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Abstract

Power system blackouts remain a major concern for modern electricity networks, as they
often result from cascading failures that lead to substantial load shedding and widespread
service disruptions. This paper presents a dynamic resilience assessment of hybrid AC/DC
power systems and investigates the effectiveness of voltage-source-converter-based high-
voltage direct current (VSC-HVDC) technology in enhancing system resilience under outage
contingencies. The study contributes by integrating protection devices and their settings
into the analysis and by providing a quantitative evaluation of the system response to N-2
and N-3 contingencies using PSS®E simulations. The demand not served index is used as a
measure of resilience, and its cumulative distribution functions are computed to compare
the performance of AC and DC interconnections. The results underscore the importance
of VSC-HVDC links in mitigating cascading failures, highlighting their potential as a
resilience-enhancing component in modern power grids.

Keywords: resilience; dynamic simulation; contingency analysis; VSC-HVDC

1. Introduction
The expansion of interconnected power grids enhances power transfer efficiency, but

increases the risk of large-scale blackouts from cascading failures [1].
Preventing cascading failures is crucial for enhancing system resilience, as it helps limit

the extent, severity, and duration of system degradation following an extreme event [2]. In
complex power systems, cascading effects can amplify initial disturbances, potentially lead-
ing to widespread blackouts and significant socio-economic impacts. By mitigating these
risks, operators can facilitate a faster recovery, maintain critical services, and reduce the
grid’s overall vulnerability. Resilient system design should include advanced monitoring,
protection, and control strategies that effectively address the threat of cascading failures [3].

As highlighted in [4], intelligent energy management and advanced control strategies
can ensure smooth and uninterrupted operation of grids. Voltage-source-converter-based
high-voltage direct current (VSC-HVDC) technology offers significant benefits for long-
distance power transmission, asynchronous network interconnection, and underground
and undersea connections, including the integration of offshore renewable energy resources.
Thanks to their inherent controllability, VSC-HVDC systems can enhance the resilience,
security, and stability of hybrid AC/DC power systems. In addition to these capabilities,
VSC-HVDC can further reduce the risk of cascading failures by enhancing grid controllabil-
ity and stability. It serves as an electrical firewall to limit the propagation of disturbances
between network areas [5].
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Previous studies have made valuable contributions to power system operation and
control, particularly in the context of VSC-HVDC systems, by examining expected contin-
gencies under steady-state conditions. For instance, in [6], VSC-HVDC integration was
shown to enhance steady-state performance and effectively manage N-1 contingencies
by reducing losses and mitigating voltage violations. A contingency analysis method
for integrated AC/DC grids was proposed in [7], highlighting the role of VSC-HVDC in
power-flow control and overload mitigation under steady-state and contingency conditions.
In [8], the role of HVDC controllability in reducing preventive and curative redispatch
under contingency scenarios was analyzed using security-constrained optimal power flow
in a mixed AC/DC grid.

While these static approaches provide computational efficiency and valuable insights
into post-contingency behavior, they are limited in their ability to capture dynamic re-
sponses and evaluate system stability, protection mechanisms, and disturbance propagation.
In this context, several studies have examined the dynamic responses of power systems
utilizing VSC-HVDC links under expected contingencies. In [9], a linearized real-time
contingency analysis method was proposed for AC/DC grids with multiple VSC-HVDC
stations. The method combines steady-state sensitivity analysis with validation through
dynamic EMT simulations in Simulink using the SimPowerSystems package. This hybrid
approach ensures both computational efficiency and dynamic accuracy. In [10], a time-
domain-based local fault identification method that utilizes real-time measurements at
VSC-HVDC substations was proposed, focusing on dynamic behavior and pattern recogni-
tion during faulted operation. Simulation results obtained using DIgSILENT PowerFactory
were provided. In [11], dynamic contingency scenarios involving VSC-HVDC retrofitting
in the Italian grid were analyzed and simulated in DIgSILENT PowerFactory. The study
confirmed that VSC-based control significantly mitigates frequency and voltage fluctua-
tions, reducing recovery time and improving system resilience against local faults. In [12],
cascading faults in hybrid AC/DC grids were innovatively analyzed, demonstrating how
AC inverter faults can trigger sequential DC and AC line failures. These results were
validated through PSCAD/EMTDC simulations. The PSS®E power system simulation
software package has been used only sparingly for this purpose.

Although previous studies have primarily focused on system response to single or
localized contingencies, they have often neglected detailed protection behavior, relay opera-
tions, and network separation. A first step in this direction was taken in [13], which assessed
the impact of HVDC links on the demand not served (DNS) in resilience studies, consid-
ering overcurrent, underfrequency, overfrequency, and undervoltage relays. However,
although ref. [13] included various protection mechanisms, it did not systematically analyze
the influence of relay parameter settings on the propagation of cascading failures, nor did
it investigate the sensitivity of dynamically computed DNS to protection coordination.

In [14], it was shown that proper coordination between protection systems and
VSC-HVDC links could mitigate cascading failures. While the study highlighted the
effectiveness of coordinated control in reducing line currents and maintaining voltage
stability, it did not explicitly quantify resilience using a dynamic DNS metric or examine its
time-domain evolution during cascading disturbances.

An integrated control and DC protection strategy was proposed in [15] to economically
compensate for power losses caused by HVDC line outages without load shedding or
reducing transmitted power. Nevertheless, its focus was primarily on coordinated control
for specific HVDC outages rather than on large-scale propagation of cascading failures
under severe N-k contingencies with detailed protection parameter settings.

