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Abstract

This thesis proposes a new methodology for the design and operation of adaptive model-based Re-
medial Action Schemes (RAS) for voltage and frequency stability applications in modern power
systems. Increasing system stress, reduced stability margins, and the large-scale integration of
power-electronics-based generation have exposed the limitations of conventional load shedding
schemes based on static settings and offline studies. To address these challenges, the proposed ap-
proach integrates digital twins, replicas, and data-driven techniques to extract system information
from real-timemeasurements, identify critical operating conditions, and determine remedial actions
while considering both steady-state and dynamic system behavior in real-time. A voltage-collapse-
oriented RAS based on real-time voltage stability margin estimation and a frequency stability RAS
based on post-contingency frequency estimation are developed, including adaptive load shedding
strategies capable of responding to diverse disturbances. In addition, a data-driven assessment stage
is incorporated to evaluate the impact of remedial actions on electromechanical oscillatory behavior.
The proposed methodologies are validated through hardware-in-the-loop (HIL) simulations using
industrial-grade controllers and communication protocols, demonstrating their feasibility, adapt-
ability, and applicability under realistic operating conditions.

Keywords: Remedial Action Schemes, Digital Twin, Replica, Data-driven assessment, Hardware-
in-the-Loop.
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ΔPRef Active power residual vector associated with the UPF equations.
Δ𝑃𝑠ℎ𝑒𝑑,𝑖 Load-shedding amount at bus i.
Δ𝑃𝑚𝑎𝑥𝑠ℎ𝑒𝑑 Maximum load-shedding amount allowed.
Δ𝑃𝑡𝑜𝑡𝑎𝑙 Total load-shedding amount.
ΔQRef Reactive power residual vector associated with the UPF equations.
𝑑u Differential increment of the state vector.
Δ𝑉𝑎𝑣,𝑖 Average voltage deviation at bus i.
Δ𝑉𝑖 Voltage deviation at bus i.
Δ𝑉𝑡ℎ Voltage-deviation threshold.
Δx State correction vector.
Δ𝑦𝑖 i-th element of the measurement-vector variation.

ℓ Iteration of the QR-based algorithm.
e1 First canonical vector.
𝜖 Convergence tolerance of the iterative state estimation process.

F𝛿 Partial derivative of the power-flow equations with respect to voltage angles.
𝑓𝑗 Oscillation frequency of mode j.
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F𝜆 Partial derivative of the power-flow equations with respect to the loading param-
eter.

𝑓pu System frequency in per unit.
𝑓 post
𝑠𝑠 Post-contingency steady-state frequency.
𝑓 post,ref
𝑠𝑠 Post-contingency steady-state reference frequency.

F𝑢 Partial derivative of the power-flow equations with respect to the state vector.
F𝑉 Partial derivative of the power-flow equationswith respect to voltagemagnitudes.

𝚪 Sub-matrix of the Hessenberg block.
𝛾 Generation-unit index.
G𝜆 Partial derivative of the pseudo-arc-length constraint with respect to the loading

parameter.
GSE Gain matrix of the WLS-based state estimator.
G𝑢 Partial derivative of the pseudo-arc-length constraint with respect to the state vec-

tor.

h(x) Vector of nonlinear measurement functions.
H𝑖 i-th Householder reflection.
ℎ𝑖 𝑗 Element of the Hessenberg matrix.
HSE Measurement Jacobian matrix of the state estimator.

|I| Vector of current magnitudes.
I Identity matrix.

𝑗 Deflation index.

𝐾𝑐 Calibration gain or coefficient used in the FIDVR stage.
𝐾𝑖 Load-shedding gain at bus i.
𝑘 Discrete-time index.

𝚲 Discrete-time DMD eigenvalues.
𝜆 Loading parameter.
𝜆𝑗 j-th discrete-time DMD eigenvalue.
𝜆𝑘 Corrected loading parameter at continuation step k.
𝜆max Maximum loading parameter.
𝜆𝑝 Predicted loading parameter.
𝐿𝑆-𝐷𝑖 Dynamic load-shedding amount at bus i.
𝐿𝑆-𝑆𝑖 Static load-shedding amount at bus i.

𝑚 Number of synchronized PMU channels.
𝑚𝑖 Number of generation units connected to bus i.
𝜇𝑗 j-th continuous-time eigenvalue.
𝜇(𝑡) Voltage ride-through admissibility function or dynamic recovery criterion.

𝑁 Number of buses in the power system.
𝑛 Initial snapshot index.
𝑁𝑚 Number of monitored buses.
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𝑝 Number of measurement snapshots.
𝑃Const,𝛾 Active power output of the 𝛾-th constant-power generation unit.
𝑃Ref

Const,𝛾 Scheduled active power setpoint of the 𝛾-th constant-power generation unit.
𝑃Droop,𝛾 Active power output of the 𝛾-th droop-controlled generation unit.
𝑃Ref

Droop,𝑖 Aggregate active power reference of droop-controlled generation units connected
to bus i.

𝑃Ref
Droop,𝛾 Active power reference setpoint of the 𝛾-th droop-controlled generation unit.
𝑃𝑒𝑖 Electrical output power of generator i.
Pflow Vector of active power flow measurement.
𝑝Γ(𝜌) Characteristic polynomial of Γ.
𝑃𝑔𝑖 Active power generation at generator i.
𝚽 Mode shape.
𝑃𝑖 Active power injection at bus i.
𝑃𝑖 𝑗 Active power flow from bus i to bus j.
Pinj Vector of active power injection measurement.
𝑃𝑙𝑖 Active power load at bus i.
𝑃Load,𝑖 Active power load at bus i.
𝑃LS-S,𝑖 Static load-shedding amount at bus i.
𝑃𝑚𝑖 Mechanical input power of generator i.
𝑃Ref
𝑖 Specified active power reference at bus i.

Qflow Vector of reactive power flow measurement.
𝑄𝑖 Reactive power injection at bus i.
𝑄𝑖 𝑗 Reactive power flow from bus i to bus j.
Qinj Vector of reactive power injection measurement.
𝑄𝑙𝑖 Reactive power load at bus i.
Q(ℓ )
𝑞𝑟 Orthogonal factor in the shifted QR iteration.

𝑄Ref
𝑖 Specified reactive power reference at bus i.

𝑟 Rank of S1.
𝑅𝛾 Droop coefficient of generation unit 𝛾.
𝜌 Wilkinson shift.
Rmeas Measurement covariance matrix.
R(ℓ )
𝑞𝑟 Upper triangular factor in the shifted QR iteration.

𝑠 Arc-length continuation parameter.
S†1 Moore–Penrose pseudo-inverse of S1.
𝑆Droop,𝛾 Base power of the 𝛾-th droop-controlled generation unit.
Σ Full singular-value matrix.
𝜎 Continuation step size.
𝚺𝑟 Diagonal matrix of singular values.
s𝑘 Measurement snapshots from PMUs over a discrete-time observation window.
S1 First snapshot data matrix.
S2 Second snapshot data matrix.

t Tangent vector.
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𝜏 Integration interval or time delay.
𝑇 Final time of the ride-through evaluation interval.
𝜃𝑖𝑛 Phase angle of the bus admittance matrix element 𝑌𝑖𝑛 .
Tsystem Participation vector of the load or generation in the CPF.
𝑡0 Initial time for the voltage-deviation assessment window.

u State vector.
u𝑘 Corrected state vector at continuation step k.
u𝑝 Predicted state vector.
U𝑟 Left singular vector.
U⊥
𝑟 Orthogonal complement of U𝑟 .

V Vector of voltage magnitudes.
𝑉𝑖 Voltage magnitude at bus i.
v𝑖 Householder vector.
𝑉𝑛 Voltage magnitude at bus n.
V𝑟 Right singular vector.
V⊥
𝑟 Orthogonal complement of V𝑟 .

V𝑇𝑟 Transpose of the right singular-vector matrix.
𝑉𝑡ℎ,𝑖 Reference voltage threshold at bus i.

W Matrix of eigenvectors of Ã.

𝝃 Auxiliary vector used to compute the CPF tangent direction.

y Measurement vector.
𝑌𝑖𝑛 Element of the bus admittance matrix between buses i and n.

z Measurement vector used in the state estimator.
𝜁 Damping ratio.
𝜁 𝑗 Damping ratio of mode j.
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Introduction

Power systems constitute the largest andmost complex infrastructure ever developed; consequently,
ensuring their continuous and secure operation represents a critical challenge. In recent decades,
these systems have evolved toward significantly more demanding operating conditions, character-
ized by high loading levels, congestion in critical transmission corridors, reduced inertia due to the
large-scale integration of power-electronics-based generation, and a sustained reduction in stability
margins. As a result, modern power systems have become more vulnerable to severe disturbances
andmore susceptible to instability phenomena, particularly voltage collapse and frequency instabil-
ity. In this context, Remedial Action Schemes (RAS) are not merely relevant tools, but indispensable
elements for preserving operational security and preventing large-scale blackouts.

Among the different types of RAS, load shedding schemes have been widely used to mitigate
voltage and frequency stability problems. However, their operation is based on static approaches,
relying on predefined parameters and offline studies. These characteristics make them poorly suited
to adapt to the dynamics and complexity of modern power systems. Consequently, these schemes
exhibit limitations that may lead to inefficient responses, where load shedding actions are either
insufficient or excessive. Therefore, the development of truly adaptive remedial action schemes,
capable of integrating real-time system information and accurately representing system dynamics,
is not optional but a fundamental necessity.

Despite these advances, fully adaptive RAS have rarely been reported in practical power system
applications. This indicates that the principal challenge is no longer the development of increasingly
sophisticated adaptive algorithms, but rather demonstrating that suchmethodologies can satisfy the
security, reliability, and robustness requirements imposed by critical infrastructures. Furthermore,
many of the methodologies reported in the literature assume levels of system observability, control-
lability, and computational resources that are seldom available in practical substations, while their
validation is commonly limited to offline simulations that do not capture the constraints associated
with industrial protection and control platforms. Consequently, a significant gap remains between
the research development of adaptive RAS and their practical deployment in real power systems.

To bridge this gap, this thesis establishes a methodological framework for the design, implemen-
tation, and validation of a new generation of adaptive model-based remedial action schemes sup-
ported byDigital Twins, Replicas, and data-driven techniques. The proposed framework enables the
automatic adjustment of corrective actions according to the current operating conditions by extract-
ing the physical properties of the power system from real-time measurements, identifying critical
operating conditions, and adaptively determining the required remedial actions. Furthermore, it
incorporates a dynamic assessment stage to evaluate the impact of such actions, consistently inte-
grating steady-state analysis with the dynamic response of the system. In contrast to conventional
schemes, the proposed methodology provides a systematic framework for adaptive RAS operation
capable of responding effectively to a wide range of disturbances.
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4 Introduction

The main contributions of this thesis are as follows. First, a methodology for the operation of
a voltage-collapse-oriented RAS is developed, based on digital twins and supported by a steady-
state model capable of estimating the system voltage stability margin in real time. This margin is
used as an index to determine and adjust the required amount of load shedding. In addition, a two-
stage load-shedding strategy is proposed to address the dynamic voltage response by monitoring
the voltage deviation during disturbances.

Second, the methodology is extended to frequency stability problems through a digital twin
based on a model that estimates post-contingency frequency. This approach enables the calcula-
tion and adjustment of the load shedding amount required to maintain frequency within acceptable
limits, using a single-stage strategy, in direct contrast to conventional multi-stage schemes. Further-
more, the concept of a replica is incorporated to capture the physical characteristics of industrial-
grade controllers, enabling realistic validation through real-time simulation.

Third, a data-driven evaluation stage is integrated within the replica framework to analyze the
dynamic impact of the single-stage load shedding strategy on critical system variables, particularly
electromechanical oscillation modes, ensuring that no poorly damped or unstable oscillatory condi-
tions are introduced.

Although the proposed methodology can be evaluated using specialized simulation software,
such an approach is insufficient to capture the limitations and phenomena associated with the in-
dustrial controllers in which RAS are implemented in practice, such as processing delays, internal
architecture, and communication protocols. These constraints directly affect system performance
and cannot be neglected.

For this reason, the methodology is validated in a Hardware-in-the-Loop (HIL) environment, in
which the RAS, together with their models and operational logic, are implemented on industrial-
grade controllers similar to those used in electrical substations. This approach enables performance
evaluation under realistic conditions, incorporating physical implementation constraints anddemon-
strating the feasibility and applicability of the proposed methodology in real-world operational en-
vironments.

Thesis objectives

General objective

The objective of this thesis is to propose, develop, and validate an adaptive operating methodology
for remedial action schemes based on digital twins, replicas, and data-driven techniques, capable
of operating in real time to determine, adjust, and dynamically assess load-shedding actions for
voltage and frequency stability applications, while addressing key limitations of conventional static
schemes.

The contributions of this thesis are of a dual nature: on one hand, they are methodological and
analytical, involving the formulation of an integrated mathematical framework for digital twins of
voltage and frequency stability, the development of operational logics for adaptive load shedding,
and the application of dynamic mode decomposition to assess electromechanical oscillations in-
duced by remedial actions; on the other hand, they are experimental, involving the implementa-
tion and verification of these methodological contributions on industrial-grade hardware through
hardware-in-the-loop testing. The experimental component is not a substitute for scientific rigor but
a means of validating the proposed methodology under conditions that cannot be reproduced in
pure offline simulation, while also contributing to technological development by demonstrating its
practical applicability and potential for real-world deployment.
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Specific objectives

• Develop a model-based methodology for voltage stability-oriented RAS, supported by digital
twins, capable of estimating the system voltage stability margin in real time and using it as a
control index to determine and adjust load shedding actions.

• Design and implement a two-stage load shedding strategy that incorporates both steady-state
and dynamic voltage response, enabling effective mitigation of voltage collapse under a wide
range of operating conditions.

• To extend the proposed methodology to frequency stability problems, by developing a digi-
tal twin capable of estimating post-contingency frequency and determining the required load
shedding through a single-stage adaptive strategy.

• Incorporate the concept of replica for industrial-grade controllers, enabling the representation
of physical and operational constraints associated with real RAS implementations.

• Integration of a data-driven evaluation stage within the replica framework, aimed at assessing
the dynamic impact of load shedding actions on critical system variables, particularly elec-
tromechanical oscillation modes.

• Validate the proposed methodology under realistic operating conditions through hardware-
in-the-loop simulations using industrial-grade controllers and communication protocols.

Hypothesis

This thesis hypothesizes that conventional load-shedding schemes, due to their reliance on fixed
parameters and offline studies, tend to produce insufficient or excessive remedial actions under
modern operating conditions. An adaptive model-based RAS supported by digital twins, replicas,
and a data-driven dynamic assessment can address these limitations by adjusting load-shedding
actions according to real-time operating conditions and by validating their dynamic impact prior
to execution, resulting in improved post-contingency performance in voltage and frequency stabil-
ity problems, in terms of steady-state values, frequency nadir, and load-shedding amount, while
remaining implementable on industrial-grade controllers.

General structure of the thesis

Chapter 1: State-of-the-Art of Remedial Action Schemes

This chapter provides a conceptual description of remedial action schemes, along with a compre-
hensive review of the different RAS approaches reported in the literature. A comparative analysis
is conducted, focusing on the operational parameters targeted for enhanced adaptability.

Chapter 2: Next-Generation Remedial Action Schemes for Modern Power Grids

This chapter describes the main challenges in the design of remedial action schemes for modern
power systems. It also defines the concepts of digital twin and replica, highlighting their importance
in the development of next-generation RAS. Furthermore, the role of hardware-in-the-loop testing
is emphasized as a critical step for evaluating remedial action schemes prior to field deployment.
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Chapter 3: Model-Based Digital Twin for a Voltage Stability–Oriented Remedial
Action Scheme
This chapter addresses the voltage stability problem and presents the proposed two-stage oper-
ational methodology, along with the theoretical foundations of the remedial action scheme, ex-
plicitly detailing both its steady-state in the digital twin and dynamic stages. It also describes the
hardware-in-the-loop validation platform used for implementation. Finally, the results of the pro-
posed methodology are presented, including the validation of each stage and a comparative perfor-
mance assessment against a conventional RAS.

Chapter 4: Data-Driven Digital Twin and Replica for a Frequency Stability-
Oriented Remedial Action Scheme
This chapter addresses the frequency stability problem and presents the proposed single-stage op-
erational methodology, together with the theoretical foundations of the remedial action scheme. It
describes the model used within the digital twin, the data-driven stage for dynamic performance
evaluation, and the stage based on the replica concept. The hardware-in-the-loop simulation plat-
form used to validate the proposed methodology is also detailed. Finally, multiple case studies are
presented, including direct comparisons with a conventional RAS and a comprehensive evaluation
of the proposed scheme under parametric variations.



1
State-of-the-Art of Remedial

Action Schemes

Power systems are extensive, complex, and geographically widespread infrastructures that transfer
large amounts of energy from diverse generation technologies to residential, industrial, commercial,
and service consumers. Traditionally, control centers have sought to ensure a reliable, secure, effi-
cient, and continuous electricity supply under both normal operating conditions and power system
disturbances.

Security standards guide the planning and operation of power systems to preserve stability even
after component outages. This requirement, commonly known as the 𝑁 − 1 criterion, has histori-
cally been a fundamental pillar of secure power system planning and operation [1]. In recent years,
several factors have significantly increased the complexity of satisfying these operational objectives,
including sustained demand growth, limited transmission expansion, and the increasing penetra-
tion of renewable energy sources with dynamic characteristics that differ from those of conventional
synchronous generation. In many power systems, electricity demand has exceeded initial projec-
tions, placing considerable stress on existing infrastructure without a proportional expansion of the
transmission grid.

The limited deployment of new transmission corridors has led to persistent congestion and bot-
tlenecks in critical network links, reducing operational margins and complicating compliance with
the 𝑁 − 1 criterion. As a result, control centers often adopt conservative operational strategies by
avoiding highly stressed operating points that, although potentially sustainable under normal con-
ditions, could become unacceptable after a predefined contingency.

Although this practice is necessary for security reasons, it may lead to underutilization of the
transmission capacity of the power system. Moreover, under high-demand conditions, particularly
during peak hours, severe grid congestion can impose significant constraints on dispatch and oper-
ational alternatives. In some cases, this can place the system near its security limits, increasing the
complexity of control-center tasks and raising the risk of incidents that could disrupt power system
stability and lead to service interruptions or blackouts.

To address these challenges and prevent the propagation of large-scale disturbances, power sys-
tems employ remedial action schemes, which automatically and rapidly identify and respond to pre-
defined critical conditions. RAS play an essential role in preserving power system stability during
critical periods by implementing targeted corrective measures. These actions may include network
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reconfiguration, load shedding, or generation tripping.

1.1 Remedial Action Schemes
For several decades, remedial action schemes have been widely used to preserve security and en-
hance the resilience of power grids under highly stressed operating conditions. In the literature,
these schemes are also commonly referred to as Special Protection Schemes (SPS). The North Amer-
ican Electric ReliabilityCorporation (NERC), theWestern ElectricityCoordinatingCouncil (WECC),
and the Federal Energy Regu- latory Commission (FERC) have adopted the term RAS as a unified
term. According to theWECC, a RAS is “a scheme designed to detect predetermined system conditions and
automatically take corrective actions that may include, but are not limited to, adjusting or tripping generation
(MW and Mvar), tripping load, or reconfiguring the system(s)” [2].

It is essential to distinguish between the operational and protection objectives of conventional
protection schemes and RAS. Traditional protection schemes mainly focus on safeguarding power
system equipment against faults by selectively and coordinately disconnecting faulted components
from the rest of the system. These components may include transmission lines, transformers, gen-
erators, feeders, and buses. To achieve this, conventional protection schemes incorporate a variety
of protection functions that detect and clear different electrical faults. The fundamental principles
underlying these schemes and their operation are rooted in the classical theories of power system
protection.

Conversely, RAS are focused on an operational goal. Their purpose is to maintain critical power
systemvariableswithin acceptable thresholds during contingency conditions, preventing the uncon-
trolled disconnection of power system elements that could lead to large-scale blackouts. Therefore,
RAS act on elements already connected to the system by applying predefined corrective actions with
the objective of preserving overall power system stability. Since contingencies can produce different
dynamic behaviors, remedial actions must be selected accordingly. In this context, RAS incorpo-
rate a range of corrective actions designed to address specific operational conditions. The following
subsection describes the most common remedial actions used in RAS.

Remedial action schemes can implement a wide range of remedial actions, depending on the
operating conditions of the power grid. The most common actions include [3]:

• Automatic generation shedding.
• Automatic load shedding.
• Changes in the power system topology.
• Out of step tripping (OSS).
• Controlled separation of power grid areas.
• Automatic switching of capacitor banks.
• Automatic switching of reactor banks.
• Setpoint changes in Flexible AC Transmission Systems (FACTS) devices.
• Setpoint changes in High-Voltage Direct Current (HVDC) systems.
• Automatic Generation Control (AGC) actions.
• Fast control of photovoltaic plants.
• Fast control of wind turbine plants.
• Fast control of energy storage systems.

The selection of the remedial action is directly related to the phenomenon affecting the power
grid and the condition requiring mitigation. A contingency can lead to different types of power



1.2. Identification and Design of RAS 9

system instability, including voltage instability, frequency instability, transient instability, and poorly
damped oscillations.

The presence of multiple remedial actions and highly stressed operating scenarios does not, by
itself, justify the implementation of a remedial action scheme. While the need for a RAS may be
apparent, this does not guarantee that a given set of remedial actions will be effective under all
operating conditions. Therefore, it is essential to first establish the need for a RAS, then define the
set of actions to be implemented, and finally determine the criteria for RAS activation. This process
requires careful and structured design, aligned with the specific phenomenon to be mitigated.

In this context, it is essential to systematically analyze how the need for a RAS is identified in a
power grid, as well as how its structure, design criteria, and operational methodology are defined.
These aspects are addressed in the following section.

1.2 Identification and Design of RAS
Control centers perform power system planning studies to analyze the future evolution of the grid.
These studies consider load demand trends, new generation integration, and their impact on power
system security and stability, using static and dynamic frameworks as needed. These evaluations
reveal potential future operational and security challenges for the system. Many of these challenges
can be alleviated through infrastructure expansion, for example by constructing new transmission
lines to enhance network robustness or by installing reactive power compensation devices, including
FACTS, to increase power transfer capability. However, such measures generally entail long imple-
mentation lead times and substantial capital expenditures. By contrast, RAS constitute a flexible
solution with comparatively short deployment horizons, as they can be authorized, engineered, and
commissioned within significantly reduced time frames. In this scenario, RAS act as a provisional
support system, preserving requisite power system security and performance while enduring the
development and integration of planned infrastructural upgrades.

In weak power systems with frequent stability problems, the integration of large synchronous
generating units may require the implementation of remedial action schemes as a condition for in-
terconnection to the transmission network [4]. This requirement is driven by the need to mitigate
the significant impact that the sudden or uncoordinated disconnection of such units may have on
system security and stability. In such systems, the loss of a large generating unit can lead to severe
frequency or voltage deviations, potentially triggering cascading events. This highlights that RAS
design must consider both system-level and asset-level requirements.

Conceptually, the need for a remedial action scheme should be identified a priori. However, in
practice, the dynamic behavior of a power grid is inherently difficult to predict due to its highly
complex and nonlinear nature, and the number of possible operating conditions and contingency
combinations is considerably large, which makes it infeasible to evaluate all scenarios beforehand.
Consequently, a significant proportion of RAS currently employed in real-world power systems have
been implemented reactively, following severe grid disturbances, including large-scale blackouts as-
sociated with pronounced economic losses and adverse social consequences [5]. After such events,
post-event analyses based on field measurements are conducted to identify system vulnerabilities
and extract lessons learned. In many cases, these analyses reveal the need to implement RAS as
corrective measure. Table 1.1 presents examples of RAS developed after major disturbances. Addi-
tionally, Figure 1.1 illustrates the key aspects considered when identifying the need for a RAS.

After a RAS is approved, design begins, defining its operating parameters. Conventionally, RAS
are designed through a set of offline studies, where a wide range of credible contingencies is evalu-
ated under different operating conditions of the power system. These studies rely on detailedmodels
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Table 1.1: Representative Remedial Action Schemes implemented after major power system disturbances

Ref Country/Event Power system problems Implemented RAS
[4] Panamá Blackout Voltage collapse Load shedding
[6] Georgia Blackout Overloads Load shedding
[7] México-Centro América Isolate Undamped Oscillations Controlled separation
[8] México Blackout Transient stability Generation shedding
[9] Uruguay-Blackout Voltage collapse Load shedding
[10] Peru Blackout Transient stability Load shedding
[11] Colombia-Ecuador Blackout Undamped Oscillations Controlled separation
[12] Turkey-losing interconection Overloads Load shedding
[13] Belgian-losing interconection Overloads Shut down offshore and HVDC

that represent system behavior with high fidelity.

Figure 1.1: Process for identifying the need for Remedial Action Schemes based on planning studies and post-event
analysis.

Steady-state analyses are commonly employed to assess operating conditions related to trans-
mission line congestion, voltage profiles, reactive power margins, system transfer capability, and
compliance with generator operating limits. However, since these studies only capture the static
behavior of the system, they must be complemented with dynamic studies. To this end, different
dynamic models are available, and their selection depends on the phenomena and system dynamics
of interest. Root Mean Square (RMS) models are typically used to analyze low-frequency dynamics
associated with the electromechanical behavior of synchronous machines [14].

In contrast, Electromagnetic Transients (EMT) models provide a higher level of detail and a
wider bandwidth, enabling the capture of fast dynamics and complex phenomena arising from the
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interaction among the network, power-electronics-based resources, and other elements of the power
system. As a result, EMT models allow for a more detailed representation of phenomena such as
voltage oscillations, harmonic stability, and sub-synchronous oscillations [15].

This modeling framework, which integrates steady-state, RMS, and EMT analyses, provides the
foundation for the systematic design of RAS, supporting the definition of appropriate control actions
and the establishment of activation criteria consistent with the underlying system dynamics and
operating conditions.

Based on offline studies, the information required to identify and define the key operating pa-
rameters of the RAS is obtained. These parameters determine the logic of operation and its response
to specific contingencies. Among the most commonly defined parameters are the following [16]:

1. Arming parameters: Define the operating conditions of the power grid under which the RAS
is enabled and prepared for possible activation. These parameters are established based on
measured variables that allow the identification of operating points, or ranges of operating
conditions, associated with increased system risk. Arming parameters are commonly imple-
mented through predefined thresholds on variables representative of the power grid state,
most often power flows on critical grid elements.

2. Start parameter: Refers to the parameter or measured variable that indicates the occurrence
of a predefined critical contingency. When this condition is detected and the RAS is already
armed, the start parameter initializes the corresponding remedial action.

3. Control action: Represents the remedial action associated with a critical contingency. The
control action comprises a set of operational parameters, which depend on the type of remedial
action implemented. The parameters can include, but are not limited to, the level of load or
generation shedding, activation thresholds determined by electrical variables, where the action
is implemented, and setpoint adjustments for various system devices.

4. Required response time: Refers to the time required for the remedial action to be executed in
order to produce an effect on the power grid. This time interval spans from the detection of
the contingency to the actuation of the breakers associated with the remedial action.

Based on the operating parameters defined through offline studies, the operating methodology
of the RAS can be established. In this context, the following methodologies can be identified [17]:

• Event-based: This approach represents the conventional operating methodology, which re-
lies on a predefined contingency table derived from prior offline analyzes. Within this frame-
work, each anticipated event is mapped to a corresponding remedial action. Upon detection
of a contingency, the RAS is triggered and executed immediately. Event-based schemes are
thus characterized by their rapid response capabilities and their predominant reliance on pre-
contingency system measurements for decision-making.

• Response-based: This methodology also relies on predefined remedial actions for anticipated
events. However, certain operating parameters are adjusted based on the severity of the dy-
namic response of the power grid following the contingency. This approach requires addi-
tional dynamic measurements, such as the Rate of Change of Frequency (ROCOF), Rate of
Change of Voltage (ROCOV), or other response indicators. Response-based schemes are gen-
erally characterized by slower response times, as they require observing and evaluating the
system behavior during the contingency before executing the remedial action.

The selection of the RAS operating methodology is directly related to the type of phenomenon
to be mitigated in the power system. Slow-dynamic phenomena, such as overloads, typically evolve
over time frames on the order of seconds, which allows the use of response-based methodologies
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[18]. In contrast, phenomena characterized by fast dynamics, such as voltage collapse, may evolve
over much shorter time scales, requiring the execution of immediate remedial actions and, there-
fore, the implementation of event-based schemes [19]. Figure 1.2 illustrate a general framework for
remedial action scheme design and operation.

Although these methodologies have been widely used for many years, their design parameters
are only validwithin the range of operating conditions forwhich theywere evaluated. Consequently,
if system conditions change significantly, or if a considerable time has elapsed since the last design
process, the scheme must be redesigned. In such cases, offline studies must be repeated, and the
operating parameters must be updated [20].

Figure 1.2: General framework for Remedial Action Scheme design and operation.

These limitations highlight the need for more adaptive and robust RAS design methodologies.
In particular, there is a need for approaches capable of accounting for changing operating condi-
tions and evolving system dynamics. This motivates the development of advanced frameworks that
enable a more systematic and flexible design of RAS, ensuring adequate system performance across
a wide range of scenarios.

Additionally, the design of a RAS must account for its interaction with other protection and con-
trol schemes operating in the power system. The defined remedial actions should be evaluated to
ensure they do not trigger unintended activations of other schemes or introduce adverse effects on
overall system stability and operation. In this regard, the RAS should be designed to coexist and
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coordinate effectively with existing schemes, ensuring selective and coherent operation.
Among theRASwidely implemented in power systems areUnder-Voltage Load Shedding (UVLS)

and Under-Frequency Load Shedding (UFLS) schemes, which play a fundamental role under crit-
ical operating conditions [21]. The following section describes their conventional implementation
structures and the main approaches reported in the literature.

1.3 UVLS and UFLS Schemes
UVLS and UFLS schemes are among the most widely deployed remedial actions in power grids,
particularly for mitigating severe voltage and frequency stability problems [22]. This section first
describes the conventional operatingmethodology of UVLS and UFLS schemes, including their typ-
ical operating parameters. Subsequently, a review of adaptive UVLS and UFLS approaches reported
in the literature is presented.

Conventional Operating Methodology
The implementation of UVLS and UFLS schemes mitigates severe voltage and frequency instability
by enabling the controlled shedding of predefined load sections within the power system. Although
both schemes address different phenomena, they share similar operational methodologies and a
common structure based on predefined operating parameters.

In UVLS schemes, when a severe contingency leads to voltage levels dropping below predefined
thresholds, a predetermined amount of load is automatically shed to restore voltages to acceptable
levels. In the literature, this type of scheme is commonly classified as rule-based, where the operat-
ing methodology is defined through rules of the form [23]:

𝑉 ≤ 𝑉 th for 𝜏 ⇒ Δ𝑃𝐿𝑜𝑎𝑑

In this type of methodology, the most relevant operating parameters include:

1. Number of rules
2. Voltage thresholds (𝑉 th)
3. Load shedding delay (𝜏) [s]
4. Amount of load to be shed (Δ𝑃𝐿𝑜𝑎𝑑) [MW]
5. Location of load shedding

In UFLS schemes, a generation-load imbalance resulting from the loss of large generating units
can lead to a rapid frequency fall [24]. In response, predefined load blocks are disconnected to coun-
teract the frequency drop. These schemes are typically structured inmultiple stages, each associated
with predefined frequency thresholds and load-shedding amounts. When the system frequency
crosses an initial threshold, a corresponding portion of load assigned to that stage is disconnected.
If the frequency continues to decrease, subsequent thresholds are sequentially activated, and the
associated load percentages are shed. This process continues until the system frequency is restored
to acceptable values or all UFLS stages have been executed. Accordingly, under the conventional
UFLS operating methodology, the following operating parameters can be identified [25]:

1. Total amount of load shedding
2. Number of stages
3. Frequency thresholds
4. Amount of load shedding in each stage
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5. Location of load shedding

AlthoughUVLS andUFLS schemes have different control objectives, they share several operating
parameters, since the remedial action is essentially the same, albeit applied for different purposes.
However, the start parameters of these schemes differ: while UFLS schemes are primarily driven by
frequency measurements, UVLS schemes rely on voltage-based measurements.

