capturing their voltage-forming behavior, inertia

emulation, and distinct short-circuit characteristics will be critical for future protection and

stability studies.

• Deployment in real-world protection applications. Applying the ROM in utility environ-

ments—including protection coordination, misoperation analysis, and field event reconstruc-

tion—will further validate its practicality and accelerate adoption in operational and planning

workflows.

• AI-assisted parameter extraction and data processing. Future work may explore the inte-

gration of artificial intelligence and machine-learning techniques to enhance the parameter-

identification process, particularly when large volumes of measured or simulated fault data

are available. AI-based methods could assist with automated event segmentation, noise fil-

tering, feature extraction, operating-mode classification, and anomaly detection, improving

the robustness and scalability of ROM calibration while preserving the underlying physics-

based model structure.
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Appendix A

Proofs

A.1 Proofs of Lemmas and Corollaries of Chapter 7

Proof of Lemma 7.3.2. By the Hurwitz assumption on Aσ,nom (Lemma 7.3.2), the standard bound

on the matrix exponential gives ∥Φσ,nom(t)∥ ≤ Mσe
−ασt for all t ≥ 0. Hence the homogeneous

nominal system Ẋσ = Aσ,nomXσ is exponentially stable.

For constant Rσ, the equilibrium Xσ,∞ = −A−1
σ,nomBrRσ exists (cf. (7.6)). Let X̃σ := Xσ −

Xσ,∞; then ˙̃Xσ = Aσ,nomX̃σ, so ∥X̃σ(t)∥ ≤ Mσe
−ασ(t−t0)∥X̃σ(t0)∥, which proves exponential

convergence.

Proof of Corollary 7.3.3. We first isolate the per–axis closed loop. With a := Rf/Lf the nominal

4× 4 matrix admits the Kronecker form

Aσ,nom = A0 = Aax ⊗ I2, (A.1)

Aax =



−(a+Kp/Lf ) 1/Lf

−Ki 0




Consider the 2× 2 Lyapunov equation

A⊤
axPax + PaxAax = −I2, (A.2)
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with symmetric Pax =



p11 p12

p12 p22


. Expanding (A.2) entrywise yields a linear system in (p11, p12, p22)

whose unique solution is

p12 = −
Lf

2
, p11 =

Lf (KiLf + 1)

2 (Kp + aLf )
, (A.3)

p22 =
1

2Ki

(
KiLf + 1

Kp + aLf

+Kp + aLf

)
. (A.4)

Since Kp > 0, Ki > 0, Lf > 0, and a ≥ 0, we have p11 > 0 and p22 > 0. Moreover,

detPax

=
Lf

(
K2

i L
2
f + 2KiLf +K2

p + 2KpLfa+ L2
fa

2 + 1
)

4Ki (Kp + aLf )2
> 0, (A.5)

so Pax ≻ 0.

Now define P := blkdiag(Pax, Pax). Using A0 = Aax ⊗ I2 and the mixed–product property,

A⊤
0 P + PA0 = (A⊤

axPax + PaxAax)⊗ I2 = −I2 ⊗ I2 = −I4. (A.6)

For any trajectory Ẋ = A0X , the Lyapunov function V (X) := X⊤PX satisfies

V̇ (X) = X⊤(A⊤
0 P + PA0)X = −∥X∥22 (A.7)

≤ − 1

λmax(P )
V (X), (A.8)

where we used V (X) ≤ λmax(P )∥X∥22. Grönwall’s inequality gives

V (t) ≤ e− (t−t0)/λmax(P ) V (t0). (A.9)
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Since λmin(P )∥X∥22 ≤ V (X) ≤ λmax(P )∥X∥22, we obtain

∥X(t)∥2 ≤
√

λmax(P )

λmin(P )
e− (t−t0)/(2λmax(P )) ∥X(t0)∥2. (A.10)

This implies the operator–norm bound on the transition matrix (2–norm):

∥Φσ,nom(t)∥2 = ∥eA0t∥2 ≤
√

λmax(P )

λmin(P )
e− t/(2λmax(P )). (A.11)

Finally, because P is block diagonal with two identical blocks, λmax(P ) = λmax(Pax) and

λmin(P ) = λmin(Pax). Hence the claimed explicit constants

Mσ :=

√
λmax(Pax)

λmin(Pax)
, ασ :=

1

2λmax(Pax)
, (A.12)

with Pax given by (A.4).