In contrast to previous studies, this paper advances the state of the art in three key
directions. First, unlike static cascading analyses [6–8] that assess only steady-state post-
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contingency conditions, this work employs dynamic time-domain simulations to capture
the temporal evolution of cascading failures. Second, while EMT-based studies [9,12]
provide high transient accuracy, they are computationally intensive for large-scale cascad-
ing analysis; the PSS®E-based RMS simulations employed in this study offer a scalable
alternative that balances fidelity with computational feasibility. Third, building on prior
DNS-based assessments [13,14] that incorporate basic protection models, this paper sys-
tematically evaluates the sensitivity of protection relay parameters and quantifies resilience
through a dynamically computed DNS index under severe N-k contingencies. Although
this study also analyzes N-1 contingencies, the results presented focus on N-2 and N-3
contingency scenarios. N-1 contingencies represent the simplest and most common single-
element failures that power systems are typically designed to withstand. In contrast, N-2
and N-3 contingencies represent more severe and less probable system disturbances and
are critical for assessing the network’s robustness and resilience under extreme conditions.
The main contributions of this paper are summarized as follows:

• Comprehensive modeling of protection devices and evaluation of the impact of
their settings on cascading outage propagation, an aspect largely neglected in
previous studies.

• Quantification of cascading outage severity through a dynamically computed DNS
index within a time-domain simulation framework, instead of traditional static meth-
ods, enabling a more accurate and realistic representation of protection actions, system
dynamics, and cascading effects.

• Investigation of the mitigation capability of VSC-HVDC links in limiting disturbance
propagation and enhancing system resilience.

• Implementation of a fully automated PSS®E-based simulation tool, ensuring that the
proposed methodology and results are directly applicable to real-world power system
operation and planning.

The paper is structured as follows: Section 2 outlines the methodology. Section 3
describes the dynamic modeling of VSC-HVDC, including VSC control and the represen-
tation of the DC grid. Section 4 addresses the modeling of protection devices, including
overcurrent relays, underfrequency load shedding, and generator protection. Section 5
introduces the test system, while Section 6 presents simulation results for N-2 and N-3
contingencies, as well as DNS sensitivity to the relay settings. Finally, Section 7 concludes
the paper.

2. Methodology
The methodology presented in this study allows for a systematic evaluation of the

dynamic response and cascading behavior of hybrid AC/DC power systems under various
contingency scenarios. This includes HVDC links integrated into AC systems and intercon-
nections between asynchronous AC networks. The simulation framework combines PSS®E
34.9.6 (Siemens Power Technologies International (PTI), Schenectady, NY, USA), a profes-
sional power system simulation tool, with Python 2.7.18-based automation to efficiently
generate, execute, and post-process scenarios. The overall methodology is depicted in

This flowchart illustrates that three distinct categories of inputs are essential for the
simulation: the initial static model, the dynamic model, and the triggering event. The trig-
gering event may be generated by a specialized event simulator or defined hypothetically
using an Excel-based event file. This event is then provided to the program to initiate the
simulation. Based on the triggering event, the simulation determines whether cascading
outages occur and whether the power system can withstand them. Figure 1.

https://doi.org/10.3390/en19071611

https://doi.org/10.3390/en19071611


Energies 2026, 19, 1611 4 of 21

 

Figure 1. Flowchart of the simulation process for assessing cascading propagation and load shedding
in AC/DC linked grids.

The core of the proposed methodology is implemented through automated simulations
in PSS®E 34.9.6 using Python 2.7.18, which serves as the engine for executing cascading
contingency scenarios. Before applying the triggering events, a steady-state power flow
is solved to initialize the subsequent dynamic simulation properly. After each triggering
event, the network topology is updated. While the dynamic models and parameters remain
unchanged, the status of system components is updated to reflect the post-contingency
operating state. If a power system component trips during the simulation due to the
action of protection devices, its current injection is set to zero, and the network topology
is updated.

Protective devices are designed to respond to abnormal conditions in an electrical
system. When activated, they can cause components to disconnect or reconfigure the
system. The actions taken by these devices directly affect the amount of load curtailment,
which is measured after each simulation.

To quantitatively assess system resilience, load curtailment is evaluated using the
DNS index, a widely used metric that quantifies the amount of demand not served during
outages [16]. A lower DNS indicates that the system is better able to maintain supply under
disturbances, while a higher DNS highlights the system’s vulnerabilities and the extent of
service interruptions. This index is calculated based on the difference between the expected
demand and the load actually served at the end of the simulation. For contingency c, DNS
is defined in (1).

DNSc =
N

∑
i=1

Pdemand
i − Pserved

i︸ ︷︷ ︸
Pshed

i

 (1)

where N denotes the total number of load buses in the system, Pdemand
i denotes the expected

demand at load bus i, Pserved
i denotes the load actually served at load bus i in the final

simulation state, and Pshed
i denotes the load shedding (or demand not served) at load bus i.

It should be noted that in this paper, DNS is reported as the final instantaneous unserved
load (MW), computed as the difference between the total pre-contingency demand and
the served load at the end of the simulation horizon. Voltage and frequency behavior
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are represented in the time-domain simulations via dynamic and protection models, and
the effects are reflected in DNS. Nonetheless, explicit voltage/frequency indices are not
considered and are outside the scope of this work.

This iterative process is carried out for all considered contingencies to assess system
robustness under various operating and contingency conditions. The analysis also considers
the type of interconnection and its ability to contain disturbances.