For many years, these schemes have been widely adopted in practice due to their robustness,
simplicity, and ease of implementation. Although they have proven effective under certain oper-
ating conditions, conventional UVLS and UFLS schemes assume that local system measurements
are sufficient to characterize the operational state of the power system. Moreover, their operating
parameters are defined a priori through offline studies and tuned for a limited range of operating
conditions. Consequently, as the power system evolves and operating conditions change due to
topology modifications and variations in generation dispatch, the static nature of these parameters
may affect the effectiveness and selectivity of the schemes. This has motivated significant research
efforts aimed at developing new operating methodologies that provide enhanced adaptability and
robustness, leading to alternative approaches reported in the literature.

Review of UVLS-UFLS Approaches in the Literature
This subsection reviews the main UVLS and UFLS approaches reported in the literature, with em-
phasis on their operating methodologies and the selection and design of key operating parameters.
This review is motivated by the need to identify the limitations of conventional approaches and to
highlight the opportunities for developing more adaptive RAS methodologies. Rather than provid-
ing a individual paper review, the focus is on identifying common trends, methodological classifi-
cations, the methods used to define operating parameters, and the evolution of these schemes over
time.

In the case of UVLS schemes, the literature reveals a broad classification of operating method-
ologies, which can be summarized as follows [26]:

• Centralized
• Decentralized
• Static
• Dynamic
• Closed-loop
• Open-loop
• Decision-based
• Rule-based
• Response-based
• Event-based

Regardless of the operating methodology, the schemes reported in the literature rely on the same
operating parameters as conventional UVLS schemes. While some approaches employ static param-
eter settings, others introduce flexibility through adaptive design strategies. Accordingly, Figure 1.3
presents a general classification of UVLS schemes, highlighting both the different operatingmethod-
ologies and the approaches used to design their operating parameters.

Table 1.2 summarizes UVLS schemes reported in the literature, classified according to their oper-
ating methodology and operating parameters. The table presents a set of representative papers or-
ganized chronologically, showing that event-based and rule-based methodologies remain the most
predominant approaches. These methods have been proposed since the early contributions and
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continue to be widely adopted to date. However, more recent papers have explored closed-loop
methodologies in which operating parameters are adjusted based on dynamic power grid measure-
ments.

In terms of adaptability, the parameters that typically offer the greatest flexibility are the amount
of load shedding and its location. A variety of techniques have been proposed to enable adap-
tive load shedding, including linear programming, data-driven methods, optimization techniques,
steady-state models, and stability indices. These methodologies enable the flexible modification of
remedial measures in accordance with system operational conditions. The identification of voltage-
collapse zones through the use of sensitivity, distance, or stability indicators facilitates the imple-
mentation of targeted remedial measures. However, numerous methodologies continue to depend
on predefined voltage thresholds and constant disconnection delays. This finding suggests that, de-
spite the increased adaptability of certain operating parameters, conventional UVLS schemes remain
contingent on static settings, thereby constraining their comprehensive adaptability.

Figure 1.3: General classification of UVLS schemes and operating parameter design methods.

Although rule-based methodologies often rely on static parameters, there is a clear trend to-
ward preserving this operational structure while enhancing adaptability. Indices and complemen-
tary methods are increasingly used to incorporate real-time information about the power grid state.
These observations indicate that while traditional UVLS schemes maintain a largely static frame-
work, recent trends focus on dynamic adaptability, highlighting the opportunity for further research
on fully adaptive schemes.

RegardingUFLS, the prevailing academic consensus categorizes operatingmethodologies broadly
as follows [25]:

• Conventional
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Table 1.2: Comparison of the characteristics of UVLS schemes reported in the literature
Operating Amount of load shedding Location Delay Threshold (𝑉𝑡ℎ)

Year Ref Methodology Method Dynamic Method Dynamic Dynamic Dynamic
1992 [23] Rule-based/Event-based Offline simulations × Under-voltage × × ×
1998 [27] Rule-based/Event-based PV curves × Under-voltage × × ×
2000 [28] Closed-loop AG ✓ dV/dQ × × ×
2004 [29] Rule-based/Closed-loop PI control ✓ dV/dQ ✓ × ×
2007 [30] Rule-based/Closed-loop PI control ✓ dV/dQ ✓ × ×
2008 [31] Closed-loop Loadability margin ✓ Loadability margin ✓ × ×
2011 [32] Rule-based/Closed-loop PI control ✓ dV/dQ ✓ ✓ ×
2012 [33] Rule-based/Closed-loop PI control ✓ dV/dQ ✓ × ✓
2015 [34] Rule-based/Event-based VSM-MF-TSGA × dV/dQ × × ×
2017 [35] Rule-based/Event-based Linear programming ✓ Electrical distances ✓ × ×
2017 [36] Closed-loop Power measurements ✓ VCPI ✓ × ×
2019 [37] Rule-based/Event-based Predefined × Predefined × × ✓
2019 [38] Rule-based/Event-based Tangent vector ✓ Tangent vector ✓ × ×
2020 [39] Rule-based/Closed-loop Predefined ✓ Electrical distances ✓ × ×
2020 [40] Event-based PV curves ✓ Modal analysis ✓ × ×
2020 [41] Rule-based/Event-based Predefined × Noncritical load × ✓ ×
2021 [42] Closed-loop Data-driven (WKELM) ✓ TVSI ✓ × ×
2022 [43] Event-based Index DVPS × Index DVPS × × ×
2023 [44] Closed-loop ANN & PSO ✓ PSO ✓ × ×
2023 [45] Closed-loop Data-driven (SGP) ✓ TVSI × × ×
2024 [46] Closed-loop ICSBEP-PSO ✓ FVSI ✓ × ×
2025 [47] Closed-loop DRL-D2DQN ✓ TVRC ✓ × ×
2025 [48] Closed-loop AC-OLS+NN ✓ AC-OLS ✓ × ×
2026 [49] Closed-loop DRL + Cloud–Edge ✓ Regional Agents ✓ × ×
2026 [50] Closed-loop PSO-ANN ✓ VSM ✓ × ✓

• Semi-adaptive
• Adaptive

Figure 1.4: General classification of UFLS schemes according to their operating methodology and level of adaptability.

Figure 1.4 provides a general description of the classification of UFLS schemes according to their
operating methodology. Conventional schemes are characterized by the use of static operating pa-
rameters, such as the amount of load shedding, frequency thresholds, and the location of the shed-
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ding.

In contrast, semi-adaptive approaches partially adjust their operating parameters by incorpo-
rating auxiliary measurements, such as the ROCOF. Fully adaptive UFLS schemes are designed
to dynamically adjust load shedding parameters, including the amount, location, and frequency
thresholds, based on real-time system data.

Similarly to UVLS frameworks, Table 1.3 summarizes key UFLS studies, ordered chronologically,
from which a distinct preference for adaptive operational models can be observed.

Regarding adaptability, the operating parameters most frequently considered for enhancement
are the amount of load shedding and its location, similar to what has been reported for UVLS
schemes. These parameters are traditionally designed using methods based on center of inertia and
ROCOFmeasurements, which are closely related to the classical swing equationmodel. More recent
approaches based on optimization techniques and data-driven methods have also been explored for
the design of load shedding actions. In particular, the determination of load shedding locations of-
ten relies on auxiliary variables such as ROCOF to identify electrically close areas. In addition, some
approaches use voltage stability indices, recognizing the interaction between frequency and voltage
dynamic phenomena in power systems.

Table 1.3: Characteristics of UFLS schemes reported in the literature
Operating Amount of load shedding Location Threshold ( 𝑓𝑡ℎ)

Year Ref Methodology Method Dynamic Method Dynamic Dynamic
1968 [51] Conventional Offline studies × Offline studies × ×
1988 [52] Conventional Offline studies × Offline studies × ×
1992 [53] Semi-adaptive ROCOF ✓ Offline studies × ×
2006 [54] Adaptive Swing equation model ✓ ROCOF ✓ ×
2008 [55] Adaptive Swing equation model ✓ ROCOF ✓ ✓
2009 [56] Semi-adaptive ROCOF–load shedding curves ✓ ROCOF × ×
2015 [57] Adaptive Offline studies × Voltage dips ✓ ✓
2017 [58] Adaptive COI ✓ ROCOF ✓ ×
2018 [59] Adaptive Power imbalance measurement ✓ VQS ✓ ✓
2018 [60] Adaptive Power imbalance measurement ✓ QVSI ✓ ✓
2020 [61] Adaptive COI ✓ Lagrange multiplier ✓ ×
2020 [62] Adaptive COI + linear programming ✓ Offline studies × ×
2020 [63] Conventional Offline studies × Offline studies × ×
2020 [64] Adaptive COI ✓ ROCOF-FVSI ✓ ×
2021 [65] Adaptive COI ✓ VSI ✓ ×
2021 [66] Adaptive COI + PSO-Fuzzy ✓ ROCOF ✓ ×
2021 [67] Adaptive Data-driven (DQL) ✓ LSCI ✓ ×
2022 [68] Adaptive Dynamic power flow analysis ✓ Voltage dips ✓ ×
2022 [69] Adaptive Data-driven methods ✓ Not specified × ×
2023 [70] Conventional MILP × Multi-Area SFR × ×
2023 [71] Adaptive COI ✓ TEF ✓ ×
2024 [72] Adaptive DRL-DDPG ✓ RL ✓ ×
2025 [73] Adaptive MADDPG ✓ Spectral Clustering ✓ ×
2025 [74] Adaptive COI-Kalman ✓ Not specified × ×
2026 [75] Adaptive FREPI+Sensitivity Analysis ✓ Frequency sensitivity ✓ ×
2026 [76] Adaptive NN + Inertia-Aware ✓ Not specified × ×

Although schemes incorporating adaptability in frequency thresholds have also been proposed,
this aspect has been addressed with less depth compared to the adaptability of the load shedding
amount and location.

In general, the literature shows a clear evolution of RAS schemes, such as UVLS and UFLS, over
recent years, in which adaptive methodologies have become a predominant trend. As a result, the
adaptability of the operating parameters has emerged as a topic of significant interest in recent re-
search.
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1.4 Research Gap
The literature review reveals a clear trend toward the development of adaptive remedial action
schemes, suggesting that they represent the natural evolution of conventional operating method-
ologies. Numerous adaptive strategies have been proposed over the last decade, demonstrating
significant advances in algorithm design and decision-making capabilities. However, despite these
developments, fully adaptive RAS have not been widely reported in real power system applications.
This indicates that, while the concept of adaptive RAS has matured from a methodological perspec-
tive, a significant gap remains between their research development and their practical deployment.

The primary barrier to their adoption is not the ability to develop increasingly sophisticated adap-
tive algorithms, but rather the ability to demonstrate that such algorithms can operate with the level
of security, reliability, and robustness required by critical infrastructures such as power systems.
Consequently, system operators are naturally reluctant to adopt adaptive operating methodologies
whose performance has not been validated under conditions representative of real-world operation.

Furthermore, a significant portion of the proposed methodologies assumes a level of system
observability and controllability that is rarely available in practice, including complete access to
system-wide measurements and unrestricted control over loads. These approaches also tend to
overlook practical implementation constraints, such as the computational capabilities of industrial
controllers deployed in substations, memory and processing limitations, as well as communication
delays and latencies introduced by industrial communication protocols and embedded algorithm
execution.

An additional limitation is thatmostmethodologies reported in the literature are validated exclu-
sively through offline simulations. Although such validation demonstrates the conceptual effective-
ness of the proposed approaches, it does not provide sufficient evidence of their practical feasibility
for deployment on industrial protection and control platforms. In highly critical applications such
as RAS, where protection decisions must be executed within milliseconds and any failure may com-
promise power system stability, it is essential to verify that the proposed algorithms can satisfy the
timing and hardware constraints imposed by real industrial devices.

Therefore, the current challenge is no longer limited to developing more sophisticated adaptive
operating methodologies, but to providing a framework that enables these methodologies to be
deployed safely, reliably, and in real-time within existing industrial infrastructures.

As a result, the principal research gap is not the lack of adaptive RAS methodologies, but the ab-
sence of practical frameworks that enable their secure adoption in real power systems. Bridging this
gap requires architectures capable of supporting adaptive decision-making while simultaneously
addressing the safety, implementation, and validation requirements demanded by industrial appli-
cations. In this context, a Digital Twin, defined as a real-time digital representation of the physical
power system, and a Replica, which reproduces the behavior of the protection and control infras-
tructure independently of the field equipment, complemented byHardware-in-the-Loop validation,
provide a promising foundation for enabling the next generation of adaptive RAS. These technolo-
gies allow adaptive operating methodologies to be developed, verified, and validated on industrial
platforms before deployment in the actual power system.
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Action Schemes for Modern Power Grids

The state-of-the-art review shows that, in recent years, remedial action schemes have evolved sig-
nificantly, with a clear trend toward adaptive methodologies [77]. In particular, several approaches
have been proposed to adjust RAS operating parameters by incorporating auxiliary variables that
provide additional information beyond conventional measurements, such as frequency, voltage, and
power. However, these advances have been developed within an operating context that has evolved
considerably. For decades, power systems have been dominated by synchronous machine-based
generation, resulting in systems with high inertia and relatively well-known dynamics. The increas-
ing penetration of inverter-based resources has altered this paradigm, leading to a significant reduc-
tion in system inertia and the emergence of faster and more complex dynamic phenomena [78]. As
a result, modern power systems have become more vulnerable to instability scenarios.

This change in power system behavior raises important questions regarding the adequacy of
traditional strategies for the operation, control, and protection of power systems, particularly in the
context of RAS design. Although adaptability has been widely explored in the literature, it is not
sufficient if remedial actions are triggeredwithout a comprehensive understanding of the underlying
systemdynamics. Moreover, RAS have historically been designed under assumptions of high system
inertia and relatively stable operating conditions, which are no longer generally valid in modern
power systems [51]. These limitations highlight the need for new RAS design methodologies that
can capture the evolving dynamic behavior of modern power systems.

In this context, this chapter introduces the key concepts and operating principles that enable a
new generation of RAS. The proposed perspective goes beyond the mere adjustment of operating
parameters and instead aims to provide these schemes with a more complete view of the system
state. This enhanced situational awareness enables remedial actions to be executed in an informed
and coordinated manner, consistent with the dynamic behavior of modern power systems.

2.1 The Challenges of RAS Design in Modern Power Systems
In recent decades, power systems have undergone significant evolution driven by technological ad-
vances. These advances have facilitated the integration of new generation technologies, advanced
compensation devices, and components with increasingly complex dynamic characteristics. How-
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ever, the operational complexity of modern power systems has also increased.
In this context, conventional approaches to system operation, monitoring, and protection have

revealed clear limitations. In particular, remedial action schemes designed with static operating
parameters (amount and location of load shedding and thresholds) struggle to adapt to the highly
variable and uncertain conditions of modern power systems, rendering many conventional RAS
design assumptions insufficient to ensure reliable and effective performance [79].

Impact of High Renewable Penetration on RAS Design
During the design stage of RAS, at least under conventional methodologies, several assumptions
are adopted regarding the expected behavior of the power system. Historically, these schemes were
conceived when the systemwas dominated by synchronous machine generation, which allowed the
assumption of a large and relatively constant system inertia across different operating conditions,
leading to a robust and predictable dynamic response over a wide range of operating points. [80].
Under these conditions, it was also assumed that the spinning reserve associated with this type
of generation would remain available. In general, the inherent dynamic response of synchronous
machineswas considered to provide significant support to the power system, effectively contributing
to the mitigation of deviations caused by contingency events.

As a consequence of these assumptions, offline studies exhibited similar dynamic responses for
contingencies of comparable severity. This led to the development of conservative RAS operating
methodologies, in which the different stages of scheme activation, such as those associated with
under-frequency or under-voltage conditions, were defined to cover groups of contingencies with
similar characteristics and severity levels [51].

However, with the large-scale integration of power electronics–based generation, this paradigm
is significantly affected, that is, when the power system exhibits high levels of renewable energy
penetration, displacing synchronous machine generation, the assumptions traditionally employed
in the design of RAS no longer hold [81, 82]. In particular, under these scenarios, a reduction in the
equivalent system inertia is observed, along with significant temporal variations associated with
changes in generation dispatch. Additionally, this type of generation does not provide spinning
reserve; therefore, the total spinning reserve of the power system is reduced, limiting the available
support during contingency events [83]. Furthermore, the interaction between power electronics–
based generation and the electrical network has given rise to more complex and highly nonlinear
dynamic phenomena, such as sub-synchronous oscillations, which further complicate the prediction
of the system dynamic behavior.

In conclusion, maintaining traditional RAS design assumptions under these new operating sce-
narios may result in unnecessary or overly conservative remedial actions, adversely affecting both
the efficiency and selectivity of the schemes. Figure 2.1 summarizes the key differences between
conventional and power electronics–dominated power systems.

Offline-Based Design and Static RAS Operating Parameters
Typically, studies used for the design of RAS focus on the analysis of a limited set of credible con-
tingencies, particularly those identified as critical for the power system. Evaluating the full range of
possible contingencies is impractical from both computational and operational perspectives. Given
the wide range of operating conditions that a power system may experience, these studies are usu-
ally conducted under a set of representative scenarios. These scenarios include low, medium, and
high demand conditions, as well as different periods of the year, during which generation dispatch
is significantly influenced by seasonal factors [84].
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Figure 2.1: Comparison between synchronous machine–dominated and power electronics–dominated power systems,
highlighting their main dynamic characteristics and implications for system inertia and stability.

Based on these scenarios, the main RAS operating parameters are defined. These parameters
include the amount and location of load shedding, the disconnection stages, and the activation
thresholds [2]. However, the operating conditions considered in these studies correspond to pro-
jected demand and generation levels estimated for the time horizon in which the RAS is expected to
be commissioned. This represents a significant limitation in offline design methodologies, as they
implicitly assume that the defined parameters will remain adequate as long as the power system
operates within the ranges considered during the design stage. Once the RAS is placed in service,
there is no guarantee that these static parameters will continue to be sufficient tomaintain acceptable
system performance during contingency events, even months or years later.

This limitation is especially pertinent in modern power systems, which demonstrate high oper-
ational variability and frequently deviate from the scenarios evaluated offline. In these conditions,
design methodologies based on static operating parameters render RAS inherently rigid, reducing
their effectiveness and increasing their dependence on periodic manual updates by control centers.

Coexistence of Multiple RAS in Modern Power Systems
Traditionally, RAS design has been limited to defining the remedial actions associated exclusively
with the scheme under study. However, in modern power systems, characterized by the coexistence
of multiple issues and dynamic phenomena, a poorly designed remedial action may unintentionally
trigger the activation of other RAS by exciting the electrical variables monitored by these schemes.
This situation has highlighted the need, during RAS design, to explicitly consider and model other
schemes installed in the power system, with the objective of achieving adequate coordination among
them [85]. Otherwise, a lack of coordination may lead to unintended cascading disconnections,
worsening overall system conditions.

As previously mentioned, multiple RAS with different control objectives can coexist within a
power system. In particular, for load shedding schemes, it is common for each RAS to have inde-
pendently assigned load circuits. The purpose of this allocation is to ensure that each scheme has
access to sufficient load to shed to mitigate the contingencies for which it was designed. However,
since the amount of load shedding is typically predefined and static, the remedial action may prove
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insufficient under certain operating conditions. In this context, the coexistence of multiple RAS in
modern power systems highlights the need for these schemes to be able to share load resources
among themselves, provided that the event affecting the system does not simultaneously require
the activation of the same schemes.

The challenges imposed by modern power systems on the design of remedial action schemes
highlight the need for a paradigm shift in the design and operation methodologies of RAS. In this
context, advances in measurement and monitoring technologies enable access to a richer set of sys-
tem information, which motivates the development of RAS with enhanced situational awareness
and better-informed remedial decisions [86]. From this perspective, incorporating concepts such as
digital twins and system replicas emerges as a natural evolution toward the next generation of RAS.

2.2 Digital Twin and Replica Concepts and Their Role in the Next
Generation of RAS

In modern power systems, the implementation of remedial action schemes requires continuous up-
dates of the system state through highly accurate virtual representations. These representations
must be capable of reflecting system behavior in real time. This capability is essential for evalu-
ating emerging operating conditions and anticipating the impact of remedial actions prior to their
execution.

In this context, this thesis introduces the concepts of digital twins and replicas as key enablers to
support the design and operation of RAS in modern power systems.

Digital Twin
The concept of a Digital Twin (DT) was originally developed in the aerospace and manufacturing
sectors as a framework for high-fidelity modeling, simulation, and lifecycle management of complex
engineering systems [87]. In recent years, this concept has been adopted across a wide range of
application areas, leading to different interpretations and approaches. As a result, the definition of
a digital twin often depends on the context inwhich it is used, and a unified and universally accepted
definition has not yet been established. In this thesis, the definition proposed by the IEEE Task Force
is adopted, specifically oriented toward large-scale power grids. According to this definition, digital
twins are defined as a digital model—analytical, data-driven, or a combination of both—of a physical system
that spans its lifecycle, in which the digital states are updated at an appropriate rate through historical, real-
time, or forecasted measurements from the physical system [88].

Digital twins should not be interpreted as isolated virtual models of the physical system. For
the digital twin concept to be fulfilled, regardless of the type of model employed, it must be con-
tinuously fed by measurements from the real system. In this context, the nature of a digital twin is
not determined solely by the underlying model, but by the mechanisms through which information
from the physical system is integrated, synchronized, updated, and exploited. Based on this interac-
tion between the virtual model and system measurements, digital twins can be classified as follows
[89]:

• Descriptive twin: Corresponds to the most basic level of a digital twin, comprising a visual
representation of the system complemented by relevant information about its structure and
state, with the purpose of leveraging such data to improve system processes.

• Informative twin: Using data obtained from the existing physical system, the informative dig-
ital twin enhances real-time monitoring by providing key insights into the state and behavior
of the system, thus supporting situational awareness and decision-making.
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• Predictive twin: This type of digital twin uses data from the physical system, enabling the an-
ticipation of failures at both component and system levels, thus preventing unplanned events
and transforming decision-making processes.

• Comprehensive twin: A digital twin that integrates real-time data from the physical system
with advanced computational capabilities to performnear-real-time systemanalysis. It enables
what-if scenario evaluation, supports predictive analytics, and provides a holistic representa-
tion of the system state for informed decision-making and optimal system performance.

• Transformative twin: This type of digital twin is conceived as a comprehensive strategy for
next-generation industrial facilities, based on the unified integration andmanagement of infor-
mation across all assets. By leveraging simulations and advanced computational capabilities,
it enables sophisticated analytics aimed at failure anticipation, maintenance optimization, au-
tomation, and operational safety. Unlike approaches focused solely on real-time operation, the
transformative digital twin extends its scope across the entire system lifecycle.

Figure 2.2 summarizes the digital twin concept, and the classification described above.

Figure 2.2: Flow diagram of the general digital twin framework and its classification.

The classification of digital twins may suggest that several applications already implemented
in power systems fall within this concept. A representative example is Supervisory Control and
Data Acquisition (SCADA) systems used in control centers, many of which rely on state estimation
algorithms. This situation has led tomisconceptions, where a state estimation algorithm is assumed,
by itself, to constitute a digital twin. However, an isolated state estimator is merely an algorithm.
When it is continuously fed with measurements from the physical system, periodically updated,
and its outputs are used for monitoring and decision-making, it can be framed within the digital
twin concept.

Although the digital twin concept has been widely adopted in recent years across various engi-
neering domains, it remains an emerging paradigm in power systems due to their scale and com-
plexity. In this context, the application of digital twins in power systems can be approached from
twodistinct perspectives [88, 89]. On the one hand, digital twins can be developed for specific equip-
ment or components of the electrical network. On the other hand, digital twins can be defined at the
system level.
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At the equipment level, digital twins are conceived as individual representations of specific el-
ements of the power system, such as motors, circuit breakers, transformers, inverters, wind energy
systems, or energy storage systems. Their primary purpose is to support condition monitoring, pre-
dictive maintenance, health assessment, and performance enhancement [90]. From an implementa-
tion perspective, this type of digital twin is relatively less complex, as measurements are typically
obtained locally and individual assets can be accessed or taken out of service during the integration
process.

In contrast, system-level digital twins in large-scale power systems aim to provide a global repre-
sentation of the system and the interactions among its components [91]. These digital twins support
functions such as load balancing, operational planning, decision-making, and what-if scenario anal-
ysis, enabling the evaluation of system behavior under diverse operating conditions.

The implementation of system-level digital twins is inherently more complex due to the large
volume of data, its wide geographical distribution, and the need for advanced communication in-
frastructures. Moreover, the associated models aim to represent the physical interactions among
multiple system components, encompassing steady-state and dynamic formulations under differ-
ent modeling approaches, such as RMS and EMT. This broader representation capability enables the
assessment of system-wide interactions and stability phenomena that cannot be captured through
isolated equipment-level models.

Table 2.1: Classification of digital twin applications in power systems
Year Reference Category DT Object Level Objective HIL
2020 [92] Protection PVECU Equipment Fault diagnosis and identification in photovoltaic

systems
–

2023 [93] Protection Relay protection
system

Equipment DT-based mirror operation of relay protection for
protection logic validation, parameter verification,
debugging, and real-time operation

–

2024 [94] Operation Distribution net-
work

System Real-time load estimation and load shedding –

2024 [95] Operation Electrothermal
power cable

Equipment Real-time thermal forecasting for proactive power
flow management and thermal constraint preven-
tion

–

2025 [96] Planning European power
grid

System Observability, congestion management, and re-
newable integration

✓

2025 [97] Control DERs System Coordinated control and dispatch for frequency
regulation

✓

2025 [98] Stability and
Control

Grid-connected
PV system

Equipment Dynamic stability assessment using a real-time
synchronized DT and stability margin monitoring

✓

2025 [99] Frequency
Control

HVAC loads and
equivalent power
system

System Load participation in primary and secondary fre-
quency control using adaptive DTs and online in-
ertia estimation

✓

2026 [100] Resilience IEEE 30-bus sys-
tem

System Weather-related fault prediction and preventive
control

–

2026 [101] Operation and
Control

Hybrid AC/DC
microgrid

System Dual optimization (OPF) and islanding response
using scenario-aware DTs

–

2026 [102] Restoration Transmission
power system

System Post-blackout restoration acceleration, restoration
plan assessment, and adaptive protection

✓

Despite this complexity, system-level digital twins are particularly valuable for RAS applica-
tions because they provide an additional evaluation layer operating in parallel with the real system
[103]. Through this layer, the expected physical behavior of the power system can be assessed under
prospective contingencies and remedial actions before these actions are executed in the actual grid.
Although digital twin technology has experienced significant growth in recent years and has demon-
strated capabilities that support protection, operation, planning, control, resilience, restoration, and
stability assessment, its application to RAS remains largely unexplored. Table 2.1 summarizes rep-
resentative digital twin developments in power systems, classifying them according to their applica-
tion domain, digital twin level (equipment or system), primary objective, and HIL implementation.
As shown, most contributions focus on conventional protection, operation, planning, and control
functions, while very limited attention has been given to the development of digital twins specifi-
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Figure 2.3: Layered architecture of equipment-level and system-level digital twins and their integration within a RAS
framework.

cally intended to enhance RAS functionalities. This gap suggests that the predictive, real-time, and
decision-support capabilities enabled by digital twins remain underutilized and could provide a key
technological enabler for the next generation of adaptive and intelligent RAS.

Accordingly, digital twins enable RAS to evaluate operating parameters, test remedial actions,
and support decision-making under changing operating conditions. However, although system-
level digital twins can provide valuable information regarding the expected physical behavior of the
power system, they do not necessarily reproduce the implementation-related characteristics asso-
ciated with real control and protection hardware. In this context, the concept of a replica becomes
particularly relevant, since it enables the integration of actual control and protection devices within
a real-time simulation environment. Figure 2.3 illustrates how equipment-level and system-level
digital twins can provide situational awareness and support decision-making for RAS in power sys-
tems.

Control and Protection Replica

The concept of a replica has been widely adopted in the field of FACTS devices and HVDC links in-
stalled worldwide, where it is primarily used for testing, validation, and operator training purposes
[104]. In this context, a replica is typically based on an exact copy of the control hardware or protec-
tion schemes deployed in the field [105]. In modern power systems, the term replica is sometimes
used interchangeably with other emerging concepts, such as digital twins. However, replicas are
generally conceived as isolated representations deployed in laboratory environments and are not
necessarily continuously synchronized with the physical system.

In practice, replicas are commonly implemented using Real-Time Simulator (RTS) based on elec-
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Figure 2.4: Conceptual framework of a replica-based RAS.

tromagnetic transient modeling [106]. These platforms include detailed representations of HVDC
links, transmission lines, transformers, and equivalent portions of the surrounding power system.
The RTS is physically interfaced with a replica of the HVDC control and protection hardware, while
themain controllers remain installed in the field. When control and protection replicas are deployed
in laboratory environments operated by the control center, power system operators gain a unique
opportunity to perform a wide range of tests under both normal and extreme operating conditions
[107]. This approach supports the verification of control and protection performance, enhances
system-level understanding, and enables the early identification of potential vulnerabilities and op-
erational limitations associated with HVDC link operation.

In this regard, replicas provide a controlled and risk-free environment to assess the behavior of
remedial action schemes and their operating parameters under awide range of operating conditions.
Furthermore, incorporating a hardware replica of the RAS enhances overall reliability, since it allows
the reproduction of controller-related phenomena that are difficult to capture accurately through
purely model-based representations. This framework is illustrated in Figure 2.4.

Digital twin and replica concepts can enhance situational awareness and decision-making, en-
abling remedial actions aligned with system-wide dynamics. These capabilities are key to next-
generation RAS but require rigorous validation under realistic conditions. Because these schemes
are crucial for power system security, offline model-based studies alone cannot guarantee reliable
field performance. Hardware-in-the-loop testing therefore provides an essential validation method,
offering a controlled yet realistic environment to assess advanced RAS before deployment.