Proof of Corollary 7.3.4. Starting from the variation–of–constants representation (7.12) and the

bound ∥Φσ,nom(t)∥ ≤ Mσe
−ασt (Lemma 7.3.2), take norms and use submultiplicativity to obtain,

for all t ≥ t0,

∥Xσ(t)∥ ≤Mσ∥Xσ(t0)∥+
Mσ

ασ

∥Br∥ ∥Rσ∥

+
Mσ

ασ

∥Bv∥ ∥εvσ∥∞ +
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞ sup
s∈[t0,t]

∥Xσ(s)∥. (A.13)

Let g(t) := sups∈[t0,t] ∥Xσ(s)∥ and κσ := Mσ

ασ
∥Eσ∥ ∥∆ω∥∞. Then

g(t) ≤Mσ∥Xσ(t0)∥+
Mσ

ασ

(
∥Br∥ ∥Rσ∥+ ∥Bv∥ ∥εvσ∥∞

)
+ κσ g(t). (A.14)

If κσ < 1, rearranging yields the claimed uniform bound, hence Xσ(t) is bounded for all t ≥

t0.
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Proof of Lemma 7.3.5. Subtract (7.11) from (7.12) to obtain

X̃σ(t) =

∫ t

t0

Φσ,nom(t− τ)
[
−∆ω(τ)EσXσ(τ) +Bv εvσ(τ)

]
dτ. (A.15)

Take norms, use ∥Φσ,nom(t)∥ ≤Mσe
−ασt and the triangle inequality, and split Xσ = Xσ,nom+ X̃σ:

∥X̃σ(t)∥ ≤
Mσ

ασ

∥Bv∥ ∥εvσ∥∞,[t0,t] +
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞,[t0,t]

(
sup

τ∈[t0,t]

∥Xσ,nom(τ)∥ + sup
τ∈[t0,t]

∥X̃σ(τ)∥
)
.

(A.16)

Let g(t) := supτ∈[t0,t] ∥X̃σ(τ)∥. Then

g(t) ≤ Mσ

ασ

∥Bv∥ ∥εvσ∥∞,[t0,t]

+
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞,[t0,t] Cnom +
Mσ

ασ

∥Eσ∥ ∥∆ω∥∞,[t0,t] g(t). (A.17)

By the small-gain condition, Mσ

ασ
∥Eσ∥ ∥∆ω∥∞,[t0,∞) < 1, so

g(t) ≤ Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞,[t0,t] + ∥Eσ∥ ∥∆ω∥∞,[t0,t] Cnom

)
. (A.18)

Finally, the homogeneous deviation ˙̃Xσ = Aσ,nomX̃σ contributes the decaying term Mσe
−ασ(t−t0)∥X̃σ(t0)∥,

which under the same small-gain bound yields the stated Mσe
−αeff(t−t0)∥X̃σ(t0)∥. Combining

terms gives the claim.

Proof of Corollary 7.3.2. From Lemma 7.3.6,

∥X̃σ(t)∥ ≤Mσe
−αeff(t−t0)∥X̃σ(t0)∥+

Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞,[t0,t] + ∥Eσ∥ ∥∆ω∥∞,[t0,t] Cnom

)
.

(A.19)

Taking lim supt→∞ eliminates the decaying term and replaces the truncated sup-norms by global

ones on [t0,∞), yielding the stated bound.
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Proof of Lemma 7.3.8. Set ∆ω ≡ 0 and εvσ(t) ≡ ε̄vσ in (7.10). Then

Ẋσ(t) = A0Xσ(t) +BrRσ +Bvε̄vσ. (A.20)

Since A0 is Hurwitz (Lemma 7.3.2), the LTI system with constant input admits the standard closed

form

Xσ(t) = eA0(t−t0)Xσ(t0) +

∫ t

t0

eA0(t−τ)
(
BrRσ +Bvε̄vσ

)
dτ = Xσ,∞ + eA0(t−t0)

(
Xσ(t0)−Xσ,∞

)
,

(A.21)

with equilibrium Xσ,∞ = −A−1
0 (BrRσ +Bvε̄vσ).