The simulations aim to compare the effectiveness of AC and DC interconnections
in mitigating cascading effects. In particular, the study assesses whether DC links can
isolate disturbances and limit their propagation more effectively than conventional AC
interconnections.

Given that this paper focuses on resilience, particular attention is paid to the upper
tail of the frequency distribution constructed from the DNS values obtained across the
considered contingencies, since it reflects low-probability, high-impact events. To quantify
this tail behavior, Conditional Value at Risk (CVaR) is employed as a single risk metric. At
confidence level α, CVaR is defined as the expected DNS conditioned on being greater than
or equal to the corresponding Value at Risk (VaR):

CVaRα(DNS) = E[DNS|DNS ≥ VaRα(DNS)] (2)

where VaRα(DNS) is the α-quantile of this distribution, i.e., the smallest threshold γ

such that at least a fraction α of DNS values are less than or equal to it. It is obtained as
follows [17]:

VaRα(DNS) = min{γ|P(DNS ≤ γ) ≥ α} (3)

where P(·) denotes the probability operator. Also, DNS represents the set of all DNS values
obtained for each considered event:

DNS = {DNS1, DNS2, . . . , DNSNc} (4)

where NC denotes the total number of considered contingencies.
It is worth noting that the proposed methodology, which integrates protection devices

and their settings into the analysis and evaluates system resilience using the DNS index, is
not limited to a specific network. Since DNS is a general quantitative measure of curtailed
load, and the analysis follows standard simulation practices in PSS®E, the same approach
can be applied to different AC/DC hybrid network configurations for resilience assessment
under contingencies.

3. Dynamic Modeling of VSC-HVDC
3.1. VSC Modeling and Control Strategy

In this study, the VSC is modeled by using a vector-control approach within a quasi-
static framework on the AC side, where the AC voltage is aligned with the d-axis, i.e.,
us = us + j0. Accordingly, the active and reactive power injections at the connection point
are expressed as follows:

ps = usis,d (5)

qs = −usis,q (6)

where is,d and is,q are the d- and q-axis components of the current injected by the VSC.
The control architecture comprises two hierarchical loops [18]. The inner current control
loop, which typically has a time constant in the range of 1–10 ms [19], is modeled as a
first-order system relating the current-component setpoints, ire f

s,d , ire f
s,q , to the corresponding

actual currents (see Figure 2 [20]).
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Figure 2. Approximation of the inner current control loop.

With a slower dynamic response (1–100 ms) [19], the outer control loop employs PI
controllers to generate the d- and q-axis current references by regulating either the DC
voltage or the active power injected into the AC system, and either the reactive power or
the AC voltage magnitude, respectively. The outer PI controllers are shown in Figure 3,
where Cx(s) represents the transfer function of each controller [20].

 
𝐶௫ሺ𝑠ሻ ൌ 𝐾௣,௫ ൅ 𝐾௜,௫/𝑠 where  𝑥  can be  𝑑1,𝑑2, 𝑞1 𝑜𝑟 𝑞2. 

Figure 3. Outer PI controllers.

Operational limits for the converter are enforced within the model, including [21,22]:

• Maximum/minimum active and reactive power limits: Pmax, Pmin, Qmax, and Qmin.
• A current magnitude constraint with configurable prioritization (d-axis, q-axis,

or equal).
• A modulation-based constraint on the maximum output AC voltage. If the voltage

setpoint exceeds this threshold, the current setpoints are recalculated to remain within
the voltage limit.

This control structure enables the VSC to effectively manage power exchange while
complying with converter operational constraints, making it suitable for dynamic contin-
gency analysis in AC/DC hybrid systems.

3.2. The Dynamic Model of the DC Grid

The dynamic model of the DC grid comprises converters, capacitors, and cables, as
described in [23]. The system inputs are the VSC’s current injections. DC cables are repre-
sented by an equivalent π-model, with resistance rdc,ij, inductance Ldc,ij and capacitance
Ccc,ij as shown in Figure 4.
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Figure 4. Dynamic model of the DC grid.

An equivalent capacitor is assigned to each DC bus to represent both the converter
capacitor, CVSC,i, and the capacitance of the connected DC branches, as expressed in (7).

Cdc,i = CVSC,i + ∑
i ̸=j

Ccc,ij

2
(7)

The model also includes a shunt conductance, gdc,i, at each DC bus, which can be used
to represent resistive loads. The state variables of the DC system are the DC bus voltages
and the DC line currents. Accordingly, the differential equations of the DC grid are given
by (8) and (9) [23]:

Cdc
dUdc

dt
= −GdcUdc − Ac Icc + Idc (8)

Ldc
dIcc

dt
= AT

c Udc − Rdc Icc (9)

where Udc = (udc,i) ∈ Rn×1 is the vector of DC bus voltages, Icc = (icc,l) ∈ RnL×1 is the
vector of currents through the DC lines, and Idc = (idc,i) ∈ Rn×1 is the vector of currents
injected by the converters into the DC grid. Here, n denotes the total number of DC buses,
and nL denotes the total number of DC lines. Moreover,

Gdc = diag(gdc,i) ∈ Rn×n (10)

Cdc = diag(Cdc,i) ∈ Rn×n (11)

Rdc = diag(rdc,l) ∈ RnL×nL (12)

Ldc = diag(Ldc,l) ∈ RnL×nL (13)

Also, Ac = (ail) ∈ Rn×nL is the incidence matrix of the DC grid, whose elements are
defined in (14).

ail =


+1 if line l is defined as leaving node i
−1 if line l is defined as entering node i
0 if line l is not connected to node i

(14)

Finally, the AC and DC sides of each converter are coupled through the principle of
energy conservation. At each time step, the AC and DC systems are updated sequentially
and pdc,i is obtained from pc,i. Currents injected into the DC grid are calculated as (15):

idc,i =
pdc,i

udc,i
=

−(pc,i + ploss,i)

udc,i
, ∀i = 1, . . . , n (15)

where pc,i is the active power injected into the AC grid, and ploss,i represents the converter
losses, modeled as a quadratic function of the converter AC current, ic,i [24,25]:

ploss,i = ai + bi.ic,i + ci.i2c,i (16)
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where ai, bi and ci are converter-specific parameters for each VSC.