Although both digital twins and replicas represent the physical system, their purposes differ: a
digital twin is a continuously updated, model- and data-based representation intended to support
monitoring, prediction, and decision-making, whereas a replica is a hardware-oriented or function-
ally equivalent reproduction of field control and protection systems, mainly intended for testing,
validation, and operator training. Table 2.2 presents a comparison of the main characteristics of
digital twins and replicas.
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Table 2.2: Comparison between digital twins and replicas for power system applications
Characteristic Digital Twin Replica
Principal purpose Monitoring and prediction Hardware replication and validation
Representation approach Virtual model Exact copy
Real controller implementation × ✓
Behavioral representation ✓ ✓
Physical system representation ✓ ✓
Synchronization with physical system ✓ Not necessary
State estimation capability ✓ Limited
Operational optimization ✓ Limited
HIL testing ✓ ✓
FAT/SAT validation Limited ✓
Controller performance assessment Limited ✓
Training applications ✓ ✓
Scalability to large systems High Medium
Model fidelity to physical controller Medium Very High
Adaptive RAS validation Limited ✓
Protection and control logic testing Limited ✓

2.3 Hardware-in-the-Loop Assessment of RAS Enhancement

The operation of a remedial action scheme under real-world conditions depends on the coordinated
interaction of multiple physical elements. These include the industrial controllers where the deci-
sion logic is executed, the scheme configuration and operating parameters, and the measurement,
detection, and actuation devices. Together, these elements monitor the state of the power system,
detect contingencies associated with the scheme, and execute remedial actions on different system
components, such as loads, transformers, generators, and other network elements.

In practice, due to the large geographical scale of modern power systems, the physical elements
that constitute a RAS are typically distributed over long distances. This condition requires synchro-
nized measurement technologies, such as Phasor Measurement Units (PMUs), as well as a robust
and reliable communication infrastructure. Measurements, control signals, and operational states
are exchanged throughmultiple communication links and advanced industrial communication pro-
tocols. This introduces additional layers of complexity and imposes stringent requirements on la-
tency and time synchronization. As a result, the reliable field operation of a RAS requires multiple
heterogeneous devices to operate in a coordinated and consistent manner.

As discussed previously, the RAS operating methodology and the selection of its operating pa-
rameters are derived from offline, model-based studies. Although this type of analysis provides
fundamental information for scheme design, it also presents inherent limitations. Representing a
physical system throughmathematicalmodels necessarily requires assumptions and simplifications,
so that only the phenomena considered relevant to the study are captured. Some of these simplifi-
cations are introduced deliberately, under the assumption that certain phenomena have a negligible
impact on the study objectives. However, other phenomena may be excluded because their rele-
vance is underestimated, or because their effects are not yet fully known or understood during the
modeling stage.

In particular, the physical devices that constitute a RAS exhibit phenomena associated with real
operation, such as communication delays, non-ideal behavior, processing limitations, and implemen-
tation-specific characteristics. These effects are difficult to reproduce faithfully using purely model-
based simulations. As a result, they are often omitted or underestimated during the modeling stage,
which leads to the implicit assumption of ideal and perfectly coordinated behavior among all scheme
components. Given the critical nature of RAS operation, such assumptions introduce a significant
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gap in the assessment of actual field performance. Therefore, preserving the physical and opera-
tional characteristics of the involved elements requires incorporating the real devices themselves
into the testing and validation process. For this reason, factory-level testing methodologies consti-
tute a fundamental step in RAS validation prior to field deployment.

Before field deployment, the physical components of a RAS, togetherwith its overall architecture,
are subjected to Factory Acceptance Test (FAT) [108]. FAT is a structured and standardized testing
process aimed at verifying the correct performance of the RAS logic and algorithms, assessing the
physical and computational limitations of the industrial controllers where these logics are imple-
mented, and validating the communication architecture and the associated communication proto-
cols. In addition, these tests allow the evaluation of the overall RAS processing time to determine
whether the response times satisfy the requirements for executing timely remedial actions on the
power system. Although FAT remains an essential validation stage, it is not sufficient to reproduce
the closed-loop interaction between the RAS and the power system.

Figure 2.5: General overview of conventional FAT based on static injection test equipment.

For decades, FAT has been conducted using programmable static test sources, which inject elec-
trical signals representative of fault conditions directly into the devices under test. Among the most
widely used commercial platforms are those developed by OMICRON®, Doble Engineering®, and
other vendors.

These tools operate through dedicated software that allows the definition of fault sequences,
either in a fully programmed manner or through the playback of Common Format for Transient
Data Exchange (COMTRADE) records obtained from real power system events or from simulations
generated using professional power system analysis tools. Figure 2.5 presents a general diagram of
this testing methodology. However, static injection testing approaches exhibit inherent limitations
when applied to the complex dynamics of modern power systems. The increasing integration of
power-electronics-based devices introduces fast and nonlinear dynamic phenomena that cannot be
captured or reproduced using conventional static testing methodologies. Furthermore, the interac-
tion between RAS devices and the underlying power system dynamics becomes critical and cannot
be adequately assessed using this approach.

To address these limitations, hardware-in-the-loop testing has emerged as an advanced approach
for the validation of protection and control schemes, particularly for novel and advanced solutions.
By integrating the physical components of a RAS within a closed-loop, real-time power system sim-
ulation environment, HIL extends conventional FAT methodologies. It enables the evaluation of
RAS controllers under realistic dynamic operating conditions. HIL-based FATmethodologies allow
the physical connection of RAS devices to a real-time simulator, so that they operate as if they were
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Figure 2.6: General overview of a HIL-based FAT environment.

integrated into an actual power system. This approach requires a high level of modeling fidelity
within the simulator [109]. Such fidelity involves a detailed representation of the system, including
synchronousmachines and their associated control systems, transformers, transmission lines, loads,
and power-electronics-based generation.

Table 2.3: Comparison of conventional and HIL-based FAT capabilities for RAS validation
Capability Conventional FAT HIL-based FAT
Relay logic verification ✓ ✓
IED functional verification ✓ ✓
Closed-loop testing × ✓
Real-time power system simulation × ✓
Assessment of system-wide interactions × ✓
Validation of RAS operation under contingencies Restricted ✓
Testing under realistic operating conditions Restricted ✓
Dynamic system response evaluation × ✓
Communication latency emulation Restricted ✓
Communication failure testing Restricted ✓
Wide-area protection testing Restricted ✓
PMU-based scheme validation Restricted ✓
Testing of multiple IEDs simultaneously Restricted ✓
Verification of coordinated control actions Restricted ✓
Hardware integration testing Restricted ✓
Scalability to large power systems Low High
Repeatable testing scenarios ✓ ✓
Automatic test execution Restricted ✓
Interaction between protection schemes × ✓
Implementation cost Low High
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Figure 2.6 presents a general overview of a HIL-based FAT environment. To achieve realistic
integration between the simulated power system and the physical devices, real-time simulators are
equippedwith awide range of input-output peripherals. These peripherals allow electrical variables
to be extracted from the model and exchanged with RAS devices through dedicated hardware inter-
faces. These interfaces support multiple communication protocols, ensuring interoperability with
RAS devices and their proper integration within the HIL environment. This testing environment
enables the explicit evaluation of device interactions and the overall behavior of the RAS under both
steady-state conditions and real-time dynamic responses during critical events. In this context, both
event-based and response-based RAS implementations can be analyzed. Furthermore, HIL testing
provides a controlled and safe environment for executing scenarios that are difficult, economically
prohibitive, or unsafe to reproduce in the field. These scenarios include electrical faults, saturation of
measurement equipment, communication losses, and abnormal operating conditions, among others.

Furthermore, since certain protection schemes are already deployed in the power system, their
physical availability for testing is often limited. In such cases, these schemes can be represented
through models within the RTS. This approach enables more comprehensive evaluations that si-
multaneously consider power system dynamics, physical devices, and interactions with previously
deployed schemes. In this context, HIL-based testing evolves from being merely an advanced val-
idation tool into a fundamental enabler for the design, evaluation, and commissioning of next-
generation RAS. Such schemes inherently dependent on system dynamics and multi-device inter-
actions. Table 2.3 compares the capabilities of conventional FAT and HIL-based FAT approaches for
RAS validation.



3
Model-Based Digital Twin for a

Voltage Stability–Oriented Remedial
Action Scheme

Based on the limitations of conventional remedial action scheme operational methodologies de-
scribed in Chapter 1, as well as on the concepts and enabling technologies introduced in the pre-
vious chapter, this chapter presents a remedial action scheme aimed at preserving voltage stability
in power systems. The proposed approach is framedwithin the new generation ofmodel-based RAS
relying on virtual representations of the power system.

Voltage stability issues have long represented a major concern in power system operation. How-
ever, as modern power systems operate increasingly close to their operational limits, characterized
by higher loading levels, stressed transmission infrastructures, and congested network topologies,
voltage instability has become a critical and recurrent operational challenge. This situation is further
aggravated by the limited reactive power support inherently provided by power-electronic-based
resources. Under these conditions, conventional RAS implementations, typically based on fixed op-
erating parameters and offline settings, exhibit significant limitations in coping with the dynamic
and highly variable nature of modern voltage stability problems.

To address these limitations, this chapter proposes a model-based remedial action scheme that
incorporates a system-level digital twin continuously synchronized with the physical power system
through real-timemeasurements. This approach enables the RAS to access quantitative and qualita-
tive information that more accurately represents the actual voltage stability condition of the system,
complementing traditionalmeasurementswith structural and sensitivity-based information derived
from the network model. Consequently, the RAS decision-making process is supported by deeper
and continuously updated evaluations consistent with the current operating condition of the power
system.

The remainder of this chapter is organized as follows. First, the fundamental concepts of voltage
stability relevant to remedial action schemes are reviewed. Next, the overall framework of the pro-
posed RAS is introduced, followed by the theoretical foundations supporting its operation. Finally,
the implementation of the scheme and its validation through a hardware-in-the-loop platform are
presented.

31
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3.1 Voltage Stability
Power system stability is strongly linked to the physical limitations and phenomena inherent to the
network. The complex interconnection of the system, the diversity of its constituent technologies,
and thewide range of dynamic responses thatmay arise under different operating conditions require
a multifaceted approach to stability analysis. Each stability category addresses specific physical
mechanisms of the power system. Within this framework, power system stability can be classified
into several categories. The following categories are among the most relevant in the context of this
work [110]:

• Transient stability: refers to the ability of the power system to maintain rotor synchronism
when subjected to a severe disturbance or contingency, such as a short circuit, sudden loss of
generation, or major line outage.

• Small-signal stability: refers to the ability of the power system tomaintain synchronismunder
small perturbations around an operating point.

• Frequency stability: refers to the ability of the power system to maintain frequency within
acceptable limits following a significant imbalance between active power generation and de-
mand.

• Voltage stability: refers to the ability of the power system tomaintain acceptable voltage mag-
nitudes at all buses under normal operating conditions and after being subjected to distur-
bances.

Among the different stability categories, voltage stability has acquired increasing importance in
modern power grids. Its relevance has become clearer in operating points characterized by high
loading levels and long-distance power transfers.

From a physical perspective, voltage instability refers to the progressive loss of the power sys-
tem’s ability to maintain acceptable voltage magnitudes following a disturbance or an increase in
loading. This phenomenon is closely associated with the capability of the network to supply the
reactive power required to support bus voltages. As loading increases, the demand for reactive
power also increases, while the capability of the transmission network and generation units to pro-
vide voltage support may become limited. Under these conditions, the system may gradually lose
its ability to maintain a stable operating equilibrium, leading to voltage instability. If the instability
is not arrested through appropriate corrective actions, the system may eventually experience volt-
age collapse, which corresponds to the final condition characterized by an uncontrollable reduction
of bus voltages to unacceptable levels. Several physical and operational constraints can initiate or
accelerate the development of voltage instability. The following are particularly relevant:[111]:

• Operation under high loading conditions, particularly when large concentrations of load are
far from generation centers.

• Congested network topologies, which reduce the effective voltage support capability.
• Limitations in the voltage regulation capability of synchronous generators, particularly when

excitation limits are reached.
• Serious contingency events, for example the outage of key transmission lines or major gener-

ating units.
• The availability and geographical distribution of reactive power compensation devices, such

as capacitor banks, reactors, and FACTS devices.

The interaction of these factors determines the proximity of the operating point to a voltage col-
lapse condition. To identify voltage collapse in power systems, several analytical methods have been
developed, some based on steady-state approaches and others on dynamic modeling frameworks.
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Among steady-state methods, one of the most widely used tools for characterizing voltage col-
lapse is the analysis of power–voltage (PV) curves, as illustrated in Figure 3.1 [112]. Each point
along the PV curve represents a steady-state equilibrium solution for a given loading level. In par-
ticular, point C corresponds to the maximum power transfer limit of the power system. The Voltage
Stability Margin (VSM) is therefore defined as the distance between the current operating point and
the maximum power transfer point [113]. This distance quantifies the remaining loadability mar-
gin of the system. Beyond the maximum power transfer point, no physically feasible equilibrium
solution exists, and the system undergoes voltage collapse [114].

Figure 3.1: Power–voltage (PV) characteristic curve and operating regions.

Although all points along the PV curve mathematically satisfy the steady-state equations, not all
of them are operationally admissible. From an operational and stability perspective, three distinct
operating regions can be identified [111]: the secure region, the critical region, and the uncontrol-
lable region.

The secure region corresponds to operating points sufficiently far from the maximum power
transfer limit. In this region, the voltage magnitudes remain close to their nominal values, and the
systemmaintains adequate voltage stability margins and good voltage regulation. Operationwithin
this region ensures acceptable performance, robustness against disturbances, and compliance with
operational and power quality requirements.

The critical region comprises operating points located near the maximum loadability limit of the
system. In this region, voltage magnitudes become significantly lower and voltage regulation de-
teriorates considerably. Although the maximum power transfer point still represents a steady-state
equilibrium solution, it constitutes a physical stability boundary of the power system. Any further
increase in load, or the occurrence of a disturbance, maymove the operating point beyond this limit,
where no physically feasible equilibrium exists, leading to voltage collapse. For this reason, opera-
tion at or near this boundary is operationally unacceptable.

The uncontrollable region corresponds to the lower branch of the PV curve, located beyond the
maximum loadability point. The equilibrium points in this region satisfy the steady-state power
flow equations; however, they do not represent operationally admissible states of the power system.
Along this branch, the voltage magnitude increases as the loading level increases, which is contrary
to the voltage response expected in normal power system operation under increasing demand. This
feature is incompatible with the assumptions underlying practical operation, voltage control, and
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voltage stability assessment. Consequently, despite their mathematical existence, these equilibrium
points are not regarded as feasible operating conditions. For a given loading level below the maxi-
mum loadability point, there are two equilibrium solutions. However, only the solution located on
the upper branch of the PV curve, namely point A, corresponds to an admissible operating point.
As the loading level increases, the upper and lower equilibrium branches approach each other until
they coalesce at the maximum loadability point. This occurrence is a hallmark of a saddle-node bi-
furcation within the static voltage stability framework [115]. At this point, the power flow Jacobian
matrix becomes singular, and beyond it, no equilibrium solution exists.

It is essential to clearly delineate the scope of the methods used to assess voltage stability. In par-
ticular, PV curves are constructed using a steady-state model that accounts for the terminal voltages
of synchronous machines and their reactive power limits. As a static representation, this approach
does not capture the dynamic response of the machines or the interactions between their control
systems and other dynamic components in the network. Nevertheless, its primary strength lies in
its ability to identify the maximum loadability limit imposed by the network structure. Within the
steady-state framework, voltage stability is fundamentally associated with the existence of opera-
tionally feasible equilibrium solutions.

It is important to note that the existence of a steady-state equilibrium solution does not guarantee
the overall stability of the power system. Documented cases show that, even when a static equilib-
rium exists near the nose point of the PV curve, Hopf bifurcations may arise, leading to oscillatory
instability and, eventually, voltage collapse [116]. Such phenomena are revealed through small-
signal analysis based on dynamic models formulated as systems of differential-algebraic equations
(DAEs). These models incorporate both the network interconnections and the dynamic states of
the power system components, together with their associated control systems, thereby providing a
more comprehensive representation of voltage stability.

From a theoretical standpoint, a detailed analysis of voltage stability can be carried out using
bifurcation theory, which relies on differential-algebraic models rather than purely algebraic formu-
lations. However, in practical power system studies, voltage stability is usually assessed through
simpler steady-state approaches, such as PV curve computation based on the power flow equations.
Even though bifurcation theory is not commonly employed in routine studies, identifying the most
relevant bifurcations remains important for a rigorous understanding of themechanisms underlying
voltage instability. In this context, the most relevant bifurcations associated with voltage stability
are the following [117]:

• Saddle-Node Bifurcation: This bifurcation is typically identified through steady-state power
flow analysis and occurs when two equilibrium solutions merge and subsequently disappear.
At this critical condition, the power flow Jacobian matrix becomes singular. Mathematically,
this singularity is characterized by the presence of a zero eigenvalue. Physically, it indicates
that the system has reached its maximum loadability limit, beyond which no equilibrium so-
lution exists, leading to voltage collapse.

• HopfBifurcation: This bifurcation occurswhen a complex conjugate pair of eigenvalues crosses
the imaginary axis as a critical parameter varies. In this case, stability is lost through the emer-
gence of oscillations.

These dynamic and bifurcation-based approaches are employed in comprehensive voltage sta-
bility studies; however, due to their high computational complexity, they are typically restricted to
offline analyzes. This limitation is particularly significant because modern power systems are rep-
resented by large-scale mathematical models, whose real-time evaluation poses considerable chal-
lenges. Consequently, conventional RAS primarily rely on local electrical variables ormeasurements
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obtained from selected strategic locations within the network. Based on this limited information,
they infer either global or local voltage stability conditions and trigger remedial actions accordingly.
Nevertheless, such approaches are generally based on relatively simple indicators that do not fully
capture the overall behavior of modern power systems.

The increasing size and complexity of modern power systems have made the traditional infor-
mation used by RAS insufficient for accurately assessing the system state. Therefore, it becomes
necessary to incorporate information that more accurately reflects the behavior of the overall sys-
tem, enabling more informed and reliable decision-making.

3.2 Proposed RAS Framework
Based on the limitations identified in conventional remedial action schemes in Chapter 1, this section
introduces a model-based RAS framework aimed at preserving voltage stability under contingency
conditions. Unlike conventional schemes, where corrective actions are triggered directly from pre-
defined measurements and thresholds, the proposed framework introduces an intermediate system
assessment layer based on a system-level digital twin continuously synchronized with the physical
power system. This assessment layer continuously evaluates the current operating condition, esti-
mates the voltage stabilitymargin, and provides the information required to support remedial action
decisions. Consequently, the digital twin is not merely a digital representation of the system but an
active decision-support component that enables model-informed operation. Within this framework,
the operating parameters of remedial actions are dynamically adjusted according to the current op-
erating conditions and the estimated stability margins. In this way, the operating methodology is
supported by quantitative indicators of proximity to voltage collapse.

In addition, the proposed design methodology includes an initialization stage compatible with
conventional RAS structures, thereby facilitating its integration and progressive implementation in
real-world environments.

Figure 3.2: Conceptual representation of pre- and post-contingency stability margins in the proposed PV-curve-based
RAS design methodology.

The design methodology of the proposed RAS begins with an offline study stage based onmulti-
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ple simulations, in which the stability margin is adopted as an index to evaluate the proximity of the
power system to the voltage stability limit. Under normal operating conditions, the power system
has a pre-contingency stability margin defined as the distance between the operating point A and
the maximum power transfer point B on the PV curve, as shown in Figure 3.2. Owing to uncertain-
ties associated with power system modeling, variations in load models, measurement inaccuracies,
and unforeseen operating conditions, the methodology establishes that the system should not oper-
ate too close to this limit, thereby incorporating an additional stability margin. In practice, control
centers define these minimum margins according to their reliability criteria and the characteristics
of the power system under their responsibility. For example, National Center for Energy Control
(CENACE) adopts a margin of 12%, whereas other operators use values close to 5%, depending on
the robustness of the power system.

When a contingency occurs, the post-contingency stability margin decreases according to the
severity of the event, and the new equilibrium point may shift significantly with respect to the new
stability limit at point C, potentially driving the power system into a voltage collapse condition. In
this context, the offline stage determines the minimum amount of load shedding required to move
the power system from the operating point A to a secure operating point D under contingency condi-
tions. Based on this analysis, critical contingencies are identified together with their corresponding
minimum load shedding requirement, defined as static load shedding (LS-S), since it is obtained
from a steady-state model. This value constitutes an operating design parameter of the RAS and is
stored as an initial condition for its subsequent online operation, as illustrated in Figure 3.3.

Figure 3.3: Operational flowchart of the proposed RAS framework.

Subsequently, during online operation, the proposed RAS employs a system-level digital twin of
the power system. This digital twin is initialized with the LS-S value determined during the offline
stage and is continuously updated according to the current system state. To ensure synchronization
with the physical system, the digital twin can be supplied with data from a Wide-Area Monitoring
System Wide Area Monitoring System (WAMS) or SCADA measurements. In order to enhance the
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reliability of the link between the physical system and its digital representation, a Weighted Least
Squares (WLS) state estimator with redundancy functions is also incorporated. The WLS estimator
was selected because it represents the most widely adopted state estimation methodology in both
the literature and practical Energy Management systems (EMS) [118]. Since the objective of this
work is not to develop a new state estimation algorithm, but rather to propose a new adaptive RAS
framework, the use of a conventional WLS estimator provides a representative and well-established
basis for evaluating the proposed methodology.

The state estimator provides a complementary backup function in the event of measurement
losses in the primary monitoring system. In this way, the digital twin is continuously supplied with
the estimated system state, enabling an accurate determination of the current operating point. This
information continuously feeds the digital twin for voltage stability margin monitoring. For this
purpose, the digital twin employs the Pseudo Arc-Length Continuation Power Flow (Pseudo-Arc-
CPF) method, which allows online PV curve tracing in parallel with the real power system, thereby
acting as a synchronized system-level virtual representation of the physical grid.

Within this virtual environment, contingencies are simulated and the remedial actions corre-
sponding to the load shedding amount calculated during the offline stage (LS-S) are virtually per-
formed. Based on these simulations, the digital twin estimates in real time the voltage stability
margin under current operating conditions. At this stage, the proposed RAS performs an online
assessment of the voltage stability margin using the digital twin. If the previously computed load
shedding amount (LS-S) maintains a secure stability margin under the current power system con-
ditions, it is retained. Otherwise, the RAS considers two alternatives:

1. Notify the control center so that the LS-S value can be updated through a new offline study.
2. Autonomously increase the amount of load shedding within the digital twin using an online

PV curve tracing algorithm until the stability margin reaches an acceptable level, updating the
LS-S value accordingly.

The second alternative, namely the automatic updating of the load shedding parameter, is adopted,
resulting in a dynamic operating parameter that adapts to the current conditions of the real power
system.

The amount of load shedding LS-S ensures that the power system reaches a new steady-state
equilibrium point under the contingency condition. However, as previously discussed, this ap-
proach does not guarantee an acceptable dynamic voltage response during the transient period.
Therefore, once a contingency is detected, the RAS instantaneously sheds LS-S and, during the sub-
sequent voltage recovery process, computes a second load shedding stage (LS-D) based on the volt-
age deviations observed at the load buses throughout the event transient, as proposed in [29].

The objective of the second load shedding stage (LS-D) is to ensure compliancewith ride-through
requirements and to ensure an adequate recovery profile in accordancewith the PRC-024-2 standard
[119], which defines acceptable transient voltage recovery characteristics, as shown in Figure 3.4.
By maintaining voltage levels within the mandatory operation region and the continuous operation
region, the RAS prevents the activation of undervoltage protection schemes in nearby generation fa-
cilities during the presence of Fault-Induced Delayed Voltage Recovery (FIDVR) phenomena [120].
This avoids uncontrolled cascading disconnections and significantly reduces the risk of awidespread
blackout.

In summary, the proposed RAS framework is structured around three core components:

• A first-stage load shedding action, LS-S, determined through offline studies and continuously
updated in real time through a digital twin based on voltage stability margin tracing.
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Figure 3.4: Operational limits for voltage ride-through.

• A WLS-based state estimator that links the real power system and the digital twin.
• A second-stage load shedding action, LS-D, intended to support voltage ride-through during

FIDVR phenomena.

While this section has introduced the general operational methodology of the proposed RAS
framework, a comprehensive understanding of its functionality requires a formal description of the
theoretical foundations supporting each of its stages. Therefore, the following section presents the
analytical principles underlying the proposed RAS, including the mathematical formulation of its
main stages.

3.3 Theoretical Foundations
The theoretical formulation of the proposed RAS is based on the nonlinear steady-state represen-
tation of the power system. Since both voltage stability margin assessment and corrective action
synthesis depend on an accurate characterization of the operating point, a mathematical model re-
lating network states and measurements is required.

This section develops the analytical framework supporting the three core components of the
proposed RAS. It begins with the nonlinear power flow model and the WLS-based state estimation
process, followed by the continuation power flow formulation employed for voltage stability margin
tracing and, finally, the online evaluation of FIDVR phenomena.

Measurement Configuration for RAS Initialization
The operation of the proposed RAS begins with the acquisition of real-time measurements through
the monitoring system, which in this implementation corresponds to a SCADA-based architecture.
These measurements are used to feed the WLS-based state estimator. To initialize the estimator, the
RAS operator defines the measurement configuration, including both the measurement locations
and their corresponding types. The input measurement set may include bus voltage magnitudes
(𝑉𝑖), active and reactive power injections (𝑃𝑖 ,𝑄𝑖), as well as active and reactive power flows through
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network elements such as transmission lines or transformers (𝑃𝑖 𝑗 , 𝑄𝑖 𝑗). These measurements are
organized according to the structure presented in Table 3.1. This structured arrangement directly
determines the construction of the measurement vector and the corresponding measurement ma-
trix used in theWLS formulation, thereby defining the analytical relationship between system states
and acquired data. The data are acquired through the Distributed Network Protocol (DNP) pro-
tocol, which, although slower than phasor-based systems, provides sufficient temporal resolution
for the steady-state stability assessment performed by the proposed RAS. The WLS-based estima-
tor is inherently scalable: the incorporation of additional measurements or newly installed devices
does not require modifications to its core formulation, since the estimator automatically adapts to
the expanded measurement configuration.

Table 3.1: Structure of the measurement set for the WLS-based state estimator
No. Measurement Type From To Value

1 𝑉𝑖 Bus𝑖 – DNP3 measurement
2 𝑃𝑖 Bus𝑖 – DNP3 measurement
3 𝑄𝑖 Bus𝑖 – DNP3 measurement
4 𝑃𝑖 𝑗 Bus𝑖 Bus𝑗 DNP3 measurement
5 𝑄𝑖 𝑗 Bus𝑖 Bus𝑗 DNP3 measurement

Measurement Jacobian
Once the measurement configuration is defined and the corresponding measurement vector is con-
structed, the state estimation problem can be formulated. In this formulation, the state vector is
defined in polar coordinates as:

x =

[
𝜹

|V|

]
(3.1)

where 𝜹 is the vector of bus voltage phase angles and |V| is the vector of bus voltage magnitudes.
The voltage angle of the reference bus is fixed and is not included as an independent state variable.

For a given set ofmeasurements, the nonlinearmeasurementmodel is expressed as follows [121]:

z =


𝑧1

𝑧2
...
𝑧𝑐


=


ℎ1(x)
ℎ2(x)
...

ℎ𝑐(x)


+


𝑒1
𝑒2
...
𝑒𝑐


= h(x) + e (3.2)

where z ∈ R𝑐 is the measurement vector, x ∈ R𝑞 is the state vector, h(x) ∈ R𝑐 represents the
nonlinear measurement model relating the system states to the available measurements, and e ∈ R𝑐

is the measurement error vector. In this formulation, 𝑐 denotes the total number of measurements,
whereas 𝑞 denotes the number of state variables.

TheWLS formulation determines the optimal state vector by iterativelyminimizing theweighted
least-squares objective function, defined as the weighted sum of squared measurement residuals,
until convergence is achieved:

𝐽(x) =
𝑐∑
𝑖=1

(𝑧𝑖 − ℎ𝑖(x))2
𝑅𝑖𝑖

(3.3)

where 𝐽(x) is the WLS objective function, which represents the weighted sum of squared mea-
surement residuals. The minimization of 𝐽(x) determines the state vector that best fits the available
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measurements according to their assigned confidence levels. Assuming uncorrelated measurement
errors, R𝑚𝑒𝑎𝑠 ∈ R𝑐×𝑐 is the diagonal measurement covariance matrix, whose entries define the confi-
dence assigned to eachmeasurement and directly influence the convergence and numerical behavior
of the estimator. The covariance matrix is given by:

R𝑚𝑒𝑎𝑠 =


𝑅11 0 · · · 0
0 𝑅22 · · · 0
...

...
. . .

...
0 0 · · · 𝑅𝑐𝑐


(3.4)

The measurement Jacobian matrix is defined as H𝑆𝐸 ∈ R𝑐×𝑛 and is given by

H𝑆𝐸 =
𝜕h(x)
𝜕x

=



𝜕Pinj
𝜕𝜹

𝜕Pinj
𝜕|V|

𝜕Pflow
𝜕𝜹

𝜕Pflow
𝜕|V|

𝜕Qinj
𝜕𝜹

𝜕Qinj
𝜕|V|

𝜕Qflow
𝜕𝜹

𝜕Qflow
𝜕|V|

𝜕|I|
𝜕𝜹

𝜕|I|
𝜕|V|

0 𝜕|V|
𝜕|V|


(3.5)

where Pinj and Qinj denote the vectors of active and reactive power injection measurement func-
tions, respectively, while Pflow and Qflow denote the vectors of active and reactive power flow mea-
surement functions through network elements. In addition, |V| and |I| represent the vectors of volt-
age and current magnitude measurement functions, respectively. The rows associated with current
magnitudemeasurements are included only when suchmeasurements are available in the measure-
ment set.

Gain Matrix

The gain matrix is computed using the measurement Jacobian matrix H𝑆𝐸 and the covariance matrix
R𝑚𝑒𝑎𝑠 . Accordingly, the gain matrix G𝑆𝐸(x) is formulated as:

G𝑆𝐸(x) = H𝑇
𝑆𝐸R−1

𝑚𝑒𝑎𝑠H𝑆𝐸 (3.6)

which can also be expressed as:

G𝑆𝐸 =
𝑚∑
𝑖=1

H𝑇
𝑆𝐸,𝑖𝑅

−1
𝑖𝑖 H𝑆𝐸,𝑖 (3.7)

The iterative solution of theWLS-based state estimation problem is obtained through the follow-
ing expressions:

G𝑆𝐸(x𝑘) = H𝑇
𝑆𝐸(x𝑘)R−1

𝑚𝑒𝑎𝑠H𝑆𝐸(x𝑘)
Δx𝑘+1 = [G𝑆𝐸(x𝑘)]−1H𝑇

𝑆𝐸(x𝑘)R−1
𝑚𝑒𝑎𝑠

[
z − h(x𝑘)] (3.8)

Once the iterative process satisfies the convergence criterion,

max (|Δx|) ≤ 𝜖,

the estimated state vector x is obtained. Based on this state estimated, the active power generation
at each generating unit (𝑃𝑔𝑖) and the active and reactive power demand at each load bus (𝑃𝑙𝑖 ,𝑄𝑙𝑖) can
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be derived through the network power-flow relationships, thereby fully characterizing the current
steady-state operating condition of the power system.

This estimated operating point provides the initialization required by the continuation power
flow method employed within the system-level digital twin for PV curve tracing. In the proposed
framework, the WLS-based state estimation stage constitutes the model-driven analytical interface
between the real-time measurements of the physical system and the digital twin, since the CPF
algorithm is initialized directly from the reconstructed steady-state operating point.

For the results presented in this work, it is assumed that the WLS-based state estimator serves
as the sole interface between the physical power system and its digital twin representation. Under
this configuration, all subsequent stages of the proposed RAS are initialized exclusively from the
estimated state vector.