Writing the closed-loop blocks (cf. (7.5) and żσ = Ki(Rσ − iσ)) and setting i̇σ = żσ = 0 gives

iσ,∞ = Rσ, 0 = −(a+ Kp

Lf
)Rσ +

1
Lf
zσ,∞ + Kp

Lf
Rσ +

1
Lf
ε̄vσ, (A.22)

hence zσ,∞ = RfRσ − ε̄vσ.

For the axis-wise closed form, define the errors ek := ikσ − Rkσ and wk := zkσ − zkσ,∞

(k ∈ {d, q}). From i̇σ = −(a+ Kp

Lf
)iσ +

1
Lf
zσ +

Kp

Lf
Rσ +

1
Lf
ε̄vσ and żσ = Ki(Rσ− iσ), subtracting

the equilibrium relations yields

ėk = −
(
a+

Kp

Lf

)
ek +

1

Lf

wk, ẇk = −Kiek. (A.23)

Eliminating wk gives the second-order homogeneous ODE

Lf ëk + (Kp + aLf )ėk +Kiek = 0, (A.24)
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whose characteristic roots s1,2 satisfy Lfs
2+(Kp+aLf )s+Ki = 0. Thus ek(τ) = Ake

s1τ+Bke
s2τ ,

τ := t− t0, with initial data

ek(0) = ikσ(t0)−Rkσ, (A.25)

ėk(0) = −
(
a+

Kp

Lf

)
ek(0) +

1

Lf

∆zk, (A.26)

∆zk := zkσ(t0)− zkσ,∞, (A.27)

and coefficients

Ak =
ėk(0)− s2ek(0)

s1 − s2
, Bk =

s1ek(0)− ėk(0)

s1 − s2
. (A.28)

Therefore ikσ(t) = Rkσ + Ake
s1τ + Bke

s2τ . In the critically damped case s1 = s2 =: s, ikσ(t) =

Rkσ +
(
ek(0) + (ėk(0)− sek(0)) τ

)
esτ .

Sketch of Lemma 7.3.10. From Lemma 7.3.5 with X = iσ extracted by C, we have for t ≥ t0:

∥iσ(t)−Rσ∥ ≤Mσe
−αeff(t−t0)∥iσ(t0)−Rσ∥+

Mσ

αeff

(∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥Cnom ∥∆ω∥∞) .

(A.29)

Taking supt≥t0 and using e−αeff(t−t0) ≤ 1 gives (7.35). For the nominal step case, the two axes are

decoupled, each a standard second-order loop with damping ratio ζ; the classical step overshoot

bound gives the axis-wise result and the vector bound (7.37) follows by norm subadditivity.

Proof of Corollary 7.3.11. From Cor. 7.3.7,

∥X̃σ(t)∥ ≤Mσe
−αeff(t−t0)∥X̃σ(t0)∥+

Mσ

αeff

(
∥Bv∥ ∥εvσ∥∞ + ∥Eσ∥ ∥Xσ,∞∥ ∥∆ω∥∞

)

︸ ︷︷ ︸
=: rss

. (A.30)
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To ensure ∥X̃σ(t)∥ ≤ rss + ϵ, it suffices to make the decaying term Mσe
−αeff(t−t0)∥X̃σ(t0)∥ ≤ ϵ.

Solving for t gives t− t0 ≥ 1
αeff

ln
(
Mσ∥X̃σ(t0)∥

ϵ

)
, which yields T (X)

ϵ in the statement (take T
(X)
ϵ :=

max{0, 1
αeff

ln(Mσ∥X̃σ(t0)∥
ϵ

)} if desired).

For the current output ĩσ = CX̃σ, we have

∥̃iσ(t)∥ ≤ ∥C∥ ∥X̃σ(t)∥ ≤ ∥C∥ rss + ∥C∥Mσe
−αeff(t−t0)∥X̃σ(t0)∥. (A.31)

Requiring ∥C∥Mσe
−αeff(t−t0)∥X̃σ(t0)∥ ≤ ϵ gives t−t0 ≥ 1

αeff
ln
(
∥C∥Mσ∥X̃σ(t0)∥

ϵ

)
, which is T (i)

ϵ .
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