4. Protection Devices Modeling in Dynamic Simulation
A wide range of protection devices is utilized in power systems. These devices have a

significant impact on the propagation of cascading disturbances. To evaluate the protection
system’s response under various contingency scenarios, the following types of protective
relays were modeled: overcurrent relays, thermal overload relays, underfrequency load
shedding relays, and voltage and frequency relays at generator buses. These protection
devices have been used in previous studies without further analysis of how their settings
affect cascading disturbance propagation [13,26]. In the following, each relay is modeled
using mathematical equations consistent with standard protection principles.

4.1. Overcurrent Relay

The time-inverse overcurrent relay operates based on both the magnitude and duration
of overcurrent events. It typically comprises two components: an instantaneous unit that
trips immediately when the current exceeds a predetermined high threshold, and a time-
delayed inverse unit. The operating time of the second unit decreases as the current level
increases. The operating time of the inverse unit is defined by (17) [14]:

t =
A(

I
IPickup

)k
− B

+ C (17)

where t is the trip time in seconds, I is the current seen by the relay, IPickup is the pickup
current setting of the relay, A, B and C are constants that define the selected time-current
characteristic. For the instantaneous unit, the relay trips immediately when I ≥ Iinst, where
Iinst is the instantaneous pickup current.

4.2. Underfrequency Load Shedding Model

Underfrequency relays disconnect loads when frequency drops significantly due to
imbalances between generation and load. The logic-based model activates load shedding
when the frequency at bus j, f j(t), falls below a predefined threshold fth,j,s for a minimum
time td,j,s at shedding stage s [27]. Therefore,

zj,s(t) =

{
1, if f j(t) < fth,j,s for ∆t ≥ td,j,s

0, otherwise
(18)

PUFLS
shed (t) =

Nb

∑
j=1

Nst,j

∑
s=1

Pnom
j,s .zj,s(t) (19)

where f j(t) is the frequency at bus j at time t, fth,j,s and td,j,s are the frequency threshold
and delay time for the shedding stage s at bus j, Pnom

j,s is the nominal active load assigned to
that stage, and zj,s(t) ∈ {0, 1} is the stage trigger signal. Here, Nb denotes the total number
of buses equipped with underfrequency load shedding relays, and Nst,j is the total number
of load-shedding stages at bus j.
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4.3. Undervoltage and Overvoltage Protection of Generators

Undervoltage and overvoltage relays are crucial for protecting generators. These
relays monitor terminal voltage and trigger a trip if it exceeds or falls below set thresholds
for a specific duration, thereby preventing insulation damage or loss of synchronism [28]:

TripUV =

{
1, if V(t) < Vmin for ∆t ≥ TUV

0, otherwise
(20)

TripOV =

{
1, if V(t) > Vmax for ∆t ≥ TOV

0, otherwise
(21)

where V(t) is the instantaneous generator terminal voltage, Vmin and Vmax are undervoltage
and overvoltage thresholds, and TUV and TOV are corresponding delay times.

4.4. Underfrequency and Overfrequency Protection of Generators

Underfrequency and overfrequency relays protect the generator by monitoring the
system frequency. The relays trip the generator when the measured frequency remains
outside preset limits for a defined time delay [29]. The protection logic is modeled as:

TripUF =

{
1, if f (t) < fmin for ∆t ≥ TUF

0, otherwise
(22)

TripOF =

{
1, if f (t) > fmax for ∆t ≥ TOF

0, otherwise
(23)

where f (t) is the frequency at the generator terminal, fmin and fmax are the under- and
over-frequency thresholds, and TUF and TOF are the corresponding relay time delays.

5. Description of the Test System
To validate the proposed method in this study, two IEEE 39-bus systems with a

nominal voltage of 345 kV are considered. The two systems are connected via an AC or
a DC link, representing two separate scenarios. The standard configuration of the IEEE
39-bus test system reported in [30,31] is used, with the following modifications:

• The load demand at all load buses of the primary grid has been reduced by 13%.
• The output power of the power plants in the secondary grid has been reduced by 15%.
• The upper limit of the active power output of the slack generator in the secondary grid

was increased from 595 MW to 1000 MW. Consequently, its MVA base was updated
from 700 MVA to 1100 MVA.

These modifications were introduced to create a slight imbalance between the two
initially identical IEEE 39-bus systems, enabling meaningful power exchange. Without
such changes, directly connecting the two networks would result in negligible power flow
due to symmetry. This approach ensures realistic interactions between the interconnected
networks and provides a valid basis for testing the proposed method.

With the above modifications, the active and reactive power transferred from the
primary to the secondary grid are calculated to be 502.9785 MW and −26.8847 MVAr,
respectively, confirming that a feasible and stable power flow solution is achieved with all
bus voltages and generator outputs within acceptable limits. The AC transmission line is
150 km long and has parameters (resistance, inductance, and charging susceptance) equal
to 0.001512 p.u., 0.037807 p.u., and 1.814750 p.u., respectively.