CPF-Based Digital Twin for Voltage Stability Margin Assessment
The design and operational methodology of the proposed RAS is based on the voltage stability mar-
gin index; therefore, the digital twin must rely on a model capable of estimating this quantity ac-
curately. The selection of the mathematical formulation is thus not arbitrary. Although modeling
approaches of different levels of complexity exist, the system-level model must remain computa-
tionally efficient to enable real-time execution and, at the same time, be compatible with the data
available from conventional monitoring systems.

Traditionally, PV curve tracing is performed through successive power flow solutions using the
Newton–Raphson method [122]. This procedure consists of progressively increasing the system
loading and generation levels in order to compute new equilibrium operating points, repeating the
process until the maximum power transfer point is approached. Although this methodology pro-
vides a reasonable approximation of the maximum loading condition, it exhibits numerical limi-
tations when the power system operates near the critical point. In particular, near the maximum
loading point, the power flow Jacobian becomes singular, leading to numerical instability and con-
vergence problems. To overcome these limitations, continuation power flowmethods have emerged
as a robust alternative [123]. These methods reformulate the classical steady-state power flow equa-
tions by incorporating predictor–corrector schemes and parametrization strategies [124, 125, 126],
thereby avoiding the Jacobian singularity at the maximum loading point and enabling complete
tracing of the PV curve.

Among the different CPF variants, the digital twin proposed in this work is based on the Pseudo–
Arc Length method, which is widely used for the analysis of saddle-node bifurcations and has been
adopted in specialized tools such as AUTO [127]. In addition, specific modifications are incorpo-
rated to enhance its operational flexibility, aligning its PV tracing capabilities with those available
in professional software platforms such as Power System Simulator for Engineering (PSS/E) [128].

The CPF formulation starts from the classical steady-state power flow equations, which compute
a solution for a system of the form

F (𝜹,V) = 0 (3.9)

where F denotes the set of nonlinear power flow equations, 𝜹 represents the vector of voltage
phase angles, and V corresponds to the vector of voltage magnitudes. By introducing a loading
parameter 𝜆, the system in (3.9) can be reformulated as

F
(
𝜹,V,𝜆; Tsystem

)
= 0 (3.10)

where Tsystem is the participation vector that defines the buses at which load or generation is
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allowed to vary during the tracing of the PV curve. Its entries are equal to one at the selected buses
and zero elsewhere, thereby enabling selective increases in power transfer within the system-level
digital twin. The load and generation increments are defined as percentages of the power connected
at each selected bus with respect to the total system generation or demand. This configuration is
specified by the RAS operator.

From this formulation, the CPFmethod uses the arc-length parameter 𝑠 as the continuation vari-
able, treating the state vector u = [𝜹,V] and the loading factor 𝜆 as functions of 𝑠, as described in
[127]:

F
(
𝜹(𝑠),V(𝑠),𝜆(𝑠); Tsystem

)
= 0 (3.11)

Differentiating (3.11) with respect to 𝑠, and noting that Tsystem remains fixed during each tracing
process, yields

[
F𝛿 F𝑉 F𝜆

] 
𝑑𝜹
𝑑V
𝑑𝜆

 = 0 (3.12)

Expression (3.12) can be rewritten in compact form as

[
F𝑢 F𝜆

] [ 𝑑u
𝑑𝜆

]
= 0 (3.13)

where the tangent vector is defined as

t =

[
𝑑u
𝑑𝜆

]
(3.14)

On the other hand, in order to remove the non-uniqueness of (3.13), the Euclidean arc-length
constraint is introduced as an additional equation:

𝑑u𝑇𝑑u + 𝑑𝜆2 = 1 (3.15)

To compute the tangent vector, the following system of linear algebraic equations is first solved
for 𝝃:

F𝑢𝝃 = −F𝜆 (3.16)

Then, due to the linearity of (3.13) in 𝑑u and 𝑑𝜆,

𝑑u = 𝝃 𝑑𝜆 (3.17)

Substituting (3.17) into the Euclidean arc-length constraint, the value of 𝑑𝜆 is obtained as

𝑑𝜆 = ±
(
1 + 𝝃𝑇𝝃

)−1/2
(3.18)

The sign in (3.18) determines the direction of the solution along the PV curve. Once the tangent
vector t is obtained, the state variables of the next solution point are predicted as[

u𝑝
𝜆𝑝

]
=

[
u𝑘
𝜆𝑘

]
+ 𝜎

[
t
]

(3.19)
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where the subscript 𝑝 denotes the predicted values of u and 𝜆, 𝜎 is the continuation step size,
and the subscript 𝑘 denotes the previously corrected solution point. For the first continuation step,
these initial values correspond to the operating point of the physical power system reconstructed
from the state vector estimated by the WLS-based state estimator.

Figure 3.5: Predictor–corrector scheme of the pseudo–arc-length CPF implemented in the system-level digital twin.

From the predicted values (u𝑝 ,𝜆𝑝), the pseudo–arc-length CPF performs a correction step based
on a hyperplane orthogonal to the tangent vector computed at the previous corrected solution point.
This strategy reduces the risk of loss of convergence during PV curve tracing, since the correction
is performed in a direction for which the Newton–Raphson method exhibits improved numerical
robustness. In this way, the corrected solution (u𝑘+1 ,𝜆𝑘+1) satisfies both the steady-state power flow
equations in (3.11) and the following hyperplane constraint:

𝐺(u,𝜆) = (u − u𝑘)𝑇𝑑u𝑘 + (𝜆 − 𝜆𝑘)𝑑𝜆𝑘 − 𝜎 = 0 (3.20)

Accordingly, the pseudo–arc-length CPF consists of computing the predictor and corrector stages
through (3.19), (3.11), and (3.20). This leads to the following augmented system of equations:[

F𝑢 F𝜆

G𝑢 G𝜆

] [
Δu
Δ𝜆

]
=

[
0
0

]
(3.21)

Finally, Figure 3.5 illustrates the PV curve tracing process using the Pseudo–Arc Length CPF
method, which constitutes the system-level digital twin. Starting from the operating point recon-
structed by the WLS-based state estimator, the tangent vector computation, prediction, and correc-
tion stages are executed iteratively, generating successive equilibrium points until the maximum
power transfer point is reached. This point defines the voltage stability margin of the system. The
estimation of this margin is carried out by evaluating contingencies and virtual load-shedding ac-
tions previously identified during the offline stage. In this way, the LS-S scheme can be validated
and adjusted within a secure virtual environment before implementing any load shedding action on
the physical system. The evaluation stage of the system-level digital twin by the RAS is summarized
in Algorithm 1.

Through this procedure, the first-stage LS-S is fully defined and continuously updated, remain-
ing armed for any of the assessed contingencies. However, in order to ensure a successful voltage re-
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Algorithm 1 Digital-Twin-Based Pseudo–Arc-Length CPF Method
Input: Generation dispatch, voltage references, active and reactive load demands obtained from the WLS-

based state estimator, LS-S amount, and Tsystem
Output: Voltage stability margin and updated LS-S amount (if necessary)
1: Apply the contingency under evaluation
2: Apply LS-S at the selected buses according to the offline stage
3: Scale Δ𝑃 for each 𝑃𝑔𝑖 and 𝑃𝑙𝑖 according to Tsystem
4: Compute the initial Newton–Raphson power flow solution
5: while 𝜆𝑘 < 𝜆max do
6: Compute F𝑢 and F𝜆
7: Compute 𝝃 using (3.16)
8: Compute the tangent vector t using (3.17) and (3.18)
9: Compute the predicted point (u𝑝 ,𝜆𝑝) using (3.19)

10: Form the augmented function 𝐺(u,𝜆)
11: Solve the corrector step using (3.21)
12: Update (u𝑘+1 ,𝜆𝑘+1)
13: end while
14: Compute the voltage stability margin as 𝜆max − 𝜆0
15: if Voltage stability margin < minimum stability margin then
16: Increase the LS-S amount
17: end if

covery within ride-through limits, the proposed RAS computes a second load-shedding stage aimed
at providing additional voltage support during the post-contingency recovery period. This second
stage is described in the following subsection.

Voltage Recovery- and FIDVR-Oriented RAS Strategy
The dynamic voltage response of a power system depends on several factors. Among them, load
dynamics play a critical role and may drive the system toward voltage instability. In power systems
with thermostatically controlled loads and stalling inductionmotors, a phenomenon known as fault-
induced delayed voltage recovery may occur [120]. This phenomenon is characterized by system
voltages remaining at significantly low levels for several seconds after fault clearance [129]. Such
prolonged voltage depression may trigger undervoltage protection schemes at generation and load
facilities, potentially leading to cascading disconnections and, ultimately, voltage collapse. Since the
FIDVR phenomenon is not captured by steady-state approaches such as the PV-curve-based digital
twin, ensuring an acceptable dynamic voltage response during contingencies requires maintaining
the voltage trajectory within predefined limits, typically represented by the red bands in Figure 3.6.
Failure to recover within these limits may activate protective mechanisms, resulting in uncontrolled
generation disconnection and, in severe cases, a widespread blackout.

Accordingly, the proposed RAS incorporates a secondary load-shedding stage (LS-D) computed
in real time and adapted to the severity of the contingency. This stage is based on the methodology
presented in [29], with certain adjustments. In particular, the strategy considers an individual eval-
uation carried out exclusively at load buses within the protected area. Nevertheless, load shedding
is applied only at those buses that exhibit critical voltage drops.

During the voltage transient, the voltage deviation at each bus, denoted as Δ𝑉𝑖 , is evaluated with
respect to its pre-contingency value. For buses where Δ𝑉𝑖 exceeds a predefined threshold Δ𝑉 𝑡ℎ , the
average voltage deviationΔ𝑉 𝑎𝑣

𝑖 is determined relative to a reference voltage𝑉 𝑡ℎ
𝑖 , as expressed below:

Δ𝑉 𝑎𝑣
𝑖 =

1
𝜏

∫ 𝑡0+𝜏

𝑡0

(
𝑉 𝑡ℎ
𝑖 −𝑉𝑖(𝑡)

)
𝑑𝑡 (3.22)

In this formulation, 𝜏 denotes the integration interval, whereas 𝑡0 corresponds to a time instant
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Figure 3.6: PRC-024-2 voltage ride-through requirements during transient voltage disturbances.

defined after the first load-shedding action (LS-S) in order to incorporate its effect into the evaluation
of the average voltage deviation Δ𝑉 𝑎𝑣

𝑖 . Furthermore, the reference voltage 𝑉 𝑡ℎ
𝑖 must remain within

the operational constraint bands shown in Figure 3.6. The methodology adopted to estimate the
parameters 𝜏 and 𝑉 𝑡ℎ

𝑖 is presented in the Results section. Using these variables, the corresponding
expression for the required load shedding is obtained as follows:

Δ𝑃𝑠ℎ𝑒𝑑𝑖 = 𝐾𝑖 Δ𝑉 𝑎𝑣
𝑖 (3.23)

The gain 𝐾𝑖 characterizes the sensitivity of the load-shedding action to voltage deviations at each
bus. Conventionally, this gain is treated as a fixed parameter and tuned through extensive offline
simulations. However, under conditions of increased demand, maintaining a fixed gain may lead to
disproportionate load-shedding actions. Therefore, in the proposed RAS, 𝐾𝑖 is defined as a dynamic
parameter assigned proportionally to the load level at each bus. Moreover, to ensure a controlled
response, the load-shedding action is constrained by imposing an upper bound on the maximum
power that can be disconnected at each bus, thereby preventing excessive shedding:

Δ𝑃𝑠ℎ𝑒𝑑𝑖 ≤ Δ𝑃𝑠ℎ𝑒𝑑max (3.24)

Finally, the second load-shedding amount is defined as

LS-D𝑖 = Δ𝑃𝑠ℎ𝑒𝑑𝑖 (3.25)

Once the second load-shedding action is applied at buses exhibiting significant voltage devi-
ations, the integrators associated with each controller are reset. This reinitialization enables the
scheme to execute a third emergency load-shedding stage if the voltage within the protected area
does not recover to the specified thresholds within the defined time window, as described below:
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𝜇(𝑡) =



0.00 ≤ 𝑉𝑖(𝑡) ≤ 1.40, ∀𝑡 ∈ [0.033, 0.1]
0.00 ≤ 𝑉𝑖(𝑡) ≤ 1.25, ∀𝑡 ∈ [0.1, 0.15]
0.25 ≤ 𝑉𝑖(𝑡) ≤ 1.25, ∀𝑡 ∈ [0.15, 1]
0.75 ≤ 𝑉𝑖(𝑡) ≤ 1.25, ∀𝑡 ∈ [1, 2]
0.85 ≤ 𝑉𝑖(𝑡) ≤ 1.20, ∀𝑡 ∈ [2, 30]
0.90 ≤ 𝑉𝑖(𝑡) ≤ 1.15, ∀𝑡 ∈ [30, 300]
0.90 ≤ 𝑉𝑖(𝑡) ≤ 1.10, ∀𝑡 ∈ [300]

(3.26)

The region defined in (3.26) establishes the acceptable dynamic recovery criterion and is consis-
tent with the limits illustrated in Figure 3.6. It should be emphasized that the parameters 𝜏 and 𝑉 𝑡ℎ

𝑖
require offline calibration for each contingency scenario. Accordingly, a dedicated design method-
ology is applied during the HIL implementation to properly adjust these parameters, taking into
account the coordinated operation of all system devices, as well as the overall system response. This
procedure is detailed in the Results section.

Figure 3.7: Overall operational framework of the proposed digital twin–based RAS.

The theoretical foundations of the proposed RAS have been established in this section through
the formulation of the system-level digital twin, based on the pseudo–arc-length CPF method for
voltage stability margin estimation, the definition of the staged load-shedding strategy, and the cou-
pling between the physical system and the digital twin through the WLS-based state estimation
framework.

For completeness, Figure 3.7 presents a general flowchart summarizing the overall operational se-
quence and illustrating the interaction among the different stages of the RAS. The diagram provides
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an integrated representation of the methodology developed in this section. With the conceptual and
mathematical framework now fully defined, the following section describes the hardware-in-the-
loop implementation, in which the proposed RAS is validated under realistic operating conditions.

3.4 Hardware-in-the-Loop Implementation
This section describes the hardware-in-the-loop implementation used to validate the proposed RAS
under relevant operating conditions. The presentation is organized into two subsections. The first
subsection introduces the test power system, including a detailed description of the protection prob-
lem addressed and the operating modifications applied to create stressed conditions. The second
subsection presents the HIL experimental setup, detailing the real-time simulation platform, hard-
ware devices, and communication architecture employed for the implementation.

Test Power System Description and Problem Definition

Figure 3.8: IEEE 39-bus test system with measurement points and protected area.

To evaluate the performance of the proposed RAS, the IEEE 39-bus test system is employed.
This system constitutes a widely recognized benchmark in the academic literature, as it represents
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an equivalent of the New England power system. It is selected because it adequately reproduces
relevant characteristics and dynamic phenomena observed in real power systems, particularly those
associated with voltage stability. As such, it provides an appropriate framework for the analysis and
validation of remedial action schemes aimed at preserving voltage stability in large-scale systems.

Figure 3.8 illustrates the topology of the system, which consists of 39 buses, 10 synchronous
machines, and 19 load buses. In order to represent operating conditions more consistent with those
of modern power systems, the original operating point was slightly modified. These modifications
included adjusting the generation dispatch of synchronous machines 2, 3, 4, 5, and 6, as well as
proportionally increasing the load demand at buses 3, 18, 25, 26, 27, 28, and 29. As a result, the
system exhibits amore stressed operating point, characterized by large generation areas transmitting
significant amounts of power to highly concentrated load centers. This configuration reflects the
typical behavior of regions susceptible to voltage collapse in real power systems. The load area of
interest is highlighted in Figure 3.8. This area receives approximately 864MW through transmission
lines 1–2, 4–3, and 16–17, which represent the main interconnection corridors between the analyzed
load area and the remainder of the test system.

Under these operating conditions, contingencies involving the loss of generation within the load
area may cause a sudden increase in power flow through the interconnection corridors, driving the
system operating point close to, or even beyond, the maximum power transfer point. Furthermore,
if during the post-contingency transient the voltages in the load area violate the established ride-
through limits, the remaining generation units may trip. This situation would further increase the
power transfer through the interconnection corridors, accelerating the degradation of the voltage
stability margin and potentially leading the system toward voltage collapse.

In this context, the proposed RAS is designed to prevent such scenarios and protect the load
area against generation contingencies occurring within the load zone. Accordingly, the scheme is
configured to perform load shedding within the area of interest, specifically at buses 3, 18, 25, 26, 27,
28, and 29. Finally, Figure 3.8 also illustrates the measurement points selected from the test system
to supply the proposed RAS. These signals serve as inputs to the WLS-based state estimator, which
acts as the interface between the physical system and the system-level digital twin. In addition, the
diagram identifies the communication protocol associated with each measurement, either DNP3 or
Generic Object-Oriented Substation Event (GOOSE), thereby providing a clear representation of the
information exchange between the physical power system and the different stages of the proposed
RAS.

With the test system clearly defined, the following subsection describes the hardware-in-the-loop
experimental setup adopted to implement and validate the proposed RAS under real-time operating
conditions.

Hardware-in-the-Loop Validation Platform
The validation platform consists of two main types of equipment:

• Real-TimeDigital Simulator (RTDS): The RTDS is used tomodel the IEEE 39-bus test system.
This platform performs electromagnetic transient (EMT) simulations and employs the Dom-
mel method for the numerical solution of the power system equations [130]. Synchronousma-
chines are modeled together with their corresponding Automatic Voltage Regulators (AVRs)
and speed governors. Transmission lines are represented using Bergerondistributed-parameter
models, while loads are modeled using a Constant Impedance, Current, and Power (ZIP) rep-
resentation composed of 70% constant power and 30% constant impedance. The power system
model is executed with an integration time step of 50 𝜇s.
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• Industrial-grade controller: The SEL-3555 Real-Time Automation Controller (RTAC) is em-
ployed as the central control and processing unit. Equipped with a multiprocessor IEC 61131
logic engine, programmed using a CODESYS-based environment, the SEL-3555 is capable of
handling large datasets and executing complex computational tasks in real time. Within this
device, the core algorithms of the proposed RAS are implemented, including the WLS-based
state estimator, the system-level digital twin, and the FIDVR assessment stage.

Figure 3.9: Architecture of the hardware-in-the-loop validation platform.

Figure 3.9 illustrates the architecture of the HIL validation platform. The information flow orig-
inates from the model implemented in the RTDS, which represents the physical power system.
Within theRTDS, theGTNETx2 communication card is configured tomanage signal exchange through
the DNP3 and GOOSE protocols, as well as to establish the corresponding communication parame-
ters. Through DNP3, the RTDS transmits to RTAC-A, every 100 ms, the voltage magnitudes, active
and reactive power injections, and power flows corresponding to the measurement points indicated
in Figure 3.8. Using this information, the WLS-based state estimator implemented in RTAC-A re-
constructs the system state vector every second. Once the estimation is completed, the generation
dispatch, reference voltages, and estimated load demand are transmitted to RTAC-B through the
Next Generation Virtual Link (NGVL) protocol every 10 ms. In addition, RTAC-B directly receives
the voltage magnitudes of the load buses within the area of interest through the GOOSE protocol,
enabling the evaluation of the FIDVR stage.

In RTAC-B, a parallel execution structure is implemented to support processes with different
execution cycles. Specifically, two main functions are executed: the system-level digital twin of the
power system and the FIDVR evaluation stage. The digital twin operates with an execution period
of one second and is assigned to the main task, which allows configurable processing times between
4 and 1000 ms. In contrast, the FIDVR evaluation requires a faster execution cycle and runs with
a 4 ms period; therefore, it is implemented within the automation environment, which supports
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processing times ranging from 1 to 1000 ms.
In addition, since load shedding must be executed as quickly as possible, the GOOSE protocol

is used to transmit the trip signals. This requires internal information exchange between the main
task and the automation environment, because the total load-shedding amount, Δ𝑃total, is deter-
mined from both the results of the system-level digital twin (LS-S) and the FIDVR evaluation stage
(LS-D). This information exchange is carried out through a library in the SEL RTAC called Cross-
Task Data, which enables bidirectional communication between the main task and the automation
environment, as shown in Figure 3.10. The exchange of information between the two processes oc-
curs whenever the processing cycles of both tasks coincide and therefore depends on the configured
processing times of the main task and the automation environment.

Figure 3.10: Cross-task data exchange between the main task and the automation environment.

In the FIDVR assessment stage, which runs in the automation environment, it is necessary to
compute the solution for Δ𝑉 𝑎𝑣

𝑖 as defined in (3.22). To achieve this, the integration of the voltage-
deviation signal is performed using a PID controller implemented in the RTAC. The PID library of
the SEL-3555 is employed for this FIDVR evaluation stage. The RTAC PID algorithm implements the
ideal form of a positional PID controller with dependent gains. The time-domain expression for the
PID controller is given below:

𝐶𝑂 = 𝐾𝑐

[
𝐸 + 1

𝑇𝑖

∫
𝐸 𝑑𝑡 + 𝑇𝑑 𝑑𝐸𝑑𝑡

]
(3.27)

where 𝐶𝑂 is the controller output, 𝐸 is the error signal, 𝐾𝑐 is the controller gain, 𝑇𝑖 is the integral
time, and 𝑇𝑑 is the derivative time. For this implementation, the derivative action is deactivated.

For the FIDVR assessment stage, it is necessary to tune the parameters𝑉 𝑡ℎ
𝑖 and 𝜏 for all controllers

at each load bus within the protected area. This tuning is carried out through multiple hardware-
in-the-loop simulations of the power system equipped with the proposed RAS, assessing both the
system response and the effectiveness of the remedial actions under different combinations of 𝑉 𝑡ℎ

𝑖
and 𝜏. To automate this process, a script was developed in the RTDS. The script configures a series
of tests in which the performance of the FIDVR assessment implemented in RTAC-B is evaluated.
For each predefined contingency, the test begins with a specific set of 𝑉 𝑡ℎ

𝑖 and 𝜏 values, which are
sent to RTAC-B. The RAS then computes the total load-shedding amount Δ𝑃total and evaluates its
impact on the test power system under the contingency scenario. Once the simulation concludes,
the results are stored.

Subsequent tests are conducted by assigning new values to 𝑉 𝑡ℎ
𝑖 and 𝜏, repeating the procedure

to assess how the updated Δ𝑃total influences the system performance. This iterative tuning method-
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Figure 3.11: Automated FIDVR assessment using RTDS scripting in a HIL environment.

ology is illustrated in Figure 3.11. Also, Table 3.2 summarizes the communication delays associated
with the data exchange paths between the devices, as well as the processing times required for each
task executed by the RTAC industrial-grade controllers.

Table 3.2: Processing times associated with the HIL validation platform
Communication path and device Protocol Time
Physical system GTNETx2 → RTAC-A (Measurements of the system) DNP3 100 ms
RTAC-A (WLS-Based state estimator) - 1 s
RTAC-A → RTAC-B (Operating point) NGVL 10 ms
RTAC-B (Digital twin) - 1 s
RTAC-B (FIVDR assessment) - 4 ms
Physical system GTNETx2 ↔ RTAC-A (Breaker status and trip signals) GOOSE 4 ms

With the HIL validation platform fully implemented and configured, a testing environment is
available to evaluate the performance of the proposed RAS under realistic operating conditions, us-
ing industrial-grade controllers similar to those deployed in actual substations. This setup provides
a high degree of realism, bridging the gap between simulation-based assessment and real-world
implementation. The results obtained from these experiments enable a detailed evaluation of load-
shedding effectiveness, system response under contingencies, and FIDVR performance. In the fol-
lowing section, the simulation results are presented, highlighting the capability of the proposed RAS
to maintain voltage stability within the protected area.

3.5 Results of the HIL Implementation
This section presents the validation and performance assessment of the proposed RAS using the de-
veloped HIL platform. The results are organized into two main subsections. The first subsection fo-
cuses on validating the computational models implemented within the RAS, namely theWLS-based
state estimator and the pseudo–arc-length CPF used as a system-level digital twin, both deployed
on industrial-grade controllers. This validation verifies the accuracy and reliability of the core algo-
rithms prior to evaluating the overall scheme. The second subsection assesses the integrated perfor-
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mance of the proposed RAS, examining its behavior from the design phase to its real-time operation
on the HIL validation platform described in the previous section.

WLS-Based State Estimator and Digital Twin Validation
To verify the correct implementation of the WLS-based state estimator in RTAC-A, a validation pro-
cedure was conducted. Measurements generated by the RTDS at the locations shown in Figure 3.8
were processed offline using aWLS estimator developed inMATLAB. The resulting state vector was
compared with both the actual RTDS operating point and the estimates produced by RTAC-A. As
shown in Figure 3.12, a high level of agreement is observed among the three references. These results
confirm the accurate implementation of the WLS algorithm in RTAC-A and validate its capability to
provide a reliable state representation of the physical power system for the system-level digital twin
within the RAS information flow.

Figure 3.12: Comparison of voltage magnitude estimation results: RTAC-A, MATLAB, and RTDS.

Regarding the system-level digital twin, the voltage stability margin computed in real time by
RTAC-B must be consistent with the results obtained during the offline design stage using profes-
sional power system analysis tools. This consistency ensures that the stability indices used to di-
mension the RAS remain representative of the physical system under actual operating conditions. If
the voltage stability margin is inaccurately estimated, the resulting load shedding may significantly
deviate from the values defined in the offline study, leading to insufficient or excessive corrective
actions and increasing the vulnerability of the power system to voltage instability under real contin-
gencies. Therefore, the pseudo–arc-length CPF implemented in RTAC-B is validated to verify that
both the PV curve tracing process and the estimated voltage stability margins reproduce the results
obtained from established analysis software.

Figure 3.13 compares the PV curve obtained from the offline PSS/E analysis with the curve com-
puted in real time by the pseudo–arc-length CPF implemented as the system-level digital twin in
RTAC-B, considering the RTDS operating point as the initial condition. A high level of agreement
is observed between both curves across the analyzed loading range, including the vicinity of the
maximum power transfer point.

Table 3.3 presents a quantitative comparison of the maximum power transfer point, expressed in
MW, computed using PSS/E, MATLAB, and RTAC-B, considering the same operating condition for
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Figure 3.13: Comparison of PV curves computed using PSS/E and the system-level digital twin.

load buses 4, 8, 16, 18, 24, and 27. The PSS/E results are taken as the reference, and the percentage
errors associated with the MATLAB and RTAC-B implementations are reported accordingly. A high
level of agreement is observed among the three platforms, with a maximum deviation of RTAC-B
relative to PSS/E not exceeding 0.012%.

Table 3.3: Maximum power transfer point comparison among PSS/E, MATLAB, and RTAC-B
Bus PSS/E (MW) MATLAB (MW) RTAC-B (MW) MATLAB Error (%) RTAC-B Error (%)
4 871.95 871.87 871.85 0.009 0.011
8 910.32 910.52 910.21 0.022 0.012
16 573.74 573.81 573.67 0.012 0.012
18 275.53 275.63 275.50 0.036 0.011
24 538.16 538.31 538.10 0.028 0.011
27 490.04 490.01 489.98 0.006 0.012

This level of accuracy confirms the capability of the system-level digital twin to reproduce the
PV curves obtained in offline studies. Consequently, it validates its use for real-time voltage stability
margin monitoring and for adjusting the load-shedding amounts executed by the proposed RAS.

Performance Results of the Proposed RAS
As defined in the proposed RAS framework, the design stage relies on offline voltage stability stud-
ies using the voltage stability margin as the primary security index. The following results are de-
rived under this previously established methodology. The voltage stability margin is characterized
through PV curve tracing by monitoring the voltage at bus 28 as a function of the power transferred
through transmission lines 1–2, 4–3, and 16–17. These lines constitute the electrical interconnection
between the protected area and the remainder of the power system, enabling a direct assessment
of the relationship between interconnection power transfer and the corresponding voltage stability
margin. Regarding the configuration of Tsystem, the selected load buses are 3, 15, 16, 18, 20, 21, 23,
24, 25, 26, 27, and 29, and the generator buses considered are 31, 32, and 39. These buses are se-
lected due to their high sensitivity during PV curve tracing, as they exhibit the greatest impact on
the voltage stability margin associated with the power transferred through the interconnection of
interest.
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Figure 3.14: Voltage stability margins for generation-loss contingencies (offline study).

For the RAS design stage, a minimum stability margin of 5% is adopted, consistent with criteria
used in previous studies of the Panamanian power system. This threshold defines the minimum ac-
ceptable operating condition before corrective action by the scheme is required. Figure 3.14 presents
the PV curves obtained offline for contingencies associated with the loss of generators G8, G9, and
G10. Under normal operating conditions, corresponding to the base case, the power system exhibits
a voltage stability margin of 24.82%, indicating an operating condition well separated from both the
voltage collapse point and the established minimum stability margin. Following the G8 and G10
contingencies, the initial operating point shifts toward higher levels of power transfer across the in-
terconnection, partially compensating for the lost generation. Nevertheless, the resulting stability
margins, 12.97% and 17.82%, respectively, remain significantly above the 5% threshold. This indi-
cates that the power system maintains a secure operating condition under these scenarios and does
not require load-shedding actions.

However, for the G9 contingency, no feasible post-contingency equilibrium point is identified
at the initial operating condition, indicating a voltage collapse scenario. To restore an acceptable
operating condition, an offline load-shedding action of 440 MW is determined, distributed between
buses 28 and 29. Following this corrective measure, a voltage stability margin of 5.30% is achieved,
satisfying the predefined minimum stability margin. These offline results define the initialization
operating parameters of the RAS for real-time operation, establishing static load-shedding settings
of LS-S28 = 220 MW and LS-S29 = 220 MW.

Prior to the real-time FIDVR assessment, Figure 3.15 presents the results of the offline tuning
process of the FIDVR assessment stage for the G9 contingency, using the simulation environment
described in Figure 3.11. In this stage, different combinations of the parameters 𝑉 𝑡ℎ

𝑖 and 𝜏𝑖 are ana-
lyzed to evaluate their impact on voltage recovery and on the load-shedding amounts determined
by the FIDVR assessment stage. It is important to note that the total load-shedding values already
include the contribution previously estimated by the system-level digital twin. The results indicate
that Δ𝑃total increases for small values of 𝜏 and decreases for large values of 𝜏, revealing the sensi-
tivity of the scheme to this parameter. Consequently, not all 𝜏 settings are capable of computing a
load-shedding amount that guarantees compliance with the ride-through constraints. For 𝜏 < 1.5 s,
all values of 𝑉 𝑡ℎ

𝑖 satisfy the ride-through requirements in the area of interest. Therefore, 𝑉 𝑡ℎ
𝑖 = 0.85

p.u. and 𝜏 = 1.5 s are selected as the final parameter settings for the FIDVR stage. These values
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Figure 3.15: HIL-based offline tuning of the FIDVR assessment stage under G9 contingency.

provide adequate voltage recovery while avoiding excessive and unnecessary load shedding.

Figure 3.16: Dynamic voltage response of the protected area under G9 contingency without RAS.

