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Abstract

Synchronous Alternating Current (AC) power systems are increasingly supported by
embedded High-Voltage Direct Current (HVDC) links to enhance operational flexibility and
ensure security of supply. However, the loss of High-Voltage Alternating Current (HVAC)
interconnections in these synchronous areas may lead to transmission network splitting,
posing serious challenges to frequency stability due to the reduction in overall system
inertia and stiffness. In this paper, a supplementary control layer is proposed to enable
embedded HVDC systems, particularly those based on modern Voltage Source Converters
(VSCs), to support frequency stability under post-splitting conditions. The proposed control
strategy combines Angle-Difference Control (ADC), Frequency-Difference Control (FDC),
and feedforward action, enabling fast and coordinated active-power modulation. A single-
bus, dynamic multi-area Load Frequency Control (LFC) model is developed, combining the
regulation of thermal units, Renewable Energy Sources’ (RESs’) Fast Frequency Response
(FFR) with Synthetic Inertia (SI), and VSC-HVDC modulation. The effectiveness of the
proposed control layer is demonstrated by applying it to the East Tyrrhenian Link (ETL), an
embedded VSC-HVDC interconnection connecting Sicily with the mainland of Italy, under
a post-splitting low-inertia condition in which Sicily operates as an islanded synchronous
system, i.e., after losing synchronism with the mainland of Italy, in a 2030 scenario condition.
The simulation results demonstrate that the proposed controller enables embedded VSC-
HVDC systems to actively participate in post-splitting frequency containment and damping,
as well as coordinated active power reallocation, thereby enhancing overall system stability
and resilience.

Keywords: frequency regulation; embedded VSC-HVDC; load frequency control; system
splitting; supplementary control

1. Introduction
The European power system is undergoing a profound transition driven by the Eu-

ropean Union’s decarbonization targets [1–3], which are accelerating the integration of
inverter-based Renewable Energy Sources (RESs). However, this transition leads to a signif-
icant reduction in overall system inertia, posing new challenges for frequency stability and
requiring new control approaches that can provide fast and effective frequency support [4].
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Modern High-Voltage Direct Current (HVDC) systems, particularly those equipped
with Voltage Source Converters (VSCs) technology, can provide an effective solution to
these challenges due to their fast and independent control of both active and reactive power,
while regulating voltage. These capabilities allow increased operational flexibility and
support grid stability [5,6].

In the past, HVDC equipment has been deployed due to the features that have made
it preferred over conventional HVAC (High-Voltage Alternating Current) assets for long-
distance overhead line and undersea cable power transmission and for asynchronous
systems interconnection. The technological progress in power electronics over the last
twenty years has contributed to making HVDC more widespread, especially due to boosting
VSC-HVDC penetration, in Europe and worldwide [5].

According to their connection to the Alternating Current (AC) network, HVDC projects
can be classified as embedded HVDC links, HVDC interconnections, and segmented
HVDC systems. An embedded HVDC system is a Direct Current (DC) link with at least
two ends being physically connected within a single synchronous AC network. With such
a configuration, it can provide not only the basic function of bulk power transmission, but
also, very importantly, additional control functions within the AC network, such as power
flow control, voltage regulation, system stability improvement, and mitigation of system
cascading failures [7]. HVDC interconnections are typically used to connect asynchronous
or remote areas, while segmented HVDC systems are used to enhance power transfer
between segmented parts of the same network. Back-to-back HVDC links may serve either
function, as they can be used to couple asynchronous systems or to segment a synchronous
grid while maintaining controllable power exchange [8].

The Tyrrhenian Link (TL) in Italy is one of the most recent examples of VSC-HVDC
projects and consists of two parts: the West Tyrrhenian Link (WTL) and the East Tyrrhenian
Link (ETL), each with a rated power of 1000 MW. The WTL connects Sicily with Sardinia,
and these two islands belong to different synchronous areas, so the WTL is classified as a
non-embedded HVDC link, while the ETL connects Sicily with Campania, and both regions
are part of the same synchronous area (Continental Europe); therefore, the ETL is classified
as an embedded HVDC link [9]. Figure 1 shows the TL project.

 
Figure 1. Tyrrhenian Link (TL) project (source: [9]).
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HVDC links that connect asynchronous areas can provide frequency support following
disturbances by modulating their active power flow in proportion to the frequency devia-
tion between their terminals, each located in a different synchronous area [10]. In embedded
HVDC systems, where both terminals share the same system frequency, this capability is not
feasible under normal operating conditions. Accordingly, the European Network of Trans-
mission System Operators for Electricity (ENTSO-E) does not require embedded HVDC
links to operate in Frequency-Sensitive Mode (FSM) and Limited Frequency-Sensitive Mode
(LFSM) under normal conditions; however, ENTSO-E specifies that, after system-splitting
events, these functions become important and can play a key role in providing effective
frequency support [11].

Previous studies have demonstrated the effectiveness of frequency-droop control
VSC-HVDC interconnections, such as the WTL, in supporting frequency stability in Sicily
during islanded operation under a severe over-generation scenario resulting from the loss
of the Sicily–Calabria AC link that serves as an HVAC interconnection with the Italian
mainland [12,13]. However, the potential contribution of the ETL has not been investigated
due to its embedded nature, and the implementation of a conventional droop control is
ineffective under normal operating conditions. Moreover, typical control strategies neglect
the electrical-angle separation between the connected areas, which may cause uncontrolled
power flow and instability after fault clearance. These aspects motivate the need for an
elaborate post-splitting control strategy that accounts for the electrical-angle separation
while providing fast frequency support.