To ensure realistic and stable simulation conditions for the case study, the following
main assumptions were considered:

https://doi.org/10.3390/en19071611

https://doi.org/10.3390/en19071611


Energies 2026, 19, 1611 10 of 21

• The AC-side voltages of the VSCs were obtained from the power flow results for the
case in which the AC link was present. Accordingly, the AC voltage at the first VSC,
connected via a transformer to bus 16 of the primary grid, denoted as 16(1), was set to
1.0360 p.u., while the AC voltage at the second VSC, connected via a transformer to
bus 4 of the secondary grid, denoted as 4(2), was set to 1.0194 p.u.

• The DC-side voltages of the VSCs were set to 400 kV, establishing a nominal operating
point for the converters.

• The rated apparent power of the converters was set to 600 MVA, chosen to match the
scale of the IEEE 39-bus system and ensure realistic converter operation.

• The transformer reactances between each converter and the corresponding network
bus were set to 0.1 p.u. on a 600 MVA base, which was selected to represent voltage
drops and current limits reasonably.

• The parameter rdc was set to 2.5 Ω, while Ldc and Ccc (in Figure 4) were set to
140.085 mH and 1.785 µF, respectively [25].

• The initial DC power transfer was set to 503 MW from the primary to the secondary
grid, chosen to match the AC-link power flow and provide a fair basis for comparison
between the two scenarios.

• The converter loss model parameters ai, bi and ci are assumed to be 5.25 × 10−3 p.u.,
1.65 × 10−3 p.u. and 2.10 × 10−3 p.u., respectively [25].

Table 1 summarizes the controller parameters used for the VSC-HVDC model in this
study. These values are obtained from [25] and have been tuned to ensure stable operation
under the considered contingency scenarios. The case study is depicted in Figure 5.

Table 1. Outer-loop PI controller parameters of the VSC-HVDC system.

Outer Control Gains Values

P: prop./int. (Kp,d1/Ki,d1) 0/0

Vdc: prop./int. (Kp,d2/Ki,d2) 2.45 p.u./49 p.u./s

Q: prop./int. (Kp,q1/Ki,q1) 0/0

Vac: prop./int. (Kp,q2/Ki,q2) 10 p.u./100 p.u./s

 

Figure 5. Schematic representation of the case study.

The following assumptions were made regarding the protection equipment imple-
mented in the system:

• Overcurrent relays: Each transmission line is equipped with two overcurrent relays,
one at the sending end and the other at the receiving end. Transformers are also
equipped with overcurrent relays at each terminal. The primary relay is configured
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to detect overcurrent conditions based on standard inverse-time characteristics, with
threshold (THR) factors set to 1.0 for lines and 1.7 for transformers. The secondary relay
detects overload conditions using THR values of 1.05 for lines and 2.0 for transformers,
and it operates with a fixed 60-s time delay.

• Underfrequency load shedding relays: A three-stage load-shedding scheme is im-
plemented using frequency relays. In the first stage, 20% of the connected load is
shed when the system frequency drops below 58.5 Hz. The second stage sheds an
additional 22.5% at 58.2 Hz, and the third stage disconnects a further 17.5% of the load
if the frequency falls below 57.6 Hz.

• Undervoltage and overvoltage protection of generators: Generator voltage protection
is provided by undervoltage and overvoltage relays set to operate at 0.9 p.u. and
1.1 p.u., respectively, with a time delay of 2 s to avoid unnecessary tripping during
temporary voltage deviations.

• Underfrequency and overfrequency protection of generators: Generator frequency
protection relays are configured with lower and upper frequency thresholds of
57.30 Hz and 61.68 Hz, respectively, to trip generators under severe frequency de-
viations. A very short time delay is introduced to approximate near-instantaneous
tripping, which provides a more demanding condition for resilience assessment.

While this study is conducted on the IEEE 39-bus test system as a proof of con-
cept, the proposed methodology is developed with scalability and practical applica-
bility in mind. The protection models, VSC-HVDC control schemes, and DNS evalua-
tion framework are implemented generically within PSS®E 34.9.6—an industry-standard
simulation platform—which facilitates potential extension to larger networks without
conceptual modification.

The computational burden increases with system size; however, given the focus of
this work on offline planning and resilience assessment, the required simulations are per-
formed periodically to support long-term decision-making rather than real-time operation.
Moreover, the developed automation framework supports parallel execution, enabling
large-scale contingency studies to be computationally manageable. Application to real
transmission systems would require accurate system data, protection coordination set-
tings, and validated dynamic models. Nevertheless, the underlying modeling and analysis
framework is not restricted to the 39-bus system and can be adapted to practical networks.
Consequently, the insights obtained—particularly regarding the resilience contributions of
VSC-HVDC interconnections and the trade-offs in protection coordination—are relevant
for real-world system planning and resilience enhancement studies.

6. Simulation Results
This section provides a comprehensive analysis of cascading failure simulations under

higher-order contingency scenarios, specifically N-2 and N-3 events, which represent more
severe and less probable disturbances than N-1 contingencies. In total, 300 randomly
selected N-2 scenarios and 300 randomly selected N-3 scenarios involving line and trans-
former outages were examined. For each contingency type, half of the scenarios were
assigned to the first subnetwork and the other half to the second subnetwork. The em-
phasis is not on the initiating events themselves, but rather on comparing the impacts
of AC and DC interconnections in response to these disturbances. For each contingency
category, key indices were computed based on the resulting DNS values, including total
DNS, average DNS, and CVaR computed over the worst 10% of DNS outcomes. These ag-
gregated metrics quantitatively assess system robustness and vulnerability under stressed
operating conditions. Selecting 300 scenarios per contingency type represents a practical
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trade-off between computational feasibility and scenario diversity, ensuring that the tail of
worst-case outcomes is adequately represented for both interconnection configurations.