Considering the real-time operation of the physical test system, Figure 3.16 presents the dynamic
voltage response of the buses in the area of interest under contingency G9, in the absence of the pro-
posed RAS. Although the power system maintains angular stability and no loss of synchronism is
observed, the buses closest to the event experience the most severe voltage drop. Furthermore, the
power system fails to restore voltage levels within the time window defined by the ride-through
requirements, resulting in a sustained violation of the undervoltage limits. This operating condi-
tion is unacceptable from a security perspective, as it may trigger auxiliary undervoltage protection
schemes, potentially leading to additional disconnections and progressive degradation of the overall
power system performance.
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When only the system-level digital twin stage in RTAC-B is activated, Figure 3.17 illustrates the
corresponding dynamic voltage response under contingency G9. In this scenario, the load-shedding
actions LS-S28 and LS-S29 are determined exclusively through the DT-based evaluation, without ac-
tivating the subsequent FIDVR stage. Compared with the no-RAS condition, a noticeable improve-
ment in voltage recovery is observed. The depth of the voltage depression is reduced, and the post-
contingency voltage levels increase accordingly. However, the voltage profiles still fail to comply
with the undervoltage ride-through limits within the required time window. Therefore, although
the system-level digital twin stage mitigates the severity of the contingency, it is not sufficient to
guarantee secure system operation.

Figure 3.17: Dynamic voltage response of the protected area under G9 contingency with only the system-level digital twin
stage activated.

Finally, Figure 3.18 presents the voltage response with the complete RAS in service, incorporat-
ing both the static load-shedding stage (LS-S) and the FIDVR-oriented load-shedding stage (LS-D).
Following the occurrence of contingency G9 and the associated breaker operating times, the load
shedding previously validated through the system-level digital twin is implemented. At this stage,
440 MW are shed, distributed between buses 28 and 29.

Subsequently, RTAC-B processes the voltage trajectory, explicitly accounting for the impact of
the first load-shedding action. Once the updated dynamic condition is assessed, the FIDVR stage
is activated at those buses exhibiting a voltage deviation greater than 0.1 p.u. with respect to their
pre-contingency values. Under this criterion, buses 26, 27, 28, and 29 satisfy the triggering condition.

Accordingly, the RAS executes the FIDVR-oriented load shedding with the following amounts:

• LS-D26 = 41 MW
• LS-D27 = 46 MW
• LS-D28 = 232 MW
• LS-D29 = 297 MW

Considering both the LS-S and LS-D stages, the total amount of load shedding reaches 1056 MW.
As a result of both stages, the voltage recovery remains within the prescribed ride-through limits
during the transient period. The voltage trajectories exhibit a controlled and sustained recovery,
thereby preventing the activation of auxiliary undervoltage protection schemes within the area of
interest and ensuring post-contingency operational stability.
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Figure 3.18: Dynamic voltage response of the protected area under G9 contingency with both LS-S and LS-D stages
activated.

Figure 3.19: Active power transfer through the interconnection under G9 contingency for different RAS configurations.
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Figure 3.19 illustrates the evolution of the active power transmitted through the interconnection
supplying the protected area under three operating conditions: without the proposed RAS, consid-
ering only the system-level digital twin stage, and with the complete RAS in service. When both
the system-level digital twin and the FIDVR assessment are fully deployed, the coordinated load-
shedding action substantially reduces the active power transferred through the interconnection. This
reduction effectively counteracts the post-contingency flow increase caused by the generation loss
associated with contingency G9. Although the implemented load shedding is significant, the power
system remains within a secure operating region under emergency conditions. The resulting oper-
ating point is less critical, thereby improving the system capability to withstand subsequent contin-
gencies.

Figure 3.20: Dynamic response under single-phase fault followed by the G9 contingency with proposed RAS operation.

Contingencies involving the loss of a system elementmay originate from operational errors; how-
ever, in practical operation, they are more frequently initiated by electrical faults occurring near crit-
ical equipment, which subsequently activate conventional protection schemes. Such events produce
severe voltage drops in the vicinity of the disturbance, potentially challenging the performance of
the proposed RAS.

To evaluate this condition, a six-cycle single-phase fault is applied at bus 29, followed by the
execution of contingency G9 once the fault is cleared, thereby reproducing a realistic cascading se-
quence. As shown in Figure 3.20, this sequence results in pronounced voltage deviations within the
protected area. Under this condition, the proposed RAS sheds 1135 MW, providing sufficient cor-
rective action to restore voltage profiles within ride-through limits while simultaneously reducing
the power transferred to the protected area. The resulting post-contingency operating state remains
secure despite the severity of the disturbance.

To further evaluate the robustness of the RAS, a more severe three-phase fault of the same du-
ration is applied at bus 29. The corresponding response, presented in Figure 3.21, exhibits a deeper
voltage drop. Under this more critical condition, the RAS sheds 1209 MW, enabling effective volt-
age recovery and maintaining system operation within acceptable ride-through limits. In addition,
the active power delivered to the protected area is substantially reduced, reinforcing a stable post-
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Figure 3.21: Dynamic response under three-phase fault followed by the G9 contingency with proposed RAS operation.

contingency operating state.
Table 3.4 summarizes the RAS performance under contingency G9, including cases preceded

by single-phase and three-phase faults. The load shedding computed by the system-level digital
twin stage in RTAC-B remains unchanged across all scenarios, as it is derived from a steady-state
representation of the power system and is therefore not affected by transient fault dynamics. In con-
trast, the FIDVR assessment implemented in RTAC-B requires higher load-shedding levels under
faulted conditions due to the deeper voltage depression, which increases the average voltage devia-
tion Δ𝑉 𝑎𝑣

𝑖 . Nevertheless, the coordinated RAS action ensures compliance with ride-through voltage
performance criteria, maintaining a secure post-contingency operating condition.

Table 3.4: Comparison of load shedding (MW) under different fault types
Digital Twin FIDVR Assessment Total Meets

Event LS-S28 LS-S29 LS-D26 LS-D27 LS-D28 LS-D29 Amount Criteria
G9 Contingency 220 220 41 46 232 297 1056 ✓

Single-Phase G9 Contingency 220 220 51 66 261 317 1135 ✓
Three-Phase G9 Contingency 220 220 57 75 285 352 1209 ✓

To evaluate the adaptability of the proposed RAS, its performance is assessed under an operating
condition different from the one considered in the initial design and compared with a conventional
fixed-setting RAS. A 50 MW load increase is distributed across buses 27, 28, and 29 to represent
an increase in demand within the protected area. Under this modified condition, the system-level
digital twin implemented in RTAC-B detects a reduction of the voltage stability margin below the 5%
threshold and recalculates the required load shedding. The adaptive process increases the corrective
action until the stability margin exceeds 5%, resulting in updated static shedding settings of 230MW
at bus 28 and 230 MW at bus 29, with a calculated margin of 5.31%. These updated settings replace
the load-shedding values previously determined through offline studies for contingency G9.

Figure 3.22 compares the post-contingency voltage responses obtainedwith the conventional and
the proposedRAS. The conventional fixed-setting scheme, which applies 1056MWof load shedding,
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Figure 3.22: Dynamic voltage response under G9 contingency: proposed RAS vs. conventional RAS.

fails to maintain the voltages within acceptable ride-through limits, leading to two violations of the
undervoltage criteria. Such violations could trigger additional protection mechanisms and further
aggravate the disturbance.

In contrast, the proposed RAS increases the total load shedding to 1664MW, including the FIDVR
assessment implemented in RTAC-B, successfully restoring voltage profiles within the acceptable
ride-through limits. Furthermore, as illustrated in Figure 3.23, the proposed RAS methodology sig-
nificantly reduces the active power transferred to the protected area during the contingency, result-
ing in a more secure emergency operating point.

Figure 3.23: Active power response in the interconnection: proposed RAS vs. conventional RAS.

Finally, Table 3.5 summarizes the load shedding across the buses within the protected area un-
der the proposed and conventional RAS. The table clearly shows the portion of load shedding de-
termined by both the system-level digital twin and the FIDVR assessment stages. Since the conven-
tional RAS does not incorporate these stages, only the total amount of load shedding is reported for
comparison.

The results are presented for both operating conditions: the direct loss of G9 and the scenario



3.5. Results of the HIL Implementation 61

Table 3.5: Load-shedding comparison (MW): proposed RAS vs. conventional RAS
Digital Twin FIDVR Assessment Total Meets

Event LS-S28 LS-S29 LS-D18 LS-D25 LS-D26 LS-D27 LS-D28 LS-D29 Amount Criteria
G9 Contingency, Conventional RAS – – – – – – – – 1056 ×
G9 Contingency, Proposed RAS 230 230 18 441 49 59 286 351 1664 ✓

Three-Phase G9 Contingency, Conventional RAS – – – – – – – – 1056 ×
Three-Phase G9 Contingency, Proposed RAS 230 230 21 441 51 63 290 357 1683 ✓

involving a three-phase fault. In both cases, the proposed RAS readjusts the required load shedding
according to the updated operating point, characterized by increased demand levels. Conversely,
the conventional RAS maintains a fixed amount of load shedding that proves insufficient to satisfy
the ride-through limits.

The results obtained in this section confirm that the proposed RAS preserves voltage stability
under contingencies. Both steady-state and transient evaluations demonstrate that the system-level
digital twin and the FIDVR assessment provide adequate load shedding to maintain the voltage
stabilitymargin and satisfy the established ride-through limits. In addition, the adaptive behavior of
the proposed RAS allows the load shedding to be updated when operating conditions change. This
prevents the power system from operating with insufficient load shedding, as observed with the
conventional RAS. Consequently, the proposed RAS maintains a secure post-contingency operating
point and reduces the risk of progressive voltage degradation following severe contingencies.



This page intentionally left blank.



4
Data-Driven Digital Twin and

Replica for a Frequency
Stability-Oriented Remedial Action

Scheme

While Chapter 3 addressed voltage stability through a new generation of RAS supported by a digi-
tal twin-based operational methodology, power systems also face critical challenges associated with
frequency stability. Frequency stability is inherently associated with the active power balance be-
tween generation and demand. A sudden generation loss may lead to severe frequency deviations,
potentially activating conventional RAS based on underfrequency load shedding.

As discussed in Chapter 1, conventional UFLS schemes operate with fixed parameters, such as
predefined frequency thresholds and multi-stage load-shedding structures. Their design has tradi-
tionally assumed relatively high and slowly varying levels of power system inertia. However, the
increasing penetration of power-electronics-based resources has progressively reduced the effective
inertia of modern power systems, limiting the capability of conventional UFLS schemes to respond
efficiently to severe generation-loss events and to restore the generation-load balance.

To overcome these limitations, this chapter extends the digital twin-basedRASoperationalmetho-
dology introduced previously toward frequency stability. The proposed framework integrates real-
time measurements into a system-level digital twin in order to adjust UFLS operating parameters
according to the current operating condition and the severity of the contingency. By incorporat-
ing the replica concept for enhanced representation fidelity and leveraging data-driven methods
to extract dynamic power system indicators, the framework enables load-shedding actions that are
contingency-aware and condition-dependent.

The chapter is organized as follows. First, the fundamentals of frequency stability are reviewed.
Next, the proposed RAS framework is presented, followed by the theoretical foundations of the
data-driven components and the digital twin. Finally, the hardware-in-the-loop implementation is
described, and the experimental results are analyzed.

63
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4.1 Frequency Stability
Frequency is a vital and continuouslymonitored variable in power system operation, as it represents
an indicator of the instantaneous balance between generation and demand. Under normal operating
conditions, this balance remains close to zero, allowing the frequency to remain near its nominal
value. However, following disturbances such as the sudden loss of generation, the disconnection of
an interconnected area, or abrupt load variations, an active power imbalance arises and manifests
as a frequency deviation.

Within this framework, frequency stability describes the ability of the power system to keep fre-
quency within acceptable operational limits, arrest its deviation, and reach a new equilibrium fol-
lowing a disturbance [131]. Frequency stability is governed by active power dynamics and is there-
fore closely related to the elements capable of injecting active power, a role historically performed
by synchronous machines. From a physical perspective, power system frequency is directly related
to the angular speed of the synchronous machines connected to the grid. Because these machines
are electrically coupled through the network, their electromechanical dynamics evolve in a coordi-
nated manner. As a result, the dynamic behavior of frequency can be locally described through the
simplified swing equation of the 𝑖-th synchronous machine. Assuming per-unit quantities on the
machine base and neglecting damping effects, network losses, control dynamics, and higher-order
electromechanical dynamics, the swing equation is expressed as

2𝐻𝑖
𝑑𝜔𝑖

𝑑𝑡
≃ 𝑃𝑚𝑖 − 𝑃𝑒𝑖 = Δ𝑃𝑖 (4.1)

where the subscript 𝑖 denotes the 𝑖-th synchronous machine connected to the power system, 𝐻𝑖

is its inertia constant, 𝜔𝑖 is its rotor angular speed in per unit, 𝑃𝑚𝑖 is the mechanical input power, 𝑃𝑒𝑖
is the electrical output power, and Δ𝑃𝑖 is the active power imbalance associated with that machine.
Powers are also expressed in per unit. The symbol ≃ emphasizes that this expression is a simplified
electromechanical representation that neglects higher-order electromagnetic and control dynamics
while retaining the dominant frequency behavior associated with primary frequency regulation.

This equation shows that any active power imbalance produces rotor acceleration or deceleration,
leading to frequency deviations. In large-scale power systems, the dynamic frequency response
is commonly represented using a Center of Inertia (COI) equivalent model. However, in modern
low-inertia power systems, this aggregated representation must be interpreted with caution, since
spatially distributed frequency dynamics and non-uniform inertial contributions may become more
relevant.

In this context, the frequency trajectory is the consequence of the aggregated electromechani-
cal dynamics described above. Figure 4.1 shows the time evolution of the power system frequency
following a power imbalance, together with the intervals during which different frequency control
mechanisms act. Initially, the power system operates under normal conditions at nominal frequency.
At point A, a sudden loss of generation occurs, causing an imbalance between the mechanical power
supplied by the generators and the electrical power demanded by the load, which results in a fre-
quency deviation. During the first instants after the event, the kinetic energy stored in the rotating
masses of synchronous machines is injected into the grid. This inertial response, inherent to the
electromechanical dynamics of these machines, initially mitigates the frequency decrease and con-
stitutes the first line of defense of the power system.

After the first few seconds, and before primary control fully compensates for the imbalance, the
frequency reaches its minimum value, known as the frequency nadir, identified as point B. This
point represents the lowest frequency recorded during the post-event transient. From the nadir
onward, primary frequency control is activated through turbine governors, which adjust the me-
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Figure 4.1: Dynamic frequency response of the power system after a generation imbalance.

chanical power of synchronous machines to reduce the generation-demand imbalance. As a result,
the frequency settles at a new steady-state value, identified as point C. This value depends on the
control strategy implemented in the governors. Under isochronous control, the frequency can be
restored to its nominal value. However, in practice, droop-based schemes are more common, in
which the final steady-state frequency deviates from nominal according to the regulation slope and
the active power reserve assigned to primary frequency control. Subsequently, secondary frequency
control is activated through the automatic generation control system. Its objective is to eliminate the
remaining frequency deviation after primary control by adjusting the operating setpoints of gener-
ating units, thereby restoring the power system frequency to its nominal value, as indicated by point
D.

On the other hand, large generation outagesmay occur whosemagnitude exceeds the compensa-
tion capability of primary and secondary frequency control. Under such conditions, the frequency
may continue to decline until it reaches the operating thresholds of UFLS schemes. These schemes
operate through a multi-stage logic designed to reduce the active power imbalance, arrest the fre-
quency decline, and stabilize the power system. In modern power systems with high penetration of
power-electronics-based renewable generation, frequency dynamics have become more severe. Re-
duced power system inertia and limited availability of spinning reserve lead to lower nadir values,
higher RoCoF values, and more pronounced steady-state frequency deviations following an event.
As a consequence, UFLS schemesmay trigger a greater number of load-shedding stages, resulting in
excessive load shedding that does not necessarily reflect the actual magnitude of the power deficit,
but rather the speed and depth of the transient frequency response.

Although control strategies providing virtual inertia or Fast Frequency Response (FFR) from
renewable resources have been proposed, their implementation typically requires additional re-
sources, particularly large-scale Energy Storage System (ESS). Consequently, RAS must evolve be-
yond conventional frequency- andRoCoF-based triggering logic by incorporating additional system-
state information, enabling more informed and selective UFLS actions suited to modern low-inertia
power systems.



66 4. Data-Driven Digital Twin and Replica for a Frequency Stability-Oriented Remedial Action Scheme

4.2 Proposed RAS Framework

The proposed RAS framework is based on the limitations of conventional UFLS schemes identified
in Chapter 1 and extends the model-based RAS methodology previously developed for voltage sta-
bility toward a frequency-stability-oriented application. The proposed RAS combines a system-level
digital twin, continuously synchronized with the physical system, with data-driven techniques to
extract deeper information from the dynamic behavior of the power system. This hybrid structure
enables a more accurate characterization of the frequency response under severe contingencies. The
primary objective of the RAS is to ensure that, following a severe contingency, the power system
reaches a reference post-contingency steady-state frequency, denoted as 𝑓 post,ref

𝑠𝑠 , such that primary
and secondary frequency controls can subsequently restore the frequency to its nominal value.

Themethodology proposed in thiswork assumes the prior existence of a conventionally designed
UFLS scheme, in which the load-shedding stages, including frequency thresholds and associated
load blocks, have already been defined. Unlike conventional UFLS schemes, which generally assume
that the load circuits assigned to each stage are available and operating at their nominal load levels,
the proposedmethodology explicitly accounts for the actual load availability at each shedding stage.

Figure 4.2: Operational flowchart of the initial stage of the proposed UFLS-RAS framework.

Figure 4.2 illustrates the initial operating methodology of the proposed RAS. In this stage, the
multistage structure of the conventional UFLS scheme is preserved, while the actual load power
available at each stage is explicitly considered. A steady-state power flow model with primary fre-
quency regulation is employed as a system-level digital twin and is continuously updated using
measurements from the physical power system. Based on this digital representation, the RAS eval-
uates the 𝑛-th contingency through virtual load shedding within the system-level digital twin. The
objective is to determine the minimum number of UFLS stages required for the post-contingency
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steady-state frequency, 𝑓 post
𝑠𝑠 , to exceed the predefined reference value, 𝑓 post,ref

𝑠𝑠 , while explicitly
considering the actual load available in the circuits associated with each shedding stage.

Figure 4.3 provides a more detailed view of the stage that determines the number of UFLS stages
required for the 𝑛-th contingency. Once theminimum number of stages has been identified, the RAS
performs a second step through a multi-run simulation stage. During this stage, multiple virtual
load-shedding scenarios are executed within the system-level digital twin in order to fine-tune the
total amount of load shedding.

The objective of this stage is to obtain a value of 𝑓 post
𝑠𝑠 as close as possible to the desired reference

value, 𝑓 post,ref
𝑠𝑠 , while avoiding excessive load shedding. At this stage, the proposed RAS establishes

a preliminary estimate of the required amount of load shedding, denoted as static load shedding (LS-
S), since it is obtained from a steady-state model. The load-shedding amount estimated through the
system-level digital twin stage, LS-S, seeks to identify a steady-state equilibrium point following a
contingency in the power system. However, since this estimate is derived from a steady-state model,
it does not allow the assessment of the dynamic frequency performance during the transient period
following the contingency.

Figure 4.3: Flowchart of the proposed UFLS-RAS framework integrating the system-level digital twin, replica-based
validation, and data-driven dynamic assessment.

To overcome this limitation, the proposed RAS incorporates a second stage based on a dynamic
model of the power system implemented in a real-time simulator, which interacts with a physical
replica of the UFLS scheme. The objective of this stage is to validate the impact of the previously
estimated LS-S, evaluating its effect on the transient response of frequency and other relevant system
variables. This stage also captures the physical interaction with the industrial-grade controllers in
which the UFLS algorithm is deployed. If the power system exhibits an adequate dynamic response
and stability is preserved throughout the transient period, the LS-S value is retained as the final
load-shedding amount. Otherwise, an incremental adjustment is performed to improve the dynamic
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performance, resulting in an additional load-shedding amount, denoted as LS-D.
The amount LS-S is implemented as a single-stage load-shedding action using the threshold as-

sociated with the first stage of the conventional UFLS scheme. The remaining UFLS stages remain
enabled as backup actions in case significant mismatches arise between themodel-based assessment
and the actual power system response. However, because the load shedding is concentrated in a
single stage, large load-shedding actions may produce unfavorable dynamic behavior, such as sus-
tained or poorly damped low-frequency oscillations, potentially compromising the overall stability
of the power system.

To assess these issues, the proposed RAS incorporates a data-driven spatio-temporal analysis
based on the Dynamic Mode Decomposition (DMD) method. This method enables the extraction
of modal information from the dynamic response of the power system and facilitates a global assess-
ment of the stability implications associated with the UFLS action. The DMD-based data-driven as-
sessment stage is executed within the replica-based environment and the real-time dynamic model,
allowing a comprehensive evaluation of the UFLS impact on power system dynamics. If the load-
shedding action introduces poorly damped oscillatory behavior ormodeswith insufficient damping,
the RAS can adjust the load-shedding amount to achieve amore conservative dynamic performance.

In summary, the proposed RAS framework is structured around the following components:

• A first-stage load-shedding action, LS-S, evaluated through a power-flow-based system-level
digital twin incorporating primary frequency regulation.

• A second-stage load-shedding action, LS-D, in which the initially determined LS-S action is
first validated within a replica-based environment using a real-time simulator. If the dynamic
response is insufficient, the framework is prepared to support an additional corrective load-
shedding adjustment, denoted as LS-D.

• A data-driven assessment stage based on Dynamic Mode Decomposition to evaluate the im-
pact of the UFLS action on power system dynamics.

This section introduced the operationalmethodology of the proposedRAS framework, extending
the voltage-stability-oriented approach toward frequency stability. In order to provide a deeper
understanding of the RAS architecture and its underlying principles, the theoretical foundations
of each stage are described in detail. Accordingly, the following section presents the mathematical
formulation upon which each stage of the RAS is built.

4.3 Theoretical Foundations
The theoretical formulation of the proposed frequency-oriented RAS remains grounded in steady-
state models; however, the formulations considered here are specifically designed to capture fre-
quency response characteristics. Consequently, a careful selection and understanding of these mod-
eling approaches are required. This section analytically describes the core components employed
within the proposed RAS framework, including the power-flow-based digital twin incorporating
primary frequency regulation and the data-drivenmodal assessment stage based on DynamicMode
Decomposition (DMD). The replica-based validation stage is addressed in greater detail in the im-
plementation section.

Steady-State Detection Criterion for Power System Measurements
Since the system-level digital twin employed in the proposed RAS is based on a steady-state model,
its updating process relies exclusively on measurements obtained from the physical power system
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under steady-state or quasi-steady-state operating conditions. This ensures consistency between
the model and the measurements used to feed it, thereby preventing inconsistencies that could arise
from incorporating transient measurements into a steady-state representation. Accordingly, a crite-
rion for steady-state detection is required.

To this end, the RAS continuously collects active and reactive power measurements from rep-
resentative buses of the physical power system, from which the following measurement vector is
constructed:

y = [𝑃1 · · · 𝑃𝑁𝑚 𝑄1 · · · 𝑄𝑁𝑚 ]𝑇 (4.2)

where 𝑁𝑚 denotes the number of monitored buses considered for the steady-state detection cri-
terion.

Using the measurement vector y, the Euclidean norm of the difference between the current op-
erating point and that recorded a few seconds earlier is computed in order to assess the degree of
displacement of the power system operating point over this time interval, as expressed by:

∥Δy∥2 =

√√√2𝑁𝑚∑
𝑖=1

(Δ𝑦𝑖)2 (4.3)

where

Δy = y(𝑡) − y(𝑡 − Δ𝑡) (4.4)

A low value of the Euclidean norm indicates that the physical power system has remained oper-
ating under similar conditions during the observation interval. This norm is continuouslymonitored
over a 3-second time window. If it remains below a predefined threshold throughout this interval,
the RAS identifies that the physical power systemhas reached a steady-state condition. The 3-second
window is selected because it encompasses the characteristic time scale of electromechanical oscil-
lation modes. Once these modes are sufficiently damped, their oscillatory behavior is no longer
significantly reflected in the measurement vector y and, consequently, in the Euclidean norm.

Detection of the steady-state condition enables the transmission of measurements to both the
system-level digital twin and the replica-based dynamic evaluation stage. Conversely, the measure-
ment update process is immediately suspended whenever the steady-state criterion is not satisfied.

Power-Flow-Based Digital Twin with Primary Frequency Regulation
The proposed RAS operating methodology is based on the frequency response of the power sys-
tem. Therefore, the digital twin must be capable of capturing and representing this characteristic.
Conventional steady-state power flow models have been widely used for power system analysis;
however, traditional formulations are solved at nominal frequency and therefore do not explicitly
represent frequency deviations. To overcome this limitation, a steady-state power flow formulation
that explicitly incorporates frequency variations is required.

The proposed RAS employs the Universal Power Flow (UPF) model as a system-level digital
twin [132, 133]. This formulation extends the conventional steady-state power flow by incorporat-
ing droop-controlled generation units in primary frequency regulation. Since the proposed RAS
requires only the post-contingency steady-state frequency to determine the corrective load shed-
ding, rather than the complete transient response, the UPF provides an appropriate balance between
model fidelity and computational efficiency for real-time operation. Within this framework, the ac-
tive power output of these units varies as a function of frequency deviations according to:
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Δ𝑃Droop,𝛾 =
(1 − 𝑓pu)𝑆Droop,𝛾

𝑅𝛾
(4.5)

where Δ𝑃Droop,𝛾 represents the active power variation of the 𝛾-th generation unit operating un-
der droop control, 𝑓pu denotes the system frequency in per unit, 𝑆Droop,𝛾 is the base power of unit
𝛾, and 𝑅𝛾 is its droop coefficient.

Consequently, the active power output of a generation unit operating under droop control is
expressed as:

𝑃Droop,𝛾 = 𝑃Ref
Droop,𝛾 + (1 − 𝑓pu)𝑆Droop,𝛾

𝑅𝛾
(4.6)

where 𝑃Ref
Droop,𝛾 is the active power reference setpoint of unit 𝛾 at nominal frequency.

Generation units operating under constant-power control deliver an active power output inde-
pendent of frequency deviations:

𝑃Const,𝛾 = 𝑃Ref
Const,𝛾 (4.7)

where 𝑃Ref
Const,𝛾 is the scheduled power setpoint of unit 𝛾.

From the previous formulation, the active power flowequations at bus 𝑖 containing droop-contro-
lled generation units are written as:

𝑃Ref
Droop,𝑖 =𝑃Load,𝑖 − 𝑃LS-S,𝑖 −

𝑚𝑖∑
𝛾=1

(1 − 𝑓pu)𝑆Droop,𝛾

𝑅𝛾

+ |𝑉𝑖 |
𝑁∑
𝑛=1

|𝑌𝑖𝑛 ||𝑉𝑛 | cos(𝛿𝑖 − 𝛿𝑛 − 𝜃𝑖𝑛)
(4.8)

where 𝑃Ref
Droop,𝑖 denotes the aggregate active power reference of the generation units connected to

bus 𝑖, 𝑚𝑖 is the total number of generation units connected to that bus, 𝑃LS-S,𝑖 represents the amount
of load shedding at bus 𝑖, and𝑌𝑖𝑛 = |𝑌𝑖𝑛 |∠𝜃𝑖𝑛 denotes the (𝑖 , 𝑛) element of the bus admittance matrix.

Similarly, the active power flow equations at bus 𝑖 comprising generation units operating under
constant-power control are represented as:

𝑃Ref
Const,𝑖 =𝑃Load,𝑖 − 𝑃LS-S,𝑖

+ |𝑉𝑖 |
𝑁∑
𝑛=1

|𝑌𝑖𝑛 ||𝑉𝑛 | cos(𝛿𝑖 − 𝛿𝑛 − 𝜃𝑖𝑛)
(4.9)

In general, the active power flow equations are expressed as:

𝑃Ref
𝑖 =𝑃Load,𝑖 − 𝑃LS-S,𝑖 − 𝛽𝑖

+ |𝑉𝑖 |
𝑁∑
𝑛=1

|𝑌𝑖𝑛 ||𝑉𝑛 | cos(𝛿𝑖 − 𝛿𝑛 − 𝜃𝑖𝑛)
(4.10)

where

𝛽𝑖 =
𝑚𝑖∑
𝛾=1

(1 − 𝑓pu)𝑆Droop,𝛾

𝑅𝛾
(4.11)

and 𝛽𝑖 = 0 for generation units operating under constant-power control.
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Following the conventional power flow formulation, the reactive power equations are expressed
as:

𝑄Ref
𝑖 =𝑄Load,𝑖 −𝑄LS-S,𝑖

+ |𝑉𝑖 |
𝑁∑
𝑛=1

|𝑌𝑖𝑛 ||𝑉𝑛 | sin(𝛿𝑖 − 𝛿𝑛 − 𝜃𝑖𝑛)
(4.12)

where 𝑃Ref
𝑖 and 𝑄Ref

𝑖 denote the specified nodal active and reactive power references used in the
power balance equations.

Accordingly, the power flow problem is formulated as an extended system of equations in which
frequency is treated as an additional state variable and updated at each Newton–Raphson iteration
according to the load variations and the control modes of the generation units. Assuming that one
bus angle is selected as the angular reference of the power system, the resulting Newton–Raphson
formulation is expressed as:[

ΔPRef

ΔQRef

]
=

[
𝜕PRef

𝜕 𝑓pu
𝜕PRef

𝜕𝜹
𝜕PRef

𝜕|V|
𝜕QRef

𝜕 𝑓pu

𝜕QRef

𝜕𝜹
𝜕QRef

𝜕|V|

] 
Δ 𝑓pu

Δ𝜹
Δ|V|

 (4.13)

where ΔPRef and ΔQRef denote the active and reactive power residual vectors associated with
the UPF reference-power equations, following the notation adopted in [132].

Consistent with the CPF-based system-level digital twin previously developed for voltage sta-
bility assessment, the proposed UPF-based formulation extends the digital twin framework toward
frequency stability analysis. By explicitly incorporating frequency as a state variable, the proposed
system-level digital twin enables the RAS to estimate the post-contingency steady-state frequency
and consequently determine the amount of load shedding, LS-S, required to drive the power system
toward a desired post-contingency frequency target, 𝑓 post,ref

𝑠𝑠 , for a given contingency.
However, since the computed load-shedding amount guarantees only the existence of a steady-

state equilibrium point, its impact on the dynamic behavior of the power system must be further
evaluated. To this end, the LS-S stage is validated within a physical replica-based testing environ-
ment, described later in this chapter, where a real-time dynamicmodel of the power system is imple-
mented. The primary objective of this stage is to evaluate the dynamic response of the power system
under the previously determined LS-S action. In particular, low-frequency oscillatory behavior is
assessed using the Dynamic Mode Decomposition method, which is detailed in the following sec-
tion.

Data-driven dynamic assessment based on dynamic mode decomposition

The transition toward modern power grids has led to operation increasingly close to transfer limits
and to reduced effective inertia, largely due to the growing penetration of power-electronics-based
generation. As a consequence, power grids have become more vulnerable to poorly damped low-
frequency electromechanical oscillations [134]. In this context, the deployment of RAS, particularly
load shedding actions implemented without adequate dynamic assessment, may inadvertently ex-
cite weakly dampedmodes, potentially degrading power grid stability instead of enhancing it [135].

Modal analysis is commonly used to assess oscillatory behavior, typically relying on small-signal
state-space models [136]. However, obtaining accurate state-space representations in practical en-
vironments is often infeasible, primarily due to restricted access to detailed dynamic models of gen-
eration units and their control systems, especially in renewable plants where black-box implemen-
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tations are predominant [137]. Since small-signal modal analysis requires explicit knowledge of
the state-space structure, limited model transparency significantly constrains its applicability under
real-time operating conditions [138].