In this context, this article extends previous works [12,13] by quantifying the post-
splitting frequency support capability of an embedded VSC-HVDC system. A coordinated
supplementary control scheme is introduced and evaluated within a dynamic Load Fre-
quency Control (LFC) model, specifically designed for the ETL, through a detailed case
study. The proposed approach combines Angle-Difference Control (ADC), Frequency-
Difference Control (FDC), and feedforward action to enable fast, coordinated active-power
modulation and counteract frequency deviations following the loss of synchronism while
accounting for the electrical-angle separation that occurs after system splitting.

The rest of this paper is organized as follows: Section 2 reviews the literature. Section 3
describes the system and dynamic modeling. Section 4 presents the supplementary control
scheme proposed for ETL. Section 5 details the case studies. Section 6 discusses the results,
and Section 7 concludes the paper.

2. Literature Review
Sicily is an ideal case study for investigating frequency stability challenges related to

high RES integration and system inertia reduction due to its characteristics, as it combines
high RES penetration, planned VSC-HVDC projects such as the TL and ELMED with
Tunisia, and a strategic location as a hub between Europe and North Africa. The island can
play an important role in supporting national and European decarbonization targets due to
its abundant wind and solar resources.

Numerous studies have been conducted on the Sicilian power system to analyze its
frequency stability under islanded operating conditions. In [14], the frequency stability
of the Sicilian grid during islanded operation following the loss of a diesel generation
unit has been investigated, highlighting the potential contribution of RES with different
levels of participation in frequency regulation through Fast Frequency Response (FFR) with
Synthetic Inertia (SI). The study presented in [15] examined the role of coordinated inertial
response from wind kinetic energy and electromagnetic energy stored in equipped super-
capacitors on the small-signal stability of the Sicilian network using dynamic simulations
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with and without the inertial response, showing that appropriate control tuning enhances
the small-signal stability.

Further investigation was conducted in [16] based on different simulation scenarios
of the Sicilian grid derived from the OSMOSE project. The study emphasized that in
future low-inertia power systems, different services such as SI from RES, flexible demand
response, and reactive power provision from static converters should be considered and
coordinated to maintain overall system stability. Additionally, power system stability
analysis for Sicily’s network was conducted in [17] within the OSMOSE project, under
2050 operating conditions, including islanded operation. The study showed the active
participation of both demand-side and renewable resources in maintaining voltage and
angle stability, despite the reduction in system inertia and thermal regulation.

In addition, the transmission interconnections with Sicily have been analyzed with
respect to system stability and secure operation. In [18], the Malta–Sicily Extra-High-
Voltage (EHV) AC interconnection was analyzed with a focus on the maximum transmitted
power, load flow analysis, short-circuit level, and small-signal stability without considering
RES participation in frequency regulation. The study showed an improvement in overall
transmission efficiency due to the implementation of an innovative controller scheme.
Also, in [19], both static and dynamic analyses were conducted to evaluate the Tyrrhenian
Link’s contribution to system stability and security of supply under high-voltage grid
contingencies; the results highlighted the important role of this project in improving system
flexibility and damping inter-area oscillations under 2030–2040 operating scenarios. In [20],
the dynamic behavior of the Sicilian grid, including the TL and the HVDC interconnection
with Tunisia (ELMED), was analyzed under high RES penetration and different operating
situations, showing the positive impact of incorporating grid-forming HVDC interconnec-
tions and advanced frequency support control strategies on the transient response of the
Sicilian network.

In [21], the opportunities and challenges of grid-forming VSC-HVDC converters were
investigated, with a focus on their capability to provide frequency and voltage support in
Mediterranean interconnections, showing that significant benefits can be achieved from
VSC-HVDC in enhancing system frequency stability and flexibility. However, the operation
of embedded VSC-HVDC links under post-splitting conditions with coordinated angle
difference, frequency difference, and feedforward control actions integrated within the LFC
framework has not been widely explored.

3. System Description and Dynamic Modeling
This section describes the portion of the Continental Europe ENTSO-E system consid-

ered in the analysis and the dynamic model used to represent the regulation response of
thermal units, RES, and VSC-HVDC interconnections.

3.1. Identification of the Portion of the ENTSO-E Model

The analysis focuses on the portion of the Continental Europe ENTSO-E network in
a 2030 scenario that includes Sicily and its current and future (planned and under con-
struction) interconnections with Sardinia, the mainland of Italy, Malta, and Tunisia. These
interconnections influence the Sicilian system’s behavior during disturbances. Schemati-
cally, the portion of the network under study is shown in Figure 2.

3.2. Model Development

This study aims to evaluate Sicily’s frequency metrics, regulation margins, and active-
power reallocation after system splitting of the Sicilian with respect to the Italian mainland
AC network, in a 2030 perspective scenario case. For this purpose, a multi-area Load
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Frequency Control (LFC) model is developed to represent Sicily, Sardinia, and mainland
Italy. This approach is widely used in previous studies [22–27] and is well-suited for system-
level frequency stability analysis, as it captures electromechanical dynamics governing
frequency response while neglecting fast electromagnetic and voltage dynamics, as reported
in [28].

Figure 2. Identification of the portion of the network under study.

Each area includes aggregated thermal unit regulation, RES regulation, and VSC-
HVDC active-power modulation. The mainland of Italy is modeled as an infinite bus,
which is a common assumption in system-level studies of the Sicilian grid [29]. Therefore,
the frequency deviation at the ETL mainland terminal is assumed to be zero.

This hypothesis holds because we are focusing on the frequency variations on the
two islands, Sicily and Sardinia, and not the impact on the Continental Europe Synchronous
Area (CESA), of which Italy is an integral part. In fact, the power–frequency characteristics
of the two islands are on the order of hundreds of MW/Hz, while those of the CESA
vary, according to the latest estimates, between 19,500 and 27,300 MW/Hz [30,31]. The
disturbances considered in this