6.1. Results for N-2 Contingencies

Table 2 presents the results of the N-2 contingencies under two interconnection scenar-
ios: one with an AC link and the other with a DC link.

Table 2. Aggregate DNS metrics for AC and DC interconnection configurations under N-2 contin-
gency scenarios.

System
Statistical Parameters of DNS

Total (MW) Mean (MW) CVaR (MW)

With the AC link

IEEE 39 No. 1 493,037.53 1643.46 5304.48

IEEE 39 No. 2 643,514.26 2145.05 6097.10

Whole case study 1,135,151.49 3783.84 11,401.58

With the DC link

IEEE 39 No. 1 293,562.33 978.54 5304.48

IEEE 39 No. 2 254,569.75 848.57 3486.68

Whole case study 546,543.95 1821.81 6535.36

Table 2 shows that system resilience under N-2 contingency scenarios improves sig-
nificantly when a DC link is employed. For example, the total DNS for the entire system
decreases from 1,135,151.49 MW under the AC-link configuration to 546,543.95 MW un-
der the DC-link configuration. This improvement is also evident in the analysis of each
AC subnetwork individually. In the second subnetwork, for example, the average DNS
decreases from 2145.05 MW to 848.57 MW, indicating a reduction of approximately 60.44%.
Furthermore, the CVaR decreases from 11,401.58 MW to 6535.36 MW, corresponding to a
42.68% reduction. This notable decline in CVaR indicates that the DC interconnection not
only reduces the average impact of contingencies but also significantly mitigates extreme
failure cases, thereby limiting the risk of widespread cascading outages. One point that
requires clarification in Table 2 is why the CVaR value for IEEE 39 No. 1 is identical under
both AC and DC interconnection scenarios. This occurs because CVaR, computed at the 90%
confidence level, represents the average of the worst 10% of DNS outcomes. In this study,
with 300 simulation scenarios, this corresponds to the 30 worst-case outcomes. For IEEE 39
No. 1, these outcomes yield the same curtailed load of 5304.48 MW in both interconnection
configurations. Therefore, despite differences in other statistical measures, such as the
mean or total curtailed load, the CVaR remains unchanged, reflecting the system response’s
extreme-tail behavior rather than the overall distribution of DNS outcomes.

A detailed breakdown of DNS values for each subnetwork further demonstrates that
the DC interconnection enhances overall system resilience.

Figures 6 and 7 present the frequency distribution of DNS values obtained from all
simulated N-2 contingency events under AC and DC interconnection scenarios, respectively.
The horizontal axis shows DNS value ranges (in MW), while the vertical axis indicates the
number of events within each range.

The histograms in Figures 6 and 7 clearly show that the DC interconnection config-
uration results in fewer high-DNS events, indicating improved performance under N-2
contingencies. A comparison of the two figures further shows that the DC link yields a
higher number of contingencies with no load shedding, namely 138 cases compared to
127 under the AC configuration, suggesting enhanced system stability under N-2 scenarios.
In addition, the DC link significantly reduces the number of severe outcomes observed
under the AC configuration. Specifically, under the AC setup, 45 contingencies lead to a
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complete blackout of one subnetwork, while 51 contingencies result in the complete black-
out of both subnetworks. In contrast, under the DC configuration, only 39 contingencies
result in a complete blackout of one subnetwork. This indicates that the DC link effectively
limits the extent of cascading failures and improves system resilience. In this study, a
complete blackout is defined as the full disconnection of all loads in a subnetwork due to
relay operations.

Figure 6. Frequency distribution of DNS under N-2 contingencies with AC interconnection.

Figure 7. Frequency distribution of DNS under N-2 contingencies with DC interconnection.

To complement the comparison of the DNS distributions, statistical significance was
assessed for the AC and DC cases using nonparametric tests on the DNS samples (Nc = 300
for each case). Distributional and paired differences across scenarios were evaluated using
the two-sample Kolmogorov–Smirnov (KS) and Wilcoxon signed-rank tests, respectively.
Tail risk was quantified by CVaR0.9 defined as the mean of the worst 10% of DNS out-
comes, and uncertainty was characterized via bootstrap 95% confidence intervals (CIs)
using B = 5000 resamples. Table 3 summarizes the results, including the KS and Wilcoxon
p-values, CVaR0.9 estimates, and bootstrap CIs for both configurations.
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Table 3. Statistical comparison of DNS between AC and DC interconnections for N-2 contingencies.

Metric AC Link DC Link Difference (AC-DC)

CVaR0.9 (MW) 11,401.58 6535.36 4866.22

95% CIs for CVaR0.9 (MW) [11,401.58, 11,401.58] [6243.72, 6630.98] [4770.59, 5157.85]

KS statistic, D - - 0.3033

KS test p-value - - 1.15 ×10−12

Wilcoxon signed-rank statistic - - 4.7130

Wilcoxon signed-rank p-value - - 2.44 × 10−16

Bootstrap p-value for ∆CVaR - - p < 2 × 10−4

Table 3 summarizes the statistical evidence for comparing DNS outcomes between the
AC and DC cases across the 300 simulated scenarios. The two-sample KS test evaluates
whether the empirical distributions differ significantly, while the Wilcoxon signed-rank test
assesses whether the paired scenario-wise differences between the two cases are statistically
significant. In addition, CVaR0.9 is reported to characterize tail risk, i.e., the average DNS
over the worst 10% of outcomes, together with bootstrap 95% CIs. Overall, the table
provides a rigorous complement to the graphical distribution comparison, showing that
the observed AC–DC differences are unlikely to be attributable to sampling variability and
quantifying the magnitude and uncertainty of the tail-risk reduction.