To overcome these limitations, data-driven methods have emerged as an effective alternative for
estimating oscillatory parameters directly from measurement data, without requiring an explicit
dynamic model [139, 140]. Among the various methods proposed for modal identification, such as
Prony and Eigensystem Realization Algorithms (ERA), many are sensitive to noise, prone to overfit-
ting, or dependent on relatively long data windows for accurate estimation, which complicates their
deployment in industrial-grade controller environments [141, 142].

In contrast, dynamic mode decomposition provides a computationally efficient spatio-temporal
framework for extracting coherent dynamic structures directly from measured signals [143]. By
approximating the dominant linear dynamics underlying nonlinear transients, DMD decomposes
power grid responses into modes characterized by specific frequencies, damping ratios, and spa-
tial patterns. Furthermore, it enables dimensionality reduction while preserving essential dynamic
information. Therefore, the data-driven dynamic assessment framework complements the system-
level digital twin by extending the overall stability assessment through the physical replica and real-
time dynamic model environment.

Dynamic mode decomposition overview

Several algorithms have been proposed for DMD. The proposed RAS is based on the exact DMD
framework [144]. The DMDmethod considers a sequence of measurement snapshots obtained from
PMUs over a discrete-time observation window:

s𝑘 =
[
𝑠1(𝑘Δ𝑡) 𝑠2(𝑘Δ𝑡) · · · 𝑠𝑚(𝑘Δ𝑡)

]𝑇 ∈ R𝑚 (4.14)

where 𝑚 denotes the number of synchronized PMU channels obtained from PMUs distributed
throughout the power system, Δ𝑡 represents the sampling period, and 𝑘 is the discrete-time index.
Assuming that the power grid evolution over a short observation window can be approximated by
linear dynamics, the temporal progression of the snapshots is described by the discrete-time linear
mapping [143]

s𝑘+1 = As𝑘 , 𝑘 = 𝑛, 𝑛 + 1, . . . , 𝑛 + 𝑝 − 2 (4.15)

where A ∈ R𝑚×𝑚 is the best-fit linear operator that advances the snapshot measurements forward in
time. The operator A also represents a finite-dimensional approximation of the Koopman operator
restricted to the subspace of the observed measurements [145]. The 𝑝 snapshots are synchronized
through their time stamps and arranged into two consecutive data matrices, each formed by 𝑝 − 1
snapshot pairs:

S1 =


| | |

s𝑛 s𝑛+1 · · · s𝑛+𝑝−2

| | |

 ∈ R𝑚×(𝑝−1) ,

S2 =


| | |

s𝑛+1 s𝑛+2 · · · s𝑛+𝑝−1

| | |

 ∈ R𝑚×(𝑝−1).

(4.16)

The linear relationship (4.15) extended to all snapshot pairs in (4.16) yields the matrix equation
S2 ≈ AS1. The best-fit linear operator is then obtained as the least-squares solution

A = S2S†
1 (4.17)
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where † denotes the Moore–Penrose pseudo-inverse. In large-scale power grids, constructing A
explicitly from (4.17) becomes computationally prohibitive. To address this limitation, DMD com-
putes a low-rank approximation of A by projection onto the dominant subspace obtained through
the compact (economy-sized) Singular Value Decomposition (SVD) of S1 [146, 147]:

S1 = U𝑟𝚺𝑟V𝑇
𝑟 (4.18)

where 𝑟 = rank(S1) and U𝑟 ∈ R𝑚×𝑟 , 𝚺𝑟 ∈ R𝑟×𝑟 , and V𝑟 ∈ R(𝑝−1)×𝑟 contain the left singular vectors,
the diagonal matrix of strictly positive singular values arranged in descending order, and the right
singular vectors, respectively. Since 𝚺𝑟 is invertible by construction, the pseudo-inverse admits the
closed form S†

1 = V𝑟𝚺−1
𝑟 U𝑇

𝑟 , which substituted into (4.17) yields the projected operator

Ã = U𝑇
𝑟 AU𝑟 = U𝑇

𝑟 S2V𝑟𝚺−1
𝑟 ∈ R𝑟×𝑟 (4.19)

The eigendecomposition of Ã provides the dynamic information of the system:

ÃW = W𝚲 (4.20)

where 𝚲 = diag(𝜆1 , . . . ,𝜆𝑟) contains the discrete-time DMD eigenvalues and W the corresponding
eigenvectors. TheDMDmodes, representing the spatial shape of each dynamic pattern, are obtained
as

𝚽 = S2V𝑟𝚺−1
𝑟 W (4.21)

Modal characterization fromDMDeigenvalues. Eachdiscrete-timeDMDeigenvalue𝜆 𝑗 ismapped
to its continuous-time counterpart through

𝜇𝑗 =
ln(𝜆 𝑗)
Δ𝑡

(4.22)

from which the oscillation frequency 𝑓𝑗 and damping ratio 𝜁 𝑗 associated with mode 𝑗 are computed
as

𝑓𝑗 =
|Im(𝜇𝑗)|

2𝜋
, 𝜁 𝑗 = − Re(𝜇𝑗)√

Re(𝜇𝑗)2 + Im(𝜇𝑗)2
(4.23)

These two quantities constitute the dynamic indicators used by the data-driven assessment to eval-
uate the electromechanical response of the power grid after the contingency and the load-shedding
action.

Real-time considerations. To integrate theDMD-based assessmentwithin the proposedRAS, care-
ful considerationmust be given to the computational requirements of themethod, particularly under
real-time constraints in industrial-grade controllers with finite resources. The compact SVD of S1

and the eigendecomposition of Ã constitute the most computationally demanding stages and may
compromise real-time feasibility if not properly addressed. Moreover, many industrial-grade con-
trollers deployed in power grid substations lack native support for advanced matrix operations,
which further complicates the integration of data-driven methods such as DMD within remedial
action schemes. The following subsections describe how these stages are handled efficiently in the
proposed RAS to ensure reliable performance.
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Compact singular value decomposition

The singular value decomposition is one of the most fundamental matrix factorizations in modern
computational mathematics and is widely used in applications such as optimal low-rank approx-
imation and the computation of pseudo-inverses for non-square matrices. Its relevance becomes
particularly evident in systems that generate large volumes of measurement data organized into
high-dimensionalmatrices. In complex infrastructures such as power grids, measurements collected
from multiple devices can be structured into large-scale data matrices whose dimensionality grows
with temporal and spatial resolution. Despite this structural complexity, such data typically exhibit
an inherent low-rank structure: a few dominant patterns explain most of the high-dimensional be-
havior [148]. In this context, the SVD provides a robust and efficient framework to extract these
dominant components and construct meaningful low-dimensional representations of the data. A
key practical advantage of the SVD is that it exists for every matrix, which makes it reliable for em-
bedded implementations. For these reasons, the SVD plays a central role in enabling the data-driven
dynamic assessment based on DMD within the proposed RAS framework.

Considering the full SVD of S1 ∈ R𝑚×(𝑝−1), when 𝑚 > 𝑝 − 1 the diagonal matrix Σ has at most
𝑝 − 1 non-zero elements on its diagonal and can therefore be partitioned as [149]

Σ =

[
𝚺𝑟
0

]
(4.24)

where 𝚺𝑟 ∈ R𝑟×𝑟 contains the 𝑟 = rank(S1) strictly positive singular values arranged in descending
order, and the trailing zero block accounts for both the structural zero singular values (due to𝑚 > 𝑝−
1) and any zero singular values produced by rank deficiency. Retaining only the non-zero singular
values and their associated singular vectors yields the compact (also known as economy-sized) SVD
of S1:

S1 =
[
U𝑟 U⊥

𝑟

] [𝚺𝑟
0

] [
V𝑇
𝑟

V𝑇⊥
𝑟

]
= U𝑟𝚺𝑟V𝑇

𝑟 (4.25)

where the columns of U⊥
𝑟 and the rows of V𝑇⊥

𝑟 span subspaces orthogonal and complementary to
those spanned by U𝑟 and V𝑇

𝑟 , respectively. By construction, 𝚺𝑟 is invertible, which is essential for the
explicit computation of the pseudo-inverse used in the DMD formulation. Figure 4.4 illustrates the
difference between the full and compact SVD.

A more aggressive reduction can be obtained by computing an optimal rank-𝑘 truncation with
𝑘 < 𝑟. However, in this work the compact SVD is adopted because it removes only the components
associated with zero singular values, without imposing an additional modal truncation criterion.
By preserving all strictly positive singular values, the dynamic information represented within the
numerical rank of the data matrix is retained, and the need to select a truncation rank-𝑘 a priori
is avoided, preventing the unintended removal of oscillatory modes whose excitation cannot be
anticipated under arbitrary contingencies.

In practical implementations, computing the SVD involves a sequence of numerical procedures.
The matrix S1 is first reduced to an upper bidiagonal form, after which QR-based iterative methods
are applied to compute the singular vectors and the diagonal matrix of singular values. Since similar
numerical procedures are required for the eigendecomposition of Ã, these aspects are described in
greater detail in the following subsection.
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Figure 4.4: Reduction from full to compact SVD approach for the snapchot matrix S1.

Eigenvalue computation of the reduced DMD operator

Once the compact SVD has been computed, the reduced operator Ã is constructed as in (4.19). The
next step consists of computing its eigenvalues to extract the dynamic patterns of the power grid.
During the early stages of this development, an alternative approach was evaluated, in which the
eigenvalues of Ã were estimated from its characteristic polynomial. The coefficients of the polyno-
mial were obtained through the Leverrier–Faddeev algorithm from the successive traces of Ã, and
the polynomial roots were estimated using the Laguerre method. This approach produced satisfac-
tory results for low-dimensional cases (four to eight measurements). However, as the number of
measurements (and hence the dimension of Ã) increased, the degree of the characteristic polyno-
mial grew significantly, and root estimation became highly sensitive to small perturbations in the
polynomial coefficients. For matrices of dimension 𝑟 > 10 this approach proved unreliable. Con-
sequently, the eigendecomposition of Ã is computed instead using a QR-based algorithm, which
provides a numerically stable and computationally efficient procedure for the matrices arising in
the DMD method.

Since Ã is in general a densematrix, applying theQR-based algorithmdirectly is computationally
expensive. To improve efficiency, Ã is first transformed into upper Hessenberg form. A matrix is
in upper Hessenberg form when all entries below the first subdiagonal are zero, that is, ℎ𝑖 𝑗 = 0
for 𝑖 > 𝑗 + 1. This structure preserves the eigenvalues of the original operator while substantially
reducing the cost of subsequent QR iterations.

Several methods exist to obtain the Hessenberg form, including Givens rotations and the Arnoldi
algorithm [150, 151]. Householder transformations are employed here due to their superior effi-
ciency for densematrices and their widespread adoption in numerical libraries such as LAPACK and
MATLAB [152]. For anymatrix Ã ∈ R𝑟×𝑟 , a sequence of 𝑟−2Householder reflectionsH1 ,H2 , . . . ,H𝑟−2

is constructed such that [153]
Q = H𝑟−2 · · ·H2H1 (4.26)

and the Hessenberg representation of Ã is obtained by the orthogonal similarity transformation

Ã𝐻 = Q Ã Q𝑇 (4.27)

Each reflection H𝑖 is constructed to introduce zeros below the subdiagonal of column 𝑖 and has the
form

H𝑖 = I − 2
v𝑖v𝑇𝑖
v𝑇𝑖 v𝑖

(4.28)

where I is the identity matrix and the vector v𝑖 is constructed as

v𝑖 = a𝑖 ± ∥a𝑖∥2 e1 (4.29)
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where a𝑖 ∈ R𝑟−𝑖 is the subcolumn formed by the entries of column 𝑖 of the partially reduced matrix
from row 𝑖 + 1 to row 𝑟, e1 ∈ R𝑟−𝑖 is the first canonical vector of the corresponding subspace, and the
sign is chosen so that ∥v𝑖∥2 is not small, which avoids catastrophic cancellation [153]. The House-
holder construction follows the general scheme described in [153], adapted here to the Hessenberg
reduction setting in which each reflection acts on the subcolumn extending from row 𝑖 + 1 down-
ward, so that the entry ℎ𝑖+1,𝑖 on the subdiagonal is preserved. Each H𝑖 is symmetric and orthogonal,
so that H𝑇

𝑖 = H𝑖 and H2
𝑖 = I.

The resulting Hessenberg matrix has the structure

Ã𝐻 =



ℎ1,1 ℎ1,2 ℎ1,3 · · · ℎ1,𝑟

ℎ2,1 ℎ2,2 ℎ2,3 · · · ℎ2,𝑟

0 ℎ3,2 ℎ3,3 · · · ℎ3,𝑟
...

. . .
. . .

. . .
...

0 · · · 0 ℎ𝑟,𝑟−1 ℎ𝑟,𝑟


(4.30)

Two properties of Ã𝐻 are relevant for the QR iterations. First, as eigenvalues converge the active
dimension of thematrix is progressively reduced (deflation), producingmatrices of decreasing size.
Second, even when Ã𝐻 is real, some eigenvalues may appear as complex conjugate pairs, which
requires the use of a shift tomaintain convergence. TheWilkinson shift is used here for this purpose.

Extract the trailing 2 × 2 submatrix 𝚪 of the active Hessenberg block

Wilkinson shift. At each deflation stage of the QR-based algorithm, the trailing 2× 2 submatrix of
the active Hessenberg block is defined as

𝚪 =

[
𝑎̃𝑟−𝑗, 𝑟−𝑗 𝑎̃𝑟−𝑗, 𝑟−𝑗+1

𝑎̃𝑟−𝑗+1, 𝑟−𝑗 𝑎̃𝑟−𝑗+1, 𝑟−𝑗+1

]
(4.31)

where 𝑗 denotes the deflation index, starting from 𝑗 = 1 and incremented after each successful
deflation. Thus, for 𝑗 = 1, 𝚪 corresponds to the lower-right 2×2 submatrix of the original Hessenberg
matrix. As the QR iterations progress and successive eigenvalues converge, the active Hessenberg
block is progressively reduced; consequently, the submatrix 𝚪 used to compute the Wilkinson shift
moves toward the upper-left portion of Ã𝐻 .

TheWilkinson shift 𝜌 is defined as the eigenvalue of 𝚪 closest to the bottom-right entry 𝑎̃𝑟−𝑗+1, 𝑟−𝑗+1.
The two eigenvalues of 𝚪 are obtained as the roots of its characteristic polynomial:

𝑝𝚪(𝜌) = 𝜌2 − (
𝑎̃𝑟−𝑗 , 𝑟−𝑗 + 𝑎̃𝑟−𝑗+1, 𝑟−𝑗+1

)
𝜌

+ (
𝑎̃𝑟−𝑗 , 𝑟−𝑗 𝑎̃𝑟−𝑗+1, 𝑟−𝑗+1 − 𝑎̃𝑟−𝑗 , 𝑟−𝑗+1 𝑎̃𝑟−𝑗+1, 𝑟−𝑗

)
.

(4.32)

As the QR iterations progress, the entry 𝑎̃𝑟−𝑗+1, 𝑟−𝑗 converges to zero, the submatrix 𝚪 becomes upper
triangular, and the corresponding eigenvalue appears on its diagonal. The identified eigenvalue is
then deflated by removing its row and column from the active block, and the procedure is applied to
the resulting submatrix to compute the next eigenvalue. This process is repeated until all eigenvalues
of Ã𝐻 have been obtained [153].

The resulting deflation significantly decreases the computational burden, as the matrices pro-
cessed become progressively smaller. This feature is particularly advantageous for the data-driven
implementation of the proposed RAS, where fast eigenvalue estimation is required to ensure real-
time coordination among the RAS stages, the real-time simulation, and the physical UFLS replica.
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Figure 4.5: QR-based eigendecomposition of the reduced DMD operator Ã using Hessenberg reduction and Wilkinson
shifts.

QR iteration with Wilkinson shift. The shifted QR iteration applied to the active Hessenberg
block proceeds in two steps. At iteration ℓ of the QR-based algorithm, where ℓ counts successive QR
factorizations applied to the active block, the shifted matrix is factored as

Ã(ℓ )
𝐻 − 𝜌 I = Q(ℓ )

qrR(ℓ )
qr (4.33)

and the updated Hessenberg matrix is obtained by reversing the product and restoring the shift:

Ã(ℓ+1)
𝐻 = R(ℓ )

qr Q(ℓ )
qr + 𝜌 I. (4.34)

Through successive iterations, Ã(ℓ )
𝐻 converges toward an upper triangular form whose diagonal en-

tries are the eigenvalues of the original operator. In the data-driven assessment proposed in this
work, the QR factorization is computed using the Modified Gram–Schmidt process (MGS), which
provides improved numerical stability compared with other QR-based variants [154]. Figure 4.5
summarizes the workflow used to compute the eigenvalues of Ã𝐻 within the DMD-based assess-
ment.

Figure 4.6 summarizes the DMD method described in this section. The data-driven assessment
stage extractsmeasurements from the dynamicmodel implemented in the real-time simulator, which
is connected to the physical UFLS replicawhere load shedding is continuously tested. The lower part
of the figure shows the internal flowchart of theDMD-based data-driven assessment, highlighting its
main steps. In this diagram, householder(·), wilkinsonshift(·), and mgsqr(·) denote the functions asso-
ciated with the Householder transformation, the Wilkinson shift, and the Modified Gram–Schmidt
QR factorization described in detail throughout this section.

The compact SVD and the eigendecomposition of Ã follow a similar internal structure, although
the compact SVD does not require a Wilkinson shift because the singular values of the data matrix
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are real and therefore do not require the complex shift used in the eigenvalue computation.

Figure 4.6: Flowchart of the DMD-based data-driven assessment within the proposed RAS framework.

Figure 4.7 presents the overall flowchart of the proposed RAS. The scheme begins with the ac-
quisition of measurements from the physical power grid. When a steady-state operating condition
is detected through the norm evaluation (green block), the measurements are transmitted to both
the system-level digital twin and the data-driven assessment environment based on the UFLS phys-
ical replica. Within the system-level digital twin, the measurements are used to update the current
operating point of the physical power grid.

The first stage of the proposed RAS (blue block) identifies the number of load-shedding stages
of the conventional multistage UFLS required to reach the target post-contingency steady-state fre-
quency 𝑓 post,ref

𝑠𝑠 for the 𝑛-th contingency. Once the required number of stages is estimated, a reduc-
tion strategy is applied to limit the number of tests: the amount of power associated with the last
activated load-shedding stage is stored, and a random percentage of this value is added to the power
assigned to the previously selected stages.

Both the 𝑛-th contingency and the associated load-shedding test are performed virtually in the
UPF system-level digital twin, fromwhich the post-contingency steady-state frequency 𝑓 post

𝑠𝑠 is com-
puted. This procedure is repeated through multiple iterations using a multi-run simulation ap-
proach. Among all the evaluated tests, the result satisfying 𝑓 post

𝑠𝑠 ≈ 𝑓 post,ref
𝑠𝑠 is selected and stored,
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determining the final amount of load shedding (LS-S).
In parallel, in the real-time simulator the operating point is updated using the measurements

received from the physical power grid (orange block). The estimated LS-S amount is assigned to the
first UFLS threshold of the physical replica. The remaining UFLS stages are kept enabled as backup
protection, although the proposed RAS primarily evaluates the single-stage action determined by
the system-level digital twin. The 𝑛-th contingency is then activated in the real-time simulator,
enabling the closed-loop operation of the UFLS physical replica. In this environment, the objective
is to verify that the simulated power grid remains stable and reaches 𝑓 post,ref

𝑠𝑠 , while monitoring
the transient response to ensure that the remaining electrical variables do not experience excessive
deviations during the load-shedding event.

Figure 4.7: Flowchart of the DMD-based data-driven assessment within the proposed RAS framework, including compact
SVD and QR-based eigendecomposition stages.

Finally, the oscillatory electromechanical behavior of the simulated power grid during the UFLS
replica operation is evaluated. Ringdown measurements collected from the real-time simulation
model during the first instants following the contingency are processed through the DMD-based as-
sessment to extract the dominant dynamic patterns. The discrete-time eigenvalues are thenmapped
to oscillation frequencies and damping ratios, which constitute the indicators used by the proposed
RAS to assess the dynamic impact of the load-shedding action. This assessment runs in parallel with
the physical power grid and determines whether a single-stage load shedding is suitable under the
current operating conditions, or whether a progressive load-shedding sequence should be applied
to preserve stability.

With the conceptual and mathematical framework fully defined, the following section describes
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the hardware-in-the-loop implementation, in which the proposed RAS is validated under realistic
operating conditions.

4.4 Hardware-in-the-Loop Implementation
This section presents the hardware-in-the-loop implementation used to validate the proposed RAS
under realistic operating conditions. It is organized into two subsections: the first introduces the
test power grid and the problem under study, and the second describes the HIL experimental setup,
including the real-time simulation platform, hardware devices, and communication architecture.

Figure 4.8: IEEE 39-bus test system with measurement points and protected area.

Test power grid description and problem definition
As in Chapter 3, the IEEE 39-bus New England test system is used to evaluate the performance of
the proposed RAS. In addition to the voltage stability issues addressed in Chapter 3, this test system
can also exhibit frequency stability issues under certain operating conditions and specific contingen-
cies, which makes it a suitable platform for validating the proposed RAS. Furthermore, using the
same benchmark allows demonstrating that a structural approach analogous to the one developed
for the voltage stability RAS can be followed, highlighting the potential of this methodology to be
generalized for addressing different stability problems in power grids.

Figure 4.8 illustrates the topology of the system, which is identical to the one used for the voltage
stability RAS. However, to reflect a behavior more representative of modern power grids, photo-
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voltaic power plants are incorporated at buses 32, 34, 36, and 37. As a result, both the inertial support
and the active power reserve associated with the primary frequency control of the remaining syn-
chronous machines are reduced. Additionally, the equivalent inertia of the synchronous machines
was reduced in order to obtain a lower-inertia power system, thereby degrading the system dynamic
response.

Under these operating conditions, contingencies involving generation loss, particularly the loss
of synchronous machines, can drive the power grid frequency to considerably low 𝑓 post

𝑠𝑠 values.
In such scenarios, the primary and secondary regulation controls may not be able to restore the
frequency to its nominal value, especially if the remaining synchronous machines operate close to
their generation limits. Therefore, the RAS is designed with the objective of achieving the target
post-contingency steady-state frequency 𝑓 post,ref

𝑠𝑠 = 59.5 Hz, as established in [119].
The proposed RAS is designed to protect the area highlighted in gray. Accordingly, it only con-

siders generation contingencies occurring within this zone, and the corresponding load-shedding
actions are also restricted to the same zone. This configuration follows the PRC guidelines, which
establish that under-frequency load shedding should be implemented within the affected region
rather than in neighboring areas. Based on this criterion, the RAS is configured to perform load
shedding at buses 16, 20, 21, 22, and 24. Although the proposed RAS focuses on this specific area,
the same operational methodology can be extended to other areas of the power grid.

Figure 4.8 also indicates the measurement points obtained from the power grid, along with the
type of variable collected at each location, including voltagemagnitude and active or reactive power.
Thesemeasurements constitute the input vector for the steady-state detection stage. Once processed,
this information is forwarded to the system-level digital twin, the data-driven assessment stage, and
the UFLS replica.

After defining the characteristics of the test system, the next subsection describes the hardware-
in-the-loop validation platform used to deploy and assess the proposed RAS.

Hardware-in-the-loop validation platform
The validation platform consists of three main elements:

• Emulated physical power grid in RTDS: Power-system operation is governed by strict secu-
rity and reliability constraints, which limits the possibility of performing direct tests during the
development of RAS schemes and digital twins. For this reason, real-time simulators are com-
monly used to emulate the behavior of the physical power grid, including the measurement
and control points that would exist in an actual implementation. In practice, the opportunity
to directly link a digital twin and a RAS replica with the physical power grid would occur
only during commissioning, and even then under strict operational and security constraints.
In this validation platform, the IEEE 39-bus New England system is implemented in an RTDS
simulator to emulate the physical power grid.

• Real-time dynamic validation model: To provide a controlled testing environment for the
UFLS replica and to evaluate the dynamic response of the power grid, a real-time dynamic
model of the IEEE 39-bus New England system is also implemented in RTDS. This model in-
cludes synchronous machines, their associated control systems, transmission lines, and load
models, following a structure similar to that used in Chapter 3. However, in this chapter the
load representation is extended to include frequency-dependent behavior, which is relevant
for frequency-stability studies [132]. Regarding the photovoltaic plants, an averaged repre-
sentation based on controlled current sources is adopted, consistent with generic photovoltaic
plant modeling approaches used for electromechanical and real-time simulation studies [155,
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156]. To provide a more realistic validation, the results section includes tests performed under
different parametric variations.

• Industrial-grade controllers: SEL-3555 real-time automation controllers are employed as key
components of the proposed RAS. These controllers are used across several stages of the op-
erational methodology, including steady-state detection, communication between the system-
level digital twin and the real-time simulation environment, multi-run evaluation, UFLS replica
operation, and DMD-based data-driven assessment.

Figure 4.9 illustrates the flowchart of the HIL validation platform. The information flow origi-
nates from the RTDS-based emulation of the physical power grid. Within this simulator, the com-
munication interface is configured to transmit analog signals corresponding to the measurement
points shown in Figure 4.8, as well as the breaker status of the synchronous machines located in
the protected area. These signals are transmitted using DNP3 and IEC 61850 GOOSE protocols,
respectively.

The information is received by RTAC-A, where the measurement vector is constructed and the
steady-state detection criterion is evaluated over a 3-second time window. In this way, a steady-state
condition is detected when the variation of the measurement vector remains below the predefined
threshold during the observation interval. Additionally, the UFLS scheme associated with the em-
ulated physical power grid and the UFLS replica coexist within RTAC-A. However, they operate
independently, with separate procedures, input signals, and tripping commands, thereby prevent-
ing interference between the physical-grid protection logic and the replica-based validation process.

In addition, RTAC-A acts as the communication interface among the devices that compose the
proposed RAS. Once a steady-state condition is detected, RTAC-A sends the operating point of the
emulated physical power grid to RTAC-B through the NGVL protocol every 10ms. RTAC-B uses this
information to automatically update the operating point of the system-level digital twin, which rep-
resents the steady-state characteristics of the 39-bus system. In this way, the digital twin is initialized
under the same operating conditions as the emulated physical power grid.

Based on this operating point, RTAC-B applies the multi-run evaluation approach to assess the
𝑛-th contingency and determine the static load-shedding amount, LS-S, required to achieve the tar-
get post-contingency steady-state frequency 𝑓 post,ref

𝑠𝑠 . Once identified, LS-S is sent back to RTAC-A
through the NGVL protocol, where it is subsequently used in the evaluation stage of the UFLS phys-
ical replica.

Simultaneously, whenRTAC-A detects a steady-state condition, it sends the operating point of the
emulated physical power grid to the RTDS dynamic validation model through the DNP3 protocol.
This ensures that the real-time dynamicmodel starts from the same initial conditions as the emulated
physical power grid, enabling the assessment of the 𝑛-th contingency and the corresponding load-
shedding amount LS-S within a representative dynamic environment.

In this configuration, the RTDS dynamic model interacts exclusively with the UFLS replica em-
bedded in RTAC-A. Consequently, RTAC-A receives the frequency measurements of the buses asso-
ciated with the protected area through the DNP3 protocol, as monitored from the dynamic model
implemented in RTDS.To automate the evaluation procedure, a Python script integrated into the
RTDS validation environment triggers the 𝑛-th contingency and assesses the resulting dynamic re-
sponse for the current LS-S value. The UFLS replica then responds to the simulated dynamics by
applying the load-shedding action as a single-stage shedding command assigned to the first thresh-
old of the conventional UFLS scheme.

The transient response is subsequently analyzed to verify that the frequency evolution is accept-
able and that other electrical variables, such as voltagemagnitudes, remainwithin permissible limits.
If no violations are detected and the dynamic response is considered acceptable, LS-S is retained as
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the final load-shedding action. Otherwise, an additional dynamic load-shedding component, de-
noted as LS-D, is computed. In that case, the final load-shedding action is given by the combination
of the static and dynamic components, LS-S+LS-D.

Figure 4.9: Proposed UFLS-RAS architecture integrating the system-level digital twin, UFLS-Replica, and DMD-based
dynamic assessment.

Finally, the selected load-shedding action is transmitted to RTAC-A and configured in the UFLS
scheme associated with the emulated physical power grid. The scheme remains armed and ready
to operate when the 𝑛-th contingency occurs and the corresponding frequency threshold violation
is detected.

On the other hand, the dynamicmodel implemented in RTDS sends synchronized dynamicmea-
surements toRTAC-C. Themeasurements are transmitted via the PMUprotocol at a reporting rate of
10 samples per second. These measurements may include active power, frequency, and rotor-speed-
related signals available within the real-time simulation environment. RTAC-C embeds the DMD-
based data-driven assessment method, including the numerical algorithms required for its solution,
such as compact SVD, Householder transformations, Wilkinson shifts, and QR-based eigendecom-
position.

Using these measurements, RTAC-C performs a data-driven assessment of the dynamic behav-
ior of the power grid represented in RTDS, enabling the extraction of dominant oscillatory modes
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and their corresponding spatial mode shapes. This information provides deeper insight into the dy-
namic characteristics of the power grid, which is typically not available in conventional RAS imple-
mentations. Based on these results, the proposed RAS canmakemore informed decisions regarding
load-shedding actions and anticipate their potential impact on the dynamic response of the system.

Finally, both the information obtained from the data-driven assessment and the results of the
evaluations performed in the system-level digital twin are stored in CSV files. This allows the RAS
operator to access a record of the ongoing assessments and better understand the decision-making
process carried out by the proposed RAS. Table 4.1 summarizes the communication delays associ-
ated with the data exchange paths between the devices, as well as the processing times required for
each task executed by the RTAC industrial-grade controllers.

Table 4.1: Processing times associated with the HIL validation platform
Communication path and device Protocol Time
Physical system GTNETx2 → RTAC-A (Measurements of the system) DNP3 100 ms
Physical system GTNETx2 ↔ RTAC-A (Breaker status and trip signals) GOOSE 4 ms
RTAC-A (Steady-state detection) - 100 ms
RTAC-A (UFLS physical system) - 100 ms
RTAC-A (UFLS-Replica) - 100 ms
RTAC-A → RTAC-B (Operating point) NGVL 10 ms
RTAC-B (Digital twin and Multi-run) - 2.974 s
RTAC-B → RTAC-A (Amount LS-S) NGVL 10 ms
Replica system GTNETx2 → RTAC-A (Measurements of the system) PMU 100 ms
Replica system GTNETx2 ↔ RTAC-A (Breaker status and trip signals) GOOSE 4 ms
RTAC-A → RTAC-C (Ringdown data) PMU 100 ms
RTAC-C (Data-driven assessment) - 500 ms

With the HIL validation platform fully implemented and configured, a testing environment is
available to evaluate the performance of the proposed RAS under realistic operating conditions.
The use of industrial-grade controllers in this validation framework enables the assessment of the
practical feasibility of deploying this type of RAS in real power grids, providing insight into how
close such next-generation RAS schemes are to practical implementation.

The following section presents the simulation results, highlighting the capability of the proposed
RAS to maintain frequency stability within the protected area.