To further investigate system behavior, the total load profile for the case study was
analyzed under a representative N-2 contingency scenario involving the outages of lines
10–11 and 26–28 in the first subnetwork. Figure 8 illustrates the resulting load dynamics for
the AC and DC interconnection configurations.

Figure 8. System load dynamics under a representative N-2 contingency scenario involving the outage
of lines 10–11 and 26–28 in IEEE 39 No. 1, comparing the AC and DC interconnection configurations.
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As illustrated in Figure 8, disturbances begin to intensify around 200 s in the AC
interconnection case, leading to progressive load shedding. By 211 s, cascading failures
result in a complete blackout in both subnetworks. In contrast, with the DC interconnec-
tion, subnetwork 2 remains fully operational throughout the event, while subnetwork
1 experiences partial load shedding at 217, 236, and 243 s. These findings indicate that the
DC link enhances disturbance isolation and system stability under severe contingencies.

To further examine the dynamic response of the VSC-HVDC link, Figure 9 presents the
AC- and DC-side currents in response to this contingency. Both currents initially respond
to the disturbance and then gradually stabilize, reaching nearly constant values within
20-30 s. This behavior highlights the HVDC link’s ability to sustain power transfer between
the subnetworks and mitigate fluctuations under severe AC-side contingencies.

Figure 9. Dynamics of the AC- and DC-side currents of the VSC-HVDC link under a representative
N-2 contingency scenario involving the outage of lines 10–11 and 26–28 in IEEE 39 No. 1, showing
oscillatory behavior followed by gradual damping and stabilization.

6.2. Results for N-3 Contingencies

The results of the N-3 contingency scenarios are summarized in Table 4. The accompa-
nying histograms showing the distribution of DNS values under AC and DC configurations
are displayed in Figures 10 and 11, respectively.

The results obtained for the N-3 contingency scenarios include the following
key points:

• The total DNS decreases from 1,452,636.88 MW under the AC link to 737,668.40 MW
with the DC link, corresponding to an improvement of approximately 49.22%.

• The CVaR of DNS is reduced from 11,401.58 MW (AC) to 6629.73 MW (DC), reflecting
a decrease of approximately 41.85%.

• The average DNS of the first subnetwork under the DC link is reduced by about 37.65%
compared with the AC link case.

• The number of contingencies requiring no load shedding increases from 74 (AC)
to 85 (DC), indicating enhanced system resilience.
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• The number of contingencies causing a complete blackout of one subnetwork decreases
significantly from 46 (AC) to 37 (DC).

• The number of contingencies resulting in a total blackout of both subnetworks is
reduced from 70 under AC to zero when the DC link is in place.

Table 4. Aggregate DNS metrics for AC and DC interconnection configurations under N-3
contingency scenarios.

System
Statistical Parameters of DNS

Total (MW) Mean (MW) CVaR (MW)

With the AC link

IEEE 39 No. 1 652,945.32 2176.48 5304.48

IEEE 39 No. 2 801,206.46 2670.69 6097.10

Whole case study 1,452,636.88 4842.12 11,401.58

With the DC link

IEEE 39 No. 1 407,137.52 1357.13 5304.48

IEEE 39 No. 2 332,168.51 1107.23 4038.84

Whole case study 737,668.40 2458.89 6629.60

Figure 10. Frequency distribution of DNS under N-3 contingencies with AC interconnection.

Figure 11. Frequency distribution of DNS under N-3 contingencies with DC interconnection.
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Table 5 reports the results of the nonparametric significance tests and tail-risk metrics
(CVaR0.9 with bootstrap 95% CIs) derived from DNS for the AC and DC interconnection
configurations under N-3 contingencies, based on 300 paired simulated scenarios.

Table 5. Statistical comparison of DNS between AC and DC interconnections for N-3 contingencies.

Metric AC Link DC Link Difference (AC-DC)

CVaR0.9 (MW) 11,401.58 6629.73 4771.85

95% CIs for CVaR0.9 (MW) [11,401.58, 11,401.58] [6484.05, 6634.92] [4766.66, 4917.53]

KS statistic, D - - 0.3467

KS test p-value - - 2.05 ×10−16

Wilcoxon signed-rank statistic - - 5.1539

Wilcoxon signed-rank p-value - - 2.55 × 10−7

Bootstrap p-value for ∆CVaR - - p < 2 × 10−4

Table 5 complements the empirical frequency plots by providing quantitative statistical
evidence that the AC–DC differences in DNS are unlikely to be due to sampling variability.
In particular, the KS and Wilcoxon signed-rank test results confirm statistically significant
differences between the two cases, while the CVaR0.9 estimates and their bootstrap 95%
CIs quantify the magnitude and uncertainty of the tail-risk reduction achieved with the
DC interconnection.