4.5 Results of the HIL Implementation
This section presents the validation and performance assessment of the proposed RAS using the
developed HIL platform. The results are organized into three subsections. The first subsection vali-
dates the system-level digital twin embedded in RTAC-B, demonstrating its capability to reproduce
the steady-state characteristics of the physical power grid when implemented in an industrial-grade
controller. The second subsection validates the DMD-based data-driven assessment embedded in
RTAC-C by comparing its results against the small-signal analysis obtained fromDIgSILENT Power-
Factory. Finally, the third subsection evaluates the overall behavior of the proposed RAS in the HIL
platform, demonstrating its ability to maintain the power grid within acceptable operating limits
and to improve its performance compared with a conventional RAS.

Digital Twin Validation
This subsection presents the validation of the system-level digital twin implemented in RTAC-B. Ta-
ble 4.2 summarizes the control-mode configuration of the generation units represented in the digital
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Table 4.2: Modeling assumptions for generation unit control modes in the digital twin

Bus Number Type of Generation Control Mode Droop (p.u.)

10 PV Constant Power –
20 PV Constant Power –
23 PV Constant Power –
25 PV Constant Power –
30 SM Droop 0.09
31 SM Droop 0.09
32 SM Droop 0.09
33 SM Droop 0.09
34 SM Droop 0.09
35 SM Droop 0.09
36 SM Droop 0.09
37 SM Droop 0.09
38 SM Droop 0.09
39 SM Constant Power –

twin. Synchronous machines are modeled under droop control, whereas photovoltaic plants oper-
ate in constant-power mode, meaning that they do not participate in primary frequency regulation
within the proposed UPF formulation. To verify the correct implementation of the digital twin, its
steady-state operating point is compared against that of the physical power grid modeled in RTDS.

First, the equilibrium condition of the physical system is established in RTDS. Subsequently, the
digital twin is automatically adjusted to reproduce the same operating conditions. The comparison is
presented in Table 4.3, which includes bus voltagemagnitudes, active and reactive power generation
from synchronous machines and photovoltaic plants, and active and reactive power consumption at
load buses. The results show a high level of agreement between both systems, thereby validating the
capability of the system-level digital twin to accurately reproduce the steady-state operating point
of the physical power grid. In particular, the maximum voltage magnitude deviation between the
digital twin and RTDS is below 0.002 p.u., while the active-power deviations remain negligible for
all generation and load buses.

Finally, for validation purposes, Figure 4.10 presents a comparison between the response of the
system-level digital twin implemented in RTAC-B and the RTDS following the simultaneous loss of
generation from units G6 and G7. The agreement between both final values shows that the system-
level digital twin can provide, in a few algebraic iterations, the same post-contingency steady-state
frequency that the RTDS dynamic model reaches only after the electromechanical transient has suf-
ficiently settled. These units are connected to buses 37 and 36, respectively, as shown in Figure 4.8.
In both environments, a 555 MW load-shedding action is applied in the area of interest to emu-
late the action of a UFLS scheme. In the RTDS implementation, the UFLS action is triggered when
the frequency reaches 59.3 Hz, whereas in the system-level digital twin the load-shedding action is
evaluated directly from the post-contingency steady-state solution without explicitly simulating the
transient frequency evolution.

The objective of this comparison is to verify that the digital twin accurately reproduces the steady-
state behavior of the power grid represented in RTDS, particularly in terms of post-contingency fre-
quency estimation and load-shedding requirements. The results show that the system-level digital
twin accurately characterizes the post-contingency steady-state frequency, 𝑓 post

𝑠𝑠 , using the RTDS
response as a reference. In particular, the digital twin captures the aggregated steady-state effect
of primary frequency regulation and the associated UFLS action without reproducing the full elec-
tromechanical transient response during the initial seconds of the event. This enables direct esti-
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Table 4.3: Power-flow comparison between the digital twin and the physical power grid modeled in RTDS under the base
case

Bus Voltage Active Power Reactive Power Active Power Reactive Power
Number (p.u.) Generation (MW) Generation (Mvar) Load (MW) Load (Mvar)

DT RTDS DT RTDS DT RTDS DT RTDS DT RTDS
1 1.0367 1.0369
2 1.0180 1.0183
3 0.9837 0.9835 371.40 371.31 2.74 2.76
4 0.9452 0.9443 577.00 577.01 208.85 212.34
5 0.9456 0.9447
6 0.9475 0.9466 10.10 10.11 4.97 5.05
7 0.9375 0.9363 269.66 269.67 95.06 96.88
8 0.9379 0.9366 602.06 602.07 198.56 202.99
9 1.0034 1.0029
10 0.9577 0.9559 405 405 0 0
11 0.9527 0.9519
12 0.9303 0.9290 8.65 8.66 99.59 101.72
13 0.9546 0.9538
14 0.9530 0.9522
15 0.9599 0.9593 368.89 368.90 174.25 176.38
16 0.9813 0.9809 379.03 379.04 37.00 37.21
17 0.9846 0.9843
18 0.9825 0.9822 182.16 182.17 34.40 34.59
19 0.9833 0.9832
20 0.9809 0.9808 270 270 0 0 720.10 720.11 117.42 118.10
21 0.9891 0.9889 315.86 315.87 132.14 132.57
22 1.0193 1.0192
23 1.0194 1.0193 370 370 0 0 286.18 286.19 98.39 97.82
24 0.9911 0.9901 355.74 355.77 −105.99 −106.28
25 1.0238 1.0230 405 405 0 0 258.99 259.00 54.96 54.57
26 1.0099 1.0097 160.33 160.34 19.66 19.61
27 0.9905 0.9902 324.04 324.05 86.81 87.06
28 1.0138 1.0137 237.25 237.26 31.91 31.78
29 1.0169 1.0168 326.32 326.33 31.11 30.96
30 1.0475 1.0475 540.03 540.00 195.44 193.69
31 0.9820 0.9820 574.90 574.97 179.68 183.50
32 0.9831 0.9831 265.00 265.00 132.26 135.91
33 0.9912 0.9912 670.03 670.00 54.20 55.17
34 1.0050 1.0050 238.01 238.00 127.28 128.03
35 1.0493 1.0493 675.02 675.00 249.94 250.81
36 1.0635 1.0635 205.01 205.00 173.48 173.86
37 1.0278 1.0278 183.00 183.00 16.54 19.91
38 1.0265 1.0265 840.04 840.00 72.45 72.55
39 1.0300 1.0300 1400.00 1400.00 265.46 261.84



4.5. Results of the HIL Implementation 87

Figure 4.10: Steady-state frequency validation of the power-flow-based digital twin with primary frequency regulation
against the RTDS dynamic response. The digital twin computes the post-contingency steady-state frequency directly from
the UPF formulation, without numerical time-domain integration.

mation of the steady-state frequency without waiting for the system to fully settle in the dynamic
simulation. Therefore, the system-level digital twin implemented inRTAC-B is validated as a reliable
tool and can be effectively used within the proposed RAS framework.

Dynamic Mode Decomposition Validation
This subsection validates the modal information obtained from the DMD-based data-driven assess-
ment by benchmarking it against results from DIgSILENT PowerFactory, which is used as a model-
based reference [157]. The New England 39-bus system is implemented in DIgSILENT PowerFac-
tory, where modal characteristics are computed using its Modal Analysis tool under a given oper-
ating condition. These results are then used as reference values for comparison.

To excite the electromechanical modes of the power system, a three-phase fault is applied at the
midpoint of line 14–15 and cleared after one network cycle. The resulting dynamic response is sim-
ulated in DIgSILENT PowerFactory, and the corresponding time-series data are exported in CSV
format. These measurements are subsequently imported into RTAC-C, where they are used as input
for the DMD-based data-driven assessment. The DMD method is applied using a 6-second obser-
vation window and a sampling rate of 10 samples per second. This procedure enables a consistent
comparison between the data-driven and model-based approaches for modal analysis.

Table 4.4: Comparison between DIgSILENT PowerFactory small-signal analysis and DMD-based modal identification

Mode Small-Signal DIgSILENT (Hz) DMD in RTAC-C (Hz) Error (%)

1 0.1344 0.1289 4.1
2 0.2748 0.3461 25.9
3 0.6386 0.6427 0.6
4 0.9792 0.9345 4.6
5 1.0529 1.0392 1.3
6 1.1101 1.1098 0.03
7 1.1964 1.2022 0.5
8 1.4229 1.4670 3.1
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Table 4.4 presents a comparison of the most relevant oscillatory modes obtained from the small-
signal analysis in DIgSILENT PowerFactory and from the DMD-based data-driven assessment im-
plemented in RTAC-C. Overall, the DMD approach identifies most of the relevant modes with ac-
ceptable accuracy. However, mode 2 exhibits a larger frequency deviation, indicating that not all
modes are equally observable from the selected measurement set and excitation event.

The largest discrepancy is observed for mode 2. This behavior can be attributed to the sensitiv-
ity of data-driven modal identification to modes with low excitation energy, weak observability, or
closely spaced frequency content [158]. Despite this limitation, the modes with higher relevance for
the observed dynamic response are consistently captured. These results support the suitability of
the DMD-based approach for practical modal analysis within the proposed RAS framework.

(a)Mode shape obtained from DIgSILENT PowerFac-
tory. (b) Mode shape estimated by DMD in RTAC-C.

Figure 4.11: Mode-shape comparison for mode 3 between DIgSILENT PowerFactory and DMD implemented in RTAC-
C.

A comparison of the mode shapes obtained from DIgSILENT PowerFactory and from the DMD-
based data-driven assessment implemented in RTAC-C is also performed. Before comparing mode
shapes, both DIgSILENT and DMD-based mode vectors are normalized with respect to their maxi-
mummagnitude and phase-aligned using the dominant generator as reference. This normalization
is necessary because modal vectors are defined up to an arbitrary complex scaling factor.

Figure 4.11 shows the normalizedmode shape corresponding tomode 3. The reference results ob-
tained from DIgSILENT PowerFactory indicate that generator G1 exhibits the highest participation
in this mode, while the remaining machines present lower amplitudes and are approximately 180°
out of phasewith respect to G1. TheDMD-based results capture a consistent phase relationship, also
showing an approximate 180° phase shift between G1 and the rest of the generators. However, dif-
ferences are observed in the relative magnitudes, since some machines exhibit higher amplitudes in
the DMD estimation than in the model-based reference. It is important to note that the mode shapes
obtained fromDIgSILENT PowerFactory and the DMD implementationmay differ by a global phase
rotation and complex conjugation due to differences in the eigenvector and time-domain conventions
adopted by eachmethod. Therefore, the comparison focuses on the relative modal participation and
coherence among synchronous machines rather than on the absolute angular orientation of the pha-
sors.

This discrepancy is mainly attributed to the differences between both approaches. The small-
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signal analysis relies on a linearized state-space model with full model observability, whereas DMD
is a data-driven technique whose results depend on the excitation event, operating condition, mea-
surement set, and observation window. Despite these magnitude differences, the DMD approach
successfully captures the underlying physical behavior of the power grid, particularly the relative
phase relationships between generators, which are critical for identifying coherent groups and inter-
area or local oscillations.

(a)Mode shape obtained from DIgSILENT PowerFac-
tory. (b) Mode shape estimated by DMD in RTAC-C.

Figure 4.12: Mode-shape comparison for mode 6 between DIgSILENT PowerFactory and DMD implemented in RTAC-
C.

Finally, Figure 4.12 presents the comparison of the mode shape corresponding to mode 6. Both
approaches exhibit a consistent pattern, identifying generatorG10 as the dominant participant, while
the remaining machines show lower amplitudes and are approximately 180° out of phase with re-
spect to G10.

In addition, generator G8 exhibits a phase response closer to G10 in both methods, suggesting a
degree of coherent behavior between these units. This strong agreement in the relative phase rela-
tionships and dominant participation reinforces the accuracy of the data-driven assessment imple-
mented in the RTAC-C, further validating its capability to capture the underlying electromechanical
dynamics when benchmarked against DIgSILENT.

Figure 4.13: Kundur two-area power system.

On the other hand, data-driven modal analysis methods such as DMD can be sensitive to mea-
surement noise, which may affect the modal information used by the proposed RAS. To evaluate
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this impact, validation tests are conducted using the RTDS-based physical replica and RTAC-C, in-
troducing white Gaussian noise into the signals obtained from RTDS.

To better isolate and assess the effect of noise on the estimated oscillatory modes, a small test
power system is considered. Specifically, the well-known two-area, 12-bus Kundur system is used,
as it is widely adopted for the analysis of electromechanical oscillations. The power system is shown
in Figure 4.13.

Figure 4.14: Data-driven assessment results obtained in the RTAC from active power and rotor speed measurements from
generators 1–4 of the Kundur two-area system.

To excite the oscillatory modes of the power system, line 7–11 is tripped from both ends. Fig-
ure 4.14 shows the active power and rotor speed responses of generators 1–4, which are obtained
from the RTDS and transmitted to the RTAC-C via a PMU protocol at a sampling rate of 10 sam-
ples per second with a time window of 4 seconds. As a first step, the signals are processed without
added noise in order to establish a reference set of oscillatory modes. Under these conditions, the
data-driven assessment implemented in the RTAC-C identifies three modes at 0.4024 Hz, 0.9008 Hz,
and 1.1066 Hz, which are used as reference for comparison.

Subsequently, the same contingency is repeated; however, Gaussian white noise is added to the
signals of synchronous machines 1–4, corresponding to a signal-to-noise ratio (SNR) of 44.35 dB,
as shown in Figure 4.15. These noisy measurements are processed by the RTAC-C to perform the
data-driven assessment.

Table 4.5 summarizes the results, including additional evaluations with increased sampling rates
of 20, 30, and 60 samples per second. For a sampling rate of 10 samples per second, the identi-
fied oscillatory modes exhibit slight deviations due to the injected noise, with Mode 2 showing the
largest variation compared to the noise-free case. As the sampling rate increases, a larger number of
noise-contaminated samples is incorporated into the data matrices. Under the compact-SVD imple-
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Figure 4.15: Active power measurements from generators 1–4 of the Kundur two-area system under noisy conditions
with a SNR of 44.35 dB, used to evaluate the robustness of the DMD-based modal assessment.

mentation, without additional modal truncation or denoising, this can affect the conditioning of the
DMD estimation and increase the sensitivity of low-energy modes. Among them, Mode 2 remains
the most sensitive, which is consistent with its lower energy content relative to the other modes.

Table 4.5: Impact of measurement noise (SNR = 44.35 dB) on data-driven modal identification

Sampling rate (s−1) Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

10 0.4016 0.7908 1.1275
20 0.3945 0.7536 1.1121
30 0.3989 0.7416 1.1017
60 0.3963 0.7350 1.0954

It is worth noting that the noise level considered in this analysis is conservative and not typically
observed in practical power system measurements, It is worth noting that the noise levels consid-
ered in this analysis are intentionally conservative with respect to typical high-quality synchronized
measurements used in transmission-level monitoring systems.

Finally, an additional evaluation is conducted using signals with an SNR of 58 dB, as shown in
Figure 4.16. Although this still represents a conservative scenario, it allows assessing the capability
of the data-driven assessment to accurately estimate oscillatory modes, particularly the dominant
ones, which are of primary interest for the proposed RAS and control center.

Table 4.6 summarizes the results obtained by the RTAC-C for different sampling rates (10, 20,
30, 60, and 120 samples per second) and varying observation time windows. The results indicate
that increasing the observation window has a limited impact on the estimated modal frequencies.
In contrast, as the sampling rate increases, the effect of noise on the DMD-based estimation becomes
more noticeable.

Despite this, the dominant modes (Modes 1 and 3) are consistently identified with small devi-
ations in their estimated frequencies. Conversely, the mode with lower energy (Mode 2) exhibits
higher sensitivity to noise, with its estimation degrading as the sampling rate increases. It is impor-
tant to note that, given the typical range of electromechanical oscillations in power systems (0.3–2
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Figure 4.16: Active power measurements from generators 1–4 of the Kundur two-area system under moderate-noise-
conditions with a SNR of 58 dB, used to evaluate the robustness of the DMD-based modal assessment.

Hz), high sampling rates are not required in practice. Sampling rates around 10 samples per second
are generally sufficient to capture these dynamics, while also providing an inherent filtering effect
that improves the observability of the dominant modes.

Table 4.6: Impact of measurement noise (SNR = 58 dB) on data-driven modal identification

Sampling rate Window time
(s−1) Mode 4 s 5 s 6 s 7 s 8 s

1 0.4024 0.4041 0.4073 0.4057 0.4074
10 2 0.9008 0.8892 0.8549 0.8557 0.8447

3 1.1066 1.1157 1.1167 1.1166 1.1112
1 0.4010 0.4029 0.4069 0.4062 0.4067

20 2 0.8175 0.7924 0.7868 0.7807 0.7857
3 1.1143 1.1211 1.1212 1.1160 1.1067
1 0.4000 0.4029 0.4060 0.4057 0.4068

30 2 0.7839 0.7730 0.7699 0.7670 0.7543
3 1.1161 1.1156 1.1190 1.1189 1.1010
1 0.3998 0.4013 0.4046 0.4051 0.4065

60 2 0.7460 0.7549 0.7475 0.7436 0.7471
3 1.1051 1.1162 1.1045 1.1098 1.1049
1 0.3998 0.4017 0.4051 0.4049 0.4068

120 2 0.7460 0.7419 0.7454 0.7388 0.7318
3 1.1210 1.1160 1.1190 1.1156 1.1010

Although this analysis is conducted using measurements from the physical replica, it is directly
relevant to the proposed RAS, as the RTAC-C can be switched to acquire measurements from the
physical power system, enabling real-time monitoring and modal estimation during contingencies.

In this context, these results complete the validation of the data-driven assessment development
in the industrial-grade controller RTAC-C, demonstrating a performance level suitable for its inte-
gration into the full operation of the proposed RAS.
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Performance Results of the Proposed UFLS-RAS
This subsection presents the performance results of the proposed UFLS-RAS. As defined in the pro-
posed framework, this UFLS-oriented remedial action scheme takes a conventional multistage UFLS
scheme as a reference and uses its load-shedding resources, while adapting the amount of load shed-
ding according to the contingencies and operating conditions considered within the RAS design. In
this context, Table 4.7 summarizes the operating parameters of the conventional UFLS scheme.

Table 4.7: Operating parameters of the conventional UFLS scheme

Operating Parameters
Stage Frequency Threshold Active Power Total Active Power

(Hz) (%) (MW)

1 59.3 8.3% 180
2 59.1 8.3% 180
3 58.9 8.3% 180
4 58.7 8.3% 180
5 58.5 8.3% 180
6 58.3 8.3% 180

To evaluate the performance of the proposedUFLS-RAS, three representative operating scenarios
are considered:

• Base Case: This scenario corresponds to the nominal operating point defined in Table 4.3 and
is used as the reference condition of the power system.

• Case 1: The power systemoperates under the base-case conditions; however, the load-shedding
resources associated with stage 2 of the UFLS scheme are partially unavailable. Specifically,
only 110 MW of the original 180 MW are accessible. This scenario is designed to demonstrate
the capability of the proposed UFLS-RAS to handle limited resource availability by reallocat-
ing load-shedding actions across other available stages, supported by the system-level digital
twin.

• Case 2: This scenario represents a modified operating condition in which the load at bus 21
is increased from 315 MW to 390 MW, while the generation of units G4 and G5 is adjusted to
695MWand 295MW, respectively. This operating-point variation is considered to evaluate the
adaptability of the proposed UFLS-RAS to changing system conditions, requiring the scheme
to adjust its operating parameters accordingly.

In addition, the contingencies evaluated by the proposed UFLS-RAS are defined as follows:

• C1 (𝑁 − 1): Disconnection of synchronous generator G6.
• C2 (𝑁 − 2): Simultaneous disconnection of synchronous generators G6 and G7.

For clarity, the results are presented on a per-contingency basis. Within each contingency, the
performance of the proposed UFLS-RAS is evaluated for the Base Case, Case 1, and Case 2.

Contingency C1
An important parameter in the proposed UFLS-RAS is the number of simulations performed within
the multi-run approach of the system-level digital twin, which is used to estimate the required load
shedding for each contingency. To this end, a sensitivity analysis is conducted by varying the num-
ber of runs, with the objective of evaluating the computational performance of the industrial-grade
controller RTAC-B.
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Table 4.8: Execution time of the multi-run approach implemented in RTAC-B

Number of Runs Total Execution Time (s)

50 2.974
100 5.972
200 11.971
300 17.974
400 23.975
500 30.027
600 35.975
700 41.974
800 47.973
900 53.975
1000 59.974
1050 62.972

Table 4.8 summarizes the execution time of the multi-run approach implemented in RTAC-B for
a range of 50 to 1050 runs. The maximum execution time is approximately one minute for 1050 runs.
Although increasing the number of runs improves the resolution of the estimated load-shedding
amount, such precision is not strictly required due to the discrete nature of load-shedding resources
in practical power systems. Therefore, 50 runs are selected as a suitable trade-off between computa-
tional efficiency and estimation accuracy for the proposed UFLS-RAS.

Figure 4.17: Multi-run evaluation performed by RTAC-B for contingency C1 under base case. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 327.6 MW

For contingency C1 under the base case, the proposed UFLS-RAS, supported by the system-
level digital twin implemented in RTAC-B, determines that the first stage of the conventional UFLS
scheme, corresponding to 180 MW, is insufficient to restore the post-contingency steady-state fre-
quency to the reference value 𝑓 post,ref

𝑠𝑠 = 59.5 Hz. Consequently, the UFLS-RAS identifies that
stages 1 and 2 of the UFLS scheme are required.

Based on this initial assessment, themulti-run approach is employed to refine the total amount of
load shedding. Figure 4.17 illustrates the 50 simulations performed. Several evaluated cases result
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in a post-contingency steady-state frequency 𝑓 post
𝑠𝑠 below the reference value 𝑓 post,ref

𝑠𝑠 , while a subset
satisfies the frequency requirement. Accordingly, the system-level digital twin selects the minimum
load-shedding value that ensures 𝑓 post

𝑠𝑠 ≥ 𝑓 post,ref
𝑠𝑠 , resulting in a final load-shedding amount of

327.6 MW.

Figure 4.18: Frequency response at bus 21 under contingency C1 for the base case, comparing the conventional UFLS
scheme and the proposed UFLS-RAS. The proposed UFLS-RAS reaches a post-contingency steady-state frequency closer
to 𝑓 post,ref

𝑠𝑠 while requiring less load shedding than the conventional scheme.

Subsequently, the load-shedding amount estimated by the system-level digital twin is validated
in the physical replica environment. Figure 4.18 compares the system frequency response under
the conventional UFLS scheme and the proposed UFLS-RAS, physically implemented through the
UFLS-Replica. Following contingency C1, the conventional UFLS scheme triggers stages 1 and 2,
resulting in a total load shedding of 360 MW. This action restores the steady-state frequency to a
value above 59.5 Hz. Although the frequency requirement is satisfied, this approach leads to over-
shedding, since a lower amount of load shedding would be sufficient to meet the frequency con-
straint. In this work, the term UFLS-Replica refers to the physical and real-time-simulation-based
environment in which the UFLS logic is deployed and dynamically evaluated prior to its application
to the physical power grid.

In contrast, the response obtainedwith the proposedUFLS-RAS, which sheds 327.6MW through
the UFLS-Replica, achieves a steady-state frequency close to 59.5 Hz, in agreement with the es-
timation provided by the system-level digital twin. Moreover, since the UFLS-Replica executes
the load shedding at the first frequency threshold, the system exhibits an improved transient fre-
quency response, characterized by a higher frequency nadir. This approach mitigates superfluous
load shedding and exhibits enhanced frequency stability characteristics relative to the conventional
UFLS scheme.

Subsequently, the proposed UFLS-RAS is evaluated under Case 1, where the load-shedding ca-
pacity of stage 2 is partially reduced. Under this condition, the load available from stages 1 and 2
is 290 MW, which is lower than the amount estimated by the system-level digital twin to reach the
target post-contingency steady-state frequency. Consequently, the proposed UFLS-RAS uses an ad-
ditional fraction of the load assigned to stage 3 to compensate for the reduced availability of stage 2.

Based on the multi-run approach results illustrated in Figure 4.19, the proposed UFLS-RAS esti-
mates that a total load shedding of 325 MW is sufficient to achieve a steady-state frequency close to
59.5 Hz. Therefore, this value is selected by the system-level digital twin.
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Figure 4.19: Multi-run evaluation performed by RTAC-B for contingency C1 under Case 1. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 325 MW.

The scenario is then validated in the physical replica environment by comparing the system fre-
quency response under the conventional UFLS scheme and the proposed UFLS-RAS. Figure 4.20
shows that the frequency deviation caused by contingency C1 is not severe enough to trigger addi-
tional UFLS stages in the conventional scheme. However, due to the limited load-shedding capacity
of stage 2, the conventional UFLS scheme is unable to restore the frequency to the desired level,
leaving the system at a lower steady-state frequency.

Figure 4.20: Frequency response at bus 21 under contingency C1 for Case 1, comparing the conventional UFLS scheme
and the proposed UFLS-RAS. Due to the load-shedding limitation imposed in Case 1, the conventional UFLS scheme is
unable to restore the post-contingency steady-state frequency to the target value, whereas the proposedUFLS-RAS identifies
an alternative load-shedding action capable of recovering 𝑓 post,ref

𝑠𝑠 = 59.5 Hz.

In contrast, when the proposed UFLS-RAS is deployed through the UFLS-Replica, it updates the
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required load-shedding amount by identifying the reduced availability in stage 2 and reallocating
the required shedding through available load from subsequent stages, in this case stage 3. As a
result, the proposed UFLS-RAS successfully restores the system frequency to the target value of
59.5 Hz.

These results demonstrate that the proposedUFLS-RAS improves the system frequency response
and exhibits adaptability to limitations in the availability of load-shedding resources across UFLS
stages.

Figure 4.21: Multi-run evaluation performed by RTAC-B for contingency C1 under Case 2. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 441 MW.

For contingency C1 under Case 2, where the operating point of the physical power grid is mod-
ified, the proposed UFLS-RAS adapts to the new system conditions and determines that a third
load-shedding stage is required. Through the multi-run approach, it estimates a total load shedding
of 441 MW, resulting in a steady-state frequency of 59.5048 Hz, as shown in Figure 4.21.

Figure 4.22 compares the power system response under the conventional UFLS scheme and the
proposed UFLS-RAS. The results show that the frequency deviation caused by C1 triggers only two
stages of the conventional UFLS scheme, leading to a load shedding of 360MW.However, this action
is insufficient to restore the frequency to the desired threshold, leaving the post-contingency steady-
state frequency slightly below the target value.

In contrast, the adaptive operation of the proposed UFLS-RAS enables the adjustment of the load
shedding to the required level, successfully restoring the system frequency to the desired value. Ad-
ditionally, the UFLS-Replica exhibits improved dynamic performance during the transient response.
These results further demonstrate the capability of the proposed UFLS-RAS to adapt to changing
operating conditions, whereas the static nature of the conventional UFLS may result in operation
outside acceptable frequency limits.

Within the proposed UFLS-RAS, the replica acts as a dynamic validation and awareness layer
between the system-level digital twin and the physical load-shedding action. While the digital twin
estimates the required load shedding from a steady-state perspective, the replica evaluates the as-
sociated dynamic behavior, allowing the assessment of frequency performance, electromechanical
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Figure 4.22: Frequency response at bus 21 under contingency C1 for Case 2, comparing the conventional UFLS scheme
and the proposed UFLS-RAS. Due to the load-shedding limitations imposed in Case 2, the conventional UFLS scheme is
unable to restore the post-contingency steady-state frequency to the target value, whereas the proposedUFLS-RAS identifies
an alternative load-shedding action capable of recovering 𝑓 post,ref

𝑠𝑠 .

oscillations, and stability-related effects before the action is transferred to the physical UFLS scheme.
Table 4.9 provides a summary of the load-shedding actions for both the conventional UFLS

scheme and the proposedUFLS-RAS under contingencyC1, detailing the number of activated stages
and the corresponding load contribution from the final stage.

Table 4.9: Comparison of UFLS performance for contingency C1 under different cases

Case Scheme Total Load Number of Stages Load Taken from
Shed (MW) Activated Final Stage (MW)

Base Case Conventional UFLS 360 2 –
Base Case Proposed UFLS-RAS 327.6 2 147.6

Case 1 Conventional UFLS 290 2 –
Case 1 Proposed UFLS-RAS 325 3 35

Case 2 Conventional UFLS 360 2 –
Case 2 Proposed UFLS-RAS 441 3 81

So far, the results have shown that the proposed UFLS-RAS has a positive impact on both the
steady-state and dynamic frequency response of the system. However, it is also important to assess
its impact on other system variables.

In this context, Figure 4.23 illustrates the rotor speed responses of several synchronous machines
that remain connected during contingency C1 under the base case, comparing the operation of the
conventional UFLS scheme and the proposed UFLS-RAS. Although both responses remain stable,
the rotor-speed oscillation amplitudes are slightly higher when the proposed UFLS-RAS is applied.

This behavior is primarily attributed to the operating strategy of each scheme. The proposed
UFLS-RAS performs load shedding in a single stage, representing a more abrupt intervention that
may induce stronger perturbations in other system variables. In contrast, the conventional UFLS
scheme distributes the load-shedding action across multiple stages, leading to a more gradual sys-
tem response. Therefore, a more detailed assessment of the system dynamic behavior is carried out



4.5. Results of the HIL Implementation 99

Figure 4.23: Comparison of the synchronous-generator rotor-speed responses under contingency C1 for the base case
using the conventional UFLS scheme and the proposed UFLS-RAS.

using the data-driven assessment implemented in RTAC-C during the C1 event.
Table 4.10 shows the results of the data-driven assessment implemented in RTAC-C. First, the

power system is protected using the conventional UFLS scheme and subsequently using the pro-
posed UFLS-RAS. In both cases, the table reports the continuous-time eigenvalues estimated by
DMD and the corresponding oscillation frequencies. The results are computed over a 6-second time
window following the contingency onset, with a sampling rate of 10 samples per second.

Overall, both local and inter-area oscillation modes are observed under the operation of the
two schemes. However, when the proposed UFLS-RAS is in operation, some modes exhibit real
parts closer to the imaginary axis, indicating lower damping compared with the conventional UFLS
scheme.

Table 4.10: Data-driven assessment for C1 under the base case: continuous-time eigenvalues and frequencies

Conventional UFLS Proposed UFLS-RAS
Mode Eigenvalue Frequency (Hz) Eigenvalue Frequency (Hz)

1 −4.3893 ± 𝑗11.9207 1.8972 −0.7796 ± 𝑗11.1145 1.7689
2 −1.2229 ± 𝑗11.8876 1.8920 −2.0137 ± 𝑗7.7062 1.2265
3 −1.5475 ± 𝑗7.1580 1.1392 −0.5652 ± 𝑗4.8468 0.7714
4 −1.1478 ± 𝑗3.1816 0.5064 −0.1641 ± 𝑗2.7809 0.4426
5 −0.2191 ± 𝑗3.0977 0.4930 −1.5887 ± 𝑗2.3527 0.3744
6 −0.5919 ± 𝑗1.1934 0.1899 −0.4488 ± 𝑗0.8218 0.1308

This behavior is consistent with the rotor speed responses shown in Figure 4.23 and is attributed
to the single-stage load-shedding methodology. Although this approach has demonstrated strong
performance in terms of frequency response, it may also introduce dynamic risks. Specifically, dis-
connecting a large amount of load in a single stage can excite poorly damped or even unstable os-
cillation modes. Even though instability is not observed in this case, the analysis highlights the
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importance of having detailed dynamic information about the power system to support informed
operational and design decisions.

Finally, within the data-driven assessment stage implemented in RTAC-C, Figure 4.24 illustrates
a comparison of the mode shape corresponding to mode 4 under the operation of the conventional
UFLS scheme and the proposed UFLS-RAS. For this oscillation mode, under the conventional UFLS
scheme, the synchronous machines with the highest participation are generators G7 and G9, while
the remaining machines exhibit a similar level of participation. In contrast, when the proposed
UFLS-RAS is in operation, characterized by single-stage load shedding, generators G7 and G9 con-
tinue to exhibit large amplitudes in this mode. Additionally, the participation of other machines,
such as G2, becomes more pronounced. Conventional UFLS (360 MW) Proposed UFLS-RAS (327.6
MW) 𝑓 post,ref

𝑠𝑠 = 59.5 𝐻𝑧
This behavior indicates that single-stage load shedding can lead to a redistribution of modal

participation, causing additional synchronous machines to contribute significantly to the dominant
oscillation modes of the power system, which may pose a risk to system stability.

(a) Conventional UFLS. (b) Proposed UFLS-RAS.

Figure 4.24: Mode-shape comparison between the conventional UFLS scheme and the proposed UFLS-RAS for mode 4
under C1 in the base case.

Conventional RAS schemes typically lack access to this type of information during continuous
operation and are therefore unable to assess how their load-shedding actions may influence other
system variables. This limitation highlights the advantage of the proposed UFLS-RAS methodol-
ogy, which leverages data-driven insights to enable informed decision-making with awareness of
its actual impact on the power system.

Contingency C2
Similarly, to evaluate the performance of the proposed UFLS-RAS under contingency C2, 50 simula-
tions are conducted as part of the multi-run approach implemented in the system-level digital twin.
Contingency C2 corresponds to the simultaneous loss of two generation units, representing a more
severe disturbance than C1. Consequently, a higher amount of load shedding is required.

For the base case, the system-level digital twin determines that the fourth stage of the conven-
tional UFLS scheme must be considered. Based on the multi-run simulations shown in Figure 4.25,
the UFLS-RAS estimates that disconnecting 567 MW of load leads the system to a post-contingency
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steady-state frequency of 59.5055 Hz.

Figure 4.25: Multi-run evaluation performed by RTAC-B for contingency C2 under base case. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 567 MW.

Figure 4.26 illustrates the system frequency response under the operation of the conventional
UFLS scheme and the proposed UFLS-RAS. Under the conventional UFLS scheme, the frequency
deviation triggers three UFLS stages, resulting in a total load shedding of 540 MW. Although this
action enables frequency recovery, the system does not reach the desired steady-state value and
exhibits a less effective dynamic response.

In contrast, when the proposed UFLS-RAS is deployed, it sheds the amount estimated by the
system-level digital twin, that is, 567 MW. This action is equivalent to disconnecting three full UFLS
stages plus a portion of the fourth stage, thereby providing a finer and more precise load-shedding
strategy. As a result, the system frequency reaches and slightly exceeds the desired target value.

Overall, despite the higher severity of the 𝑁 − 2 contingency, the proposed UFLS-RAS provides
an improved system response, achieving better steady-state frequency values and a more favorable
dynamic behavior compared with the conventional UFLS scheme. These results demonstrate that
the proposed UFLS-RAS is capable of adaptively adjusting the amount of load shedding according
to the severity of the disturbance, effectively handling both 𝑁 − 1 and 𝑁 − 2 contingencies.

Figure 4.27 shows the simulations performed using the multi-run approach within the system-
level digital twin for Case 1, in which the available load-shedding capacity of stage 2 is limited to
110 MW from the original 180 MW. Under this condition, the proposed UFLS-RAS estimates that a
total load shedding of 564.8 MW is required to achieve a steady-state frequency of 59.501 Hz. This
amount involves the disconnection of three full UFLS stages and an additional 24.8 MW from the
fourth stage.

Figure 4.28 presents a comparison of the system frequency response under the conventional
UFLS scheme and the proposed UFLS-RAS. In the case of the conventional UFLS scheme, a lower
amount of active power is shed, 470MW, due to the limited availability of load in stage 2. As a result,
the scheme is unable to restore the system frequency to the desired value. Moreover, the frequency
deviation caused by contingency C2 is not severe enough to trigger the fourth UFLS stage, which
causes the frequency to settle at undesirably low levels.
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Figure 4.26: Frequency response at bus 21 under contingency C2 for base case, comparing the conventional UFLS scheme
and the proposed UFLS-RAS. The conventional UFLS scheme is unable to restore the post-contingency steady-state fre-
quency to the target value, whereas the proposed UFLS-RAS identifies an alternative load-shedding action capable of
recovering 𝑓 post,ref

𝑠𝑠 = 59.5 Hz.

Figure 4.27: Multi-run evaluation performed by RTAC-B for contingency C2 under Case 1. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 564.8 MW.
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Figure 4.28: Frequency response at bus 21 under contingency C2 for Case 1, comparing the conventional UFLS scheme
and the proposed UFLS-RAS. Due to the load-shedding limitation imposed in Case 1, the conventional UFLS scheme is
unable to restore the post-contingency steady-state frequency to the target value, whereas the proposedUFLS-RAS identifies
an alternative load-shedding action capable of recovering 𝑓 post,ref

𝑠𝑠 = 59.5 Hz.

Figure 4.29: Multi-run evaluation performed by RTAC-B for contingency C2 under Case 2. Each test corresponds to a
randomly generated load-shedding candidate evaluated through the power-flow-based digital twin with primary frequency
regulation; the selected candidate corresponds to 604.8 MW.
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In contrast, the proposedUFLS-RASdisconnects the 564.8MWestimated by the system-level dig-
ital twin, overcoming the limitations of the conventional scheme. Consequently, the system achieves
improved steady-state frequency values, along with a more favorable dynamic response.

Finally, the performance of the proposed UFLS-RAS is evaluated for Case 2, which corresponds
to a change in the operating point of the power grid. Figure 4.29 presents the simulations carried
out using the multi-run approach. For this operating condition and contingency C2, the UFLS-RAS
estimates that 604.8 MW of load must be shed for the system to reach a steady-state frequency of
59.5093 Hz. Therefore, this value is assigned to the UFLS-Replica for the subsequent tests.

Figure 4.30: Frequency response at bus 21 under contingency C2 for Case 2, comparing the conventional UFLS scheme
and the proposed UFLS-RAS. The the conventional UFLS scheme is unable to restore the post-contingency steady-state
frequency to the target value, whereas the proposed UFLS-RAS identifies an alternative load-shedding action capable of
recovering 𝑓 post,ref

𝑠𝑠 = 59.5 Hz.

Table 4.11: Comparison of UFLS performance for contingency C2 under different cases

Case Scheme Total Load Number of Stages Load Taken from
Shed (MW) Activated Final Stage (MW)

Base Case Conventional UFLS 540 3 –
Base Case Proposed UFLS-RAS 567 4 27

Case 1 Conventional UFLS 470 3 –
Case 1 Proposed UFLS-RAS 564.8 4 94.8

Case 2 Conventional UFLS 540 3 –
Case 2 Proposed UFLS-RAS 604.8 4 64.8

Figure 4.30 presents a comparison of the system frequency response under the conventional
UFLS scheme and the proposed UFLS-RAS. The conventional UFLS scheme activates only three
stages, resulting in a total load shedding of 540 MW. In contrast, the proposed UFLS-RAS discon-
nects three full stages and a portion of the fourth stage, corresponding to 604.8 MW as estimated by
the system-level digital twin.

This additional and more precise load shedding enables the system frequency to reach and
slightly exceed the desired target value. Furthermore, the proposedUFLS-RAS exhibits superior dy-
namic frequency performance during the transient following contingency C2. Table 4.11 provides
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a general summary of the load-shedding amounts implemented by both the conventional UFLS
scheme and the proposed UFLS-RAS across the three evaluated cases under contingency C2.

The results presented so far indicate that the proposed UFLS-RAS can support 𝑁 − 2 contin-
gencies, exhibiting satisfactory performance bymaintaining the system frequency within the design
limits. In addition, through its data-driven assessment stage, the UFLS-RAS is able to evaluate the
impact of its actions on the electromechanical oscillation modes of the power system.

Figure 4.31: Comparison of rotor speed response under C2 for the base case using the conventional UFLS scheme and the
proposed UFLS-RAS.

Figure 4.31 illustrates the rotor speed responses of the synchronous machines in the test system
under contingency C2 for the base case. Stable behavior is observed under both schemes. However,
when load shedding is executed in a single stage, as in the proposed UFLS-RAS, the rotor speeds ex-
hibit higher-amplitude oscillations with lower damping. Although these oscillations remain stable,
it is important for the proposed UFLS-RAS to be aware of the impact of its load-shedding actions on
the electromechanical modes of the power system. Under certain operating conditions, such oscilla-
tion modes could become unstable, potentially leading to a detrimental rather than beneficial effect
on system performance.

Table 4.12: Data-driven assessment for C2 under the base case: continuous-time eigenvalues and frequencies

Conventional UFLS Proposed UFLS-RAS
Mode Eigenvalue Frequency (Hz) Eigenvalue Frequency (Hz)

1 −1.4954 ± 𝑗10.3251 1.6433 −0.8222 ± 𝑗14.1584 2.2534
2 −0.0423 ± 𝑗6.6871 1.0643 −0.0164 ± 𝑗6.4128 1.0206
3 −0.4262 ± 𝑗5.7951 0.9223 −0.6099 ± 𝑗5.7916 0.9218
4 −1.3938 ± 𝑗3.1366 0.4992 −0.3184 ± 𝑗4.1684 0.6634
5 −0.3530 ± 𝑗0.8226 0.1309 −0.2438 ± 𝑗1.3166 0.2095
6 −0.2776 ± 𝑗1.7218 0.2740 −0.2140 ± 𝑗0.7671 0.1221

In this context, Table 4.12 presents the results of the data-driven assessment performed by RTAC-
C, comparing the continuous-time eigenvalues and oscillation frequencies under the conventional



106 4. Data-Driven Digital Twin and Replica for a Frequency Stability-Oriented Remedial Action Scheme

UFLS scheme and the proposed UFLS-RAS. Overall, when the proposed UFLS-RAS is in operation,
several modes exhibit lower damping, as indicated by real parts closer to the imaginary axis. This is
reflected in the higher-amplitude, lower-damped oscillations observed in the rotor speed responses
shown in Figure 4.31. These results indicate that single-stage load shedding constitutes amore severe
disturbance to the power system, potentially leading to the emergence of poorly damped oscillation
modes.

(a) Conventional UFLS. (b) Proposed UFLS-RAS.

Figure 4.32: Mode-shape comparison between the conventional UFLS scheme and the proposed UFLS-RAS for mode 3
under C2 in the base case.

Finally, based on the information obtained from the data-driven assessment implemented in
RTAC-C, Figure 4.32 illustrates the mode shape associated with mode 3 under the operation of
the conventional UFLS scheme and the proposed UFLS-RAS. In the case of the conventional UFLS
scheme, synchronous machines G4 and G5 exhibit the highest participation in this oscillatory mode,
as they are electrically close to contingency C2, while the remaining machines show comparatively
lower modal contributions.

In contrast, under the operation of the proposed UFLS-RAS, although G4 and G5 remain domi-
nant, a significant increase in the participation ofmachine G9 is observed, indicating a broader redis-
tribution of the system oscillatory dynamics. This behavior highlights that the proposed UFLS-RAS
may lead to reduced damping and increased oscillation amplitudes, involving a larger number of
synchronous machines in the electromechanical modes.

Although the analyzedmodes remain stable, the proposed UFLS-RAS provides amore informed
operating framework than the conventional UFLS scheme by incorporating the capability to assess
the impact of its control actions on both frequency response and electromechanical modes. This fea-
ture supports the identification and avoidance of undesirable operating conditions, while enhanc-
ing situational awareness and real-time decision-making within the proposed UFLS-RAS frame-
work.performance.

The simulation results obtained in the UFLS-Replica can also be used as a dynamic validation
stage for the load-shedding action estimated by the system-level digital twin. In particular, before
transferring the selected action to the physical UFLS scheme, the replica environment allows ver-
ifying whether the proposed load shedding preserves the stability of the power system after the
abrupt disconnection of load. If the dynamic response indicates poorly damped oscillations, exces-
sive deviations, or potential instability, the same framework provides the information required to
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modify the shedding strategy. For instance, the load-shedding action could be redistributed over
more than one stage to avoid disconnecting a large amount of load at once, or the total amount of
load shedding could be reduced if the dynamic validation shows that the original action is too severe.
Although this automatic corrective logic is not implemented in the results presented in this thesis,
the proposed UFLS-RAS is prepared to support this functionality through the interaction between
the system-level digital twin, the UFLS-Replica, and the DMD-based data-driven assessment.

Parametric Sensitivity Analysis of the Proposed UFLS-RAS

Although the operational methodology of the proposed UFLS-RAS is inherently adaptive, its dy-
namic adjustment relies on model-based estimations. In particular, the framework depends on two
main models: the power flow with primary frequency regulation used within the system-level dig-
ital twin, and the dynamic model implemented in the real-time simulator within the replica envi-
ronment. While these models are calibrated to represent the physical behavior of the real system,
discrepancies between modeled and actual system conditions are inevitable.

In practice, model parameters are intended to reflect field conditions; however, uncertainties and
deviationsmay persist. Variations in some parameters may have a negligible impact, whereas others
can significantly influence the performance of the proposed UFLS-RAS. In this regard, the governor
droop gains of synchronous machines are among the most critical parameters, since deviations in
their values directly affect the estimation of the required load shedding.

From an operational perspective, generation companies are required to provide dynamic models
of their units, including control parameters such as droop gains. However, these values are typically
provided as nominal settings and may be adjusted during real-time operation. Although such mod-
ifications should be reported to control centers, this is not always enforced, and updates are not
consistently reflected in system models. This issue can also propagate to the system-level digital
twin and to the associated real-time replica, where parameter inconsistencies may arise.

Therefore, this section presents a sensitivity analysis to variations in the droop gains of syn-
chronous machines to evaluate their impact on the performance of the proposed UFLS-RAS. This
analysis provides insight into the robustness of the proposed scheme under modeling uncertainties
and highlights potential actions to mitigate their effects.

Table 4.13: Droop gain variation ranges for sensitivity analysis

Variation Minimum Reference Maximum
Droop (p.u.) Droop (p.u.) Droop (p.u.)

±1% 0.08910 0.09000 0.09090
±3% 0.08730 0.09000 0.09270
±5% 0.08550 0.09000 0.09450
±7% 0.08370 0.09000 0.09630
±9% 0.08190 0.09000 0.09810

Table 4.13 summarizes the parametric variation ranges considered in this analysis. As a baseline
condition, all synchronous machines in the power system operate with a droop gain of 0.09 p.u.,
which is adopted as the reference value. From this base case, parametric variations are introduced
only in synchronous machines G3, G4, and G10, selecting one representative unit per system area.

It is important to emphasize that these parametric variations are applied exclusively to the RTDS
model that represents the physical power system. In contrast, the system-level digital twin and the
RTDS model associated with the replica environment retain the nominal droop values. Therefore,
this analysis evaluates the effect of a parameter mismatch between the physical system representa-
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tion and the models used by the proposed UFLS-RAS.
This approach avoids the simultaneous application of multiple parametric perturbations, which

would lead to a poorly tuned model that does not accurately represent the expected behavior of a
real system. Instead, the objective is to assess the impact of plausible parameter deviations on an
otherwise properly calibrated model.

Although Table 4.13 presents both positive and negative variation ranges, the tests reported in
this section focus on positive droop-parameter increments of 1%, 3%, 5%, 7%, and 9% with respect
to the nominal value. This represents a conservative scenario, since increasing the droop param-
eter reduces the effective primary-frequency regulation gain and, consequently, the active-power
contribution of synchronous machines in response to frequency deviations. As a result, a reduced
active-power response leads to larger frequency deviations, which may require higher levels of load
shedding to maintain the desired post-contingency frequency.

Figure 4.33: Frequency response at bus 21 under contingency C2 for the base case considering droop-parameter increments
of 1%, 3%, 5%, 7%, and 9% with respect to the nominal values of the synchronous-machine droop parameters.

Figure 4.33 shows the frequency response at bus 21 following contingency C2 under the base-
case operating condition. In this scenario, the proposed UFLS-RAS performs a load shedding of
567 MW, targeting a post-contingency steady-state frequency of 𝑓 post,ref

𝑠𝑠 = 59.5 Hz. This value is
used as the reference by the system-level digital twin and its multi-run approach implemented in
RTAC-B.

The results show that a 1% positive increment in the droop parameters with respect to their
nominal values does not significantly affect system performance, as the desired post-contingency
frequency is still reached after the contingency with the prescribed load-shedding action. How-
ever, for positive droop-parameter increments of 3% and above, the frequency deviation increases
noticeably, and the system fails to reach the target value. This suggests that, under such parame-
ter mismatch conditions, the load-shedding amount estimated with nominal droop values may no
longer be sufficient to achieve the desired post-contingency steady-state frequency. As the droop-
parameter increment increases, the post-contingency steady-state frequency progressively departs
from the target value due to the reduction in the effective primary-frequency regulation gain.

To mitigate the impact of positive droop-parameter increments in synchronous machines, an in-
crease in the post-contingency steady-state frequency target is evaluated. Specifically, the reference
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Figure 4.34: Frequency response under contingency C2 for the base case with a 9% positive droop-parameter increment
and an updated post-contingency frequency target of 59.55 Hz.

value is increased from 59.5 Hz to 59.55 Hz. For the system under study, this adjustment introduces
an additional design margin that allows the proposed UFLS-RAS to maintain acceptable perfor-
mance under positive droop-parameter increments of up to 9%. Increments beyond this range are
considered significant and unlikely in a well-calibrated and properly parameterized model.

Figure 4.34 presents the performance of the proposed UFLS-RAS under this modified condition
for a 9% positive droop-parameter increment. Within the digital twin stage, the multi-run approach
implemented in RTAC-B estimates that a load-shedding action of 584.6 MW is sufficient to achieve
the updated post-contingency frequency target of 59.55 Hz. This load-shedding action is then eval-
uated in the replica environment, where the dynamic frequency response exhibits satisfactory per-
formance, successfully reaching and slightly exceeding the target value.

This type of analysis is not typically considered in conventional UFLS implementations, where
parameters such as droop values are often assumed constant across different operating conditions.
Such assumptionsmay not accurately reflect the variability observed in real power system operation.
In contrast, the proposed UFLS-RAS provides a framework in which parameter sensitivities can be
evaluated and incorporated into the design margins of the load-shedding strategy.

As a result, the proposed methodology demonstrates improved adaptability and robustness un-
der parameter mismatch conditions. By combining a system-level digital twin, a UFLS-Replica, and
a data-driven dynamic assessment stage, the proposed UFLS-RAS enables more informed decision-
making than conventional UFLS schemes. Overall, the proposed approach overcomes several lim-
itations of fixed-parameter UFLS schemes by maintaining the system closer to the desired post-
contingency operating condition, providing enhanced dynamic awareness, and remaining compat-
ible with existing RAS infrastructures.
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Conclusions

Summary of Findings
The operational methodology proposed in this research satisfactorily addresses the objectives estab-
lished at the outset of this work by overcoming several limitations of conventional remedial action
schemes, which have historically relied on operational assumptions, offline studies, and fixed pa-
rameters. In contrast, the developed methodology enables the extraction of system information that
is not directly observable from conventional measurements, supporting informed decision-making
and the adaptive updating of RAS operating parameters. This is achieved through the integration
of digital twins, replica-based schemes, and data-driven techniques, giving rise to a new generation
of RAS with adaptive, dynamically aware, and mathematically grounded capabilities.

The proposed methodology is generalizable to different stability problems in power systems,
because its architecture decouples three functions that are independent of the specific phenomenon
being addressed: real-time estimation of a stability indicator through the digital twin, representation
of controller-level constraints through the replica, and dynamic verification of the remedial action
through data-driven analysis. This structural separation explains why the methodology, first devel-
oped for voltage stability, could be extended to frequency stability while preserving consistency in
both structure and performance.

The methodological developments presented in this thesis rest on two formal constructs that are
scientific contributions in their own right, independent of any specific hardware platform. First,
the formulation of the voltage stability margin estimation embedded in the UVLS-RAS digital twin,
which provides a real-time indicator that captures systemproximity to voltage collapse and serves as
a control variable for the adaptive load-shedding strategy. Second, the application of DynamicMode
Decomposition as a diagnostic tool for assessing the dynamic impact of remedial actions on elec-
tromechanical oscillation modes, which constitutes a methodological bridge between data-driven
analysis and the operation of remedial action schemes. These constructs retain their scientific value
independently of the platform on which they are deployed; the hardware-in-the-loop validation
reported in this thesis is the experimental confirmation that they remain valid under realistic imple-
mentation conditions, not their justification.

For the voltage stability problem, the real-time estimation of the voltage stability margin through
the digital twin enables the RAS to adjust the amount of load shedding according to actual grid
conditions. The two-stage strategy proved effective in addressing both steady-state and dynamic
system responses. Compared against a conventional fixed-threshold UVLS scheme on the IEEE 39-
bus test system, the proposed RAS dynamically adjusted the load shedding strategy according to
the severity of each contingency evaluated in Chapter 3. In highly stressed operating conditions,
the scheme intentionally disconnected larger amounts of load when necessary to preserve system
stability andmaintain post-contingency voltage profiles within acceptable operating limits, whereas
the conventional scheme exhibited insufficient corrective action under the same scenarios.

111
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For the frequency stability problem, the UFLS-oriented RAS uses the power-flow-based digital
twin with primary frequency regulation to estimate the post-contingency steady-state frequency,
which allows the load-shedding action to be adjusted under varying operating conditions, includ-
ing the online evaluation of 𝑁 − 1 and 𝑁 − 2 contingencies. The flexibility in selecting disconnection
circuits further mitigates limitations in load availability. As a result, the proposed approach main-
tains the system frequency closer to the target steady-state value (59.5 Hz) across the contingencies
evaluated, while also improving the frequency nadir with respect to the conventional multistage
UFLS scheme implemented as a reference in this thesis. The incorporation of the UFLS-Replica also
enables the explicit consideration of interactions with physical devices, providing a more realistic
assessment of system behavior.

The integration of a dynamic assessment framework based on dynamic mode decomposition
revealed that, although single-stage load-shedding strategies can be effective from a steady-state
frequency standpoint, they may induce poorly damped electromechanical oscillations. In the cases
evaluated, these oscillations remained stable; however, this behavior cannot be guaranteed under
all operating conditions. This finding qualifies the single-stage strategy proposed in this thesis and
justifies the inclusion of a dynamic assessment stage as an integral component of the RAS. Without
this stage, a load-shedding action determined from steady-state criteria alone could compromise
the dynamic response of the system under certain conditions. The ability of the proposed RAS
to evaluate the dynamic impact of its remedial actions prior to their physical execution therefore
constitutes a significant advantage over conventional schemes.

The parametric sensitivity analysis conducted on the governor droop gains shows that the pro-
posed UFLS-RAS is affected by parameter mismatches between the physical system and the mod-
els embedded in the digital twin and the replica. Droop-gain deviations beyond 1% with respect
to the nominal values produce noticeable departures from the target post-contingency steady-state
frequency. The results also show that this sensitivity can be compensated by adjusting the post-
contingency frequency target as a design margin, allowing the proposed scheme to maintain ac-
ceptable performance for positive deviations of up to 9%. This behavior should be interpreted as
a sensitivity of the method that requires explicit management through the design margin, rather
than as a property of the scheme that is intrinsically robust to parametric variations. Nevertheless,
the proposed framework provides the means to identify and incorporate this margin systematically,
which is not contemplated in conventional fixed-parameter UFLS implementations.

The methodological contributions described above are verified through hardware-in-the-loop
testing, which serves as the empirical confirmation that the proposed formulations remain valid
when subjected to the constraints of industrial implementation. The HIL platform is not the object
of study of this thesis but the experimental setting through which the methodology is contrasted
against realistic operating conditions. The use of SEL-3555 RTAC units together with the RTDS
Novacor real-time simulator enables the evaluation of the proposed RAS under conditions that in-
clude processing delays, internal controller architecture, and standard communication protocols,
which cannot be reproduced in pure offline simulation. This validation step closes the loop between
methodological development and the operating constraints of real RAS deployments. In particular,
themethodology is compatible with the existing protection and automation infrastructure of substa-
tions, since the proposed RAS is hosted on the same family of industrial controllers that is widely de-
ployed for protection, automation, and special protection schemes in modern transmission systems.
This compatibility reduces the implementation barrier for utilities and system operators interested
in adopting next-generation adaptive RAS.

The body of results presented in this thesis supports the hypothesis formulated in the Intro-
duction. Conventional static load-shedding schemes were shown to produce insufficient or exces-
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sive remedial actions under the operating conditions evaluated, whereas the proposed adaptive
model-based RAS, supported by digital twins, replicas, and data-driven dynamic assessment, ad-
dressed these limitations by adjusting load-shedding actions according to real-time operating con-
ditions and by validating their dynamic impact prior to execution. The performance improvements
were observed in terms of post-contingency steady-state values, frequency nadir, and load-shedding
amount, in both voltage and frequency stability applications, while the methodology remained im-
plementable on industrial-grade controllers as verified through hardware-in-the-loop testing.

Original Contributions
The original contribution of this thesis is the development of an integrated methodology for the
design, operation, and hardware-in-the-loop validation of adaptive RAS for voltage and frequency
stability applications. The methodology combines model-based digital twins, industrial-controller
replicas, and data-driven dynamic assessment to determine, adjust, and evaluate load-shedding
actions according to real-time operating conditions.

The originality of the proposed framework does not lie in the isolated use of digital twins, repli-
cas, or dynamic mode decomposition, which have been previously reported in different contexts.
Rather, the contribution lies in their operational integration within a unified RAS framework, where
each element fulfills a specific function: the system-level digital twin estimates stability indicators in
real time, the industrial-controller replica represents physical, computational, and communication
constraints, and the DMD-based assessment evaluates the dynamic impact of remedial actions on
electromechanical oscillatory behavior.

Within this central contribution, the specific contributions of the thesis can be classified into two
groups: methodological and analytical contributions, which constitute the scientific core of thework,
and experimental contributions, which provide empirical verification of the proposed methodology
under industrial-grade implementation conditions.

Methodological and analytical contributions

1. An integrated operational framework for adaptiveRAS,which combines three elements that, to
the best of the author’s knowledge, had not been jointly incorporated into a single RASmethod-
ology: a system-level digital twin for real-time estimation of stability indicators, a replica of
the industrial-grade controller for representing implementation constraints, and a data-driven
dynamic assessment stage based on DMD.

2. The model-based UVLS-RAS, in which a system-level digital twin estimates the voltage stabil-
ity margin in real time and uses it as an operational index to adjust the amount of load shed-
ding. This formulation is complemented by a two-stage strategy that addresses both steady-
state voltage stability and dynamic voltage recovery.

3. The model-based UFLS-RAS, in which a power-flow formulation augmented with primary
frequency regulation estimates the post-contingency steady-state frequency and determines
an adaptive single-stage load-shedding action according to the actual operating condition. The
framework also enables the online evaluation of 𝑁 − 1 and 𝑁 − 2 contingencies.

4. The implementation of DMD as a real-time dynamic assessment stage within a frequency-
stability-oriented RAS, enabling the identification of electromechanical oscillatory modes as-
sociated with UFLS actions. This contribution is not the DMD algorithm itself, but its integra-
tion into the proposed RAS framework and its deployment in an industrial-grade controller to
assess whether single-stage load shedding may introduce poorly damped oscillatory behavior
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even when steady-state frequency criteria are satisfied.

Experimental contributions
5. The implementation and verification of the complete methodology on industrial-grade hard-

ware, using SEL-3555 RTAC controllers interfaced with an RTDS Novacor real-time simula-
tor. This validation demonstrates the feasibility of the proposed methodology under realis-
tic processing delays, controller architecture, communication protocols, and implementation
constraints, providing empirical evidence that the proposed formulations preserve their per-
formance under conditions that cannot be fully reproduced through pure offline simulation.

Limitations
Several limitations of the present work should be acknowledged. First, the proposed methodology
relies on dynamic and steady-state models embedded in the digital twin and the replica; signifi-
cant model-system discrepancies beyond those compensable by the design margin may degrade its
performance. Second, the load-shedding action is currently determined through iterative or em-
pirical procedures within the digital twin rather than through a closed-form formulation, which
leaves room for improvement in computational efficiency. Third, the dynamic assessment stage, al-
though capable of identifying poorly damped oscillations, does not yet trigger automatic corrective
adjustments to the load-shedding strategy; the proposed architecture is prepared to support this
functionality, but it is not implemented in the results reported here. Fourth, the validation has been
carried out on the IEEE 39-bus New England test system, and its extension to larger or operationally
distinct systems remains subject to further verification.

Overall, this thesis develops a scientific framework for next-generation remedial action schemes,
comprising mathematical formulations for the real-time estimation of stability indicators, a data-
driven method for the dynamic assessment of remedial actions, and an operational integration of
these elements within a unified architecture. The hardware-in-the-loop validation, although a sub-
stantial engineering effort, is the experimental verification of this scientific framework, not its sub-
stance. The integration of methodology and experimental verification opens a path toward intelli-
gent, adaptive, and dynamically aware remedial action schemes that are mathematically grounded
and operationally implementable on the industrial controllers currently deployed in modern trans-
mission systems.

Future Work
The future work arising from this research includes:

• Reformulating the mathematical models underlying the digital twins for voltage-collapse and
frequency-stability applications, with the aimof directly computing the required load-shedding
actions and reducing the need for iterative or empirical procedures.

• Introducing optimization and artificial intelligence techniques as additional stages within the
proposed RAS framework, with the objective of enhancing decision-making and improving
the optimality of load-shedding actions.

• Extending the DMD-based data-driven assessment framework to estimate additional system
parameters, such as system inertia, in order to provide the RAS with more informative indica-
tors of power system dynamics.
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• Implementing the automatic corrective logic that uses the output of the dynamic assessment
stage to modify the load-shedding action (e.g., redistribution across stages or reduction of
the total amount), enabling closed-loop interaction between the system-level digital twin, the
UFLS-Replica, and the DMD-based assessment.

• Incorporating online identification of critical model parameters, particularly governor droop
gains and equivalent system inertia, from post-disturbance PMU measurements, so that the
digital twin can self-calibrate and reduce the dependence on fixed design margins to compen-
sate for model-system mismatches.

• Investigating the coordinated operation of the proposedUVLS-RAS andUFLS-RASwhen both
schemes are triggered by the same contingency, in order to assess whether their actions rein-
force each other, remain independent, or interact adversely, and to define coordination criteria
within the digital twin and replica framework.

• Extending the validation of the proposed methodology to power systems with high penetra-
tion of inverter-based resources, including photovoltaic plants, wind generation, and grid-
forming converters, in order to evaluate whether the digital twin based on power flow with
primary frequency regulation remains representative under reduced-inertia conditions and
non-synchronous frequency response.

• Evaluating the performance of the proposed RAS under degraded communication conditions,
including variable latencies, packet loss, and partial unavailability of the communication chan-
nels between the system-level digital twin, the replica, and the industrial-grade controllers,
taking advantage of the hardware-in-the-loop infrastructure developed in this thesis.

• Analyzing the computational scalability of the proposed methodology when applied to large-
scale power systems, including the use of model-order reduction, coherency-based machine
aggregation, or area-decomposition techniques, in order to preserve real-time operation on
systems representative of national-scale grids.
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