In summary, the comprehensive dynamic simulations conducted across the N-2 and
N-3 contingency scenarios demonstrate a clear advantage of using a DC interconnection
over an AC link. The DC configuration consistently leads to significant reductions in total
DNS, average DNS, and CVaR while also reducing the frequency and severity of network
blackouts. In addition, combining dynamic simulations with the DNS index enables a more
accurate and realistic assessment of system vulnerability by capturing time-dependent
cascading failures and the operation of protective devices, which are often overlooked in
static analyses. These results highlight the important role of DC links in enhancing the
robustness and resilience of interconnected power systems.

6.3. DNS Sensitivity to Overcurrent Relay Settings

To further assess the impact of protective relay settings on system performance, an
additional scenario was analyzed in which the THR factor of the overload detection relays
on transmission lines was increased from 1.05 to 1.1. This adjustment was used to evaluate
the effect of a delayed protection response on DNS levels, blackout severity, and overall
system resilience during cascading failure conditions.

The selected range of 1.05–1.1 p.u. reflects practically relevant overload protection
settings in transmission system operation. While 1.05 p.u. represents a conventional over-
load alarm threshold, 1.1 p.u. is consistent with commonly adopted short-term emergency
thermal ratings of overhead conductors under typical operating conditions. Higher values
would exceed realistic thermal margins for sustained operation and could lead to unaccept-
able thermal stress and long-term mechanical degradation of conductors. Therefore, the
considered range captures the transition from standard protection sensitivity to delayed
relay operation near emergency thermal limits.

Box plots were generated to depict the distribution of DNS values across all N-3
contingency scenarios for THR = 1.05 and THR = 1.1, thereby evaluating the influence of
adjusted overload protection thresholds on system resilience. Figures 12 and 13 present
these distributions for the AC and DC interconnection configurations, respectively. These
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visualizations highlight the impact of relay sensitivity on load curtailment by showing
changes in the median, interquartile range, and overall variability of DNS values. Notably,
the DC interconnection consistently exhibits lower median DNS and reduced dispersion
under both settings, underscoring its superior ability to maintain system stability even
with delayed overload detection.

Figure 12. Box plots of DNS values under N-3 contingencies for AC interconnection with two
overload thresholds.

Figure 13. Box plots of DNS values under N-3 contingencies for DC interconnection with two
overload thresholds.

The results indicate that increasing the overload protection threshold from 1.05 to
1.1 significantly reduces total DNS in the AC interconnection, from 1,452,636.88 MW to
962,928.14 MW (a 33.7% decrease), highlighting the strong influence of protection sensitivity
on cascading-failure propagation. Similarly, under the DC interconnection configuration,
the same adjustment leads to a 33.1% reduction, from 737,668.40 MW to 493,303.70 MW. Im-
portantly, the DC-linked system consistently outperforms its AC counterpart, maintaining
lower DNS levels across both threshold settings.

From a protection engineering perspective, these results highlight an inherent trade-
off between relay sensitivity and system-level resilience. Lower overload thresholds (e.g.,
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THR = 1.05) ensure faster isolation of overloaded elements and enhanced equipment protec-
tion but may unintentionally accelerate cascading disconnections by removing lines before
power flows can naturally redistribute. Conversely, slightly higher thresholds (THR = 1.1)
allow temporary overload tolerance, providing the system with additional time to rebalance
flows and potentially contain cascading propagation. However, this delayed intervention
increases thermal stress on conductors and may increase the risk of long-term mechanical
degradation or insulation deterioration. Therefore, optimal relay coordination should not
be determined solely based on local equipment protection criteria but must also consider
system-wide resilience objectives under high-impact contingencies.

These findings further confirm the superior capability of DC interconnections to limit
disturbance propagation and contain cascading failures, even under less conservative
overload-protection settings. While this study examines the sensitivity of cascading failures
to overload relay thresholds, future work could extend the analysis to a broader range
of protection strategies, including distance protection coordination, adaptive protection
schemes, and their interactions with VSC-HVDC controls.

7. Conclusions
This paper presents a dynamic resilience assessment of hybrid AC/DC power systems

across a range of outage contingency scenarios. Time-domain simulations were conducted
in PSS®E 34.9.6 to evaluate system performance under N-2 and N-3 events, with a focus
on comparing AC and DC interconnection configurations. Unlike previous studies, this
work provides a quantitative evaluation of resilience using the DNS index derived from
dynamic time-domain simulations. It further examines the role of DC interconnections
in mitigating cascading failures and highlights the influence of protection thresholds on
system resilience. Collectively, these contributions offer new insights into the design and
operation of resilient hybrid networks.

The results demonstrate that the DC interconnection not only reduces total and average
DNS values but also significantly lowers the severity of extreme events, as indicated by
reduced CVaR values. Furthermore, the DC link improves system performance by limiting
the propagation of disturbances and reducing the risk of widespread outages. In addition,
the study examined the impact of varying overload protection thresholds by adjusting
the relay trip settings from 1.05 to 1.1. The results show that increasing the threshold
reduces total DNS in both AC and DC configurations. However, the DC-linked system
consistently demonstrates superior performance, exhibiting lower DNS levels and better
disturbance isolation.

Importantly, this study highlights the value of dynamic simulation approaches over
traditional static analyses. By capturing the behavior of protection systems and system
responses to outages, dynamic simulations offer a more accurate and operationally mean-
ingful understanding of system resilience, particularly under high-impact, low-probability
events. These findings support the integration of VSC-HVDC technology as a practical
solution for improving system-wide resilience in future grid development. It is notewor-
thy that analyzing DC-side faults in the present study is not straightforward and will be
considered a topic for future research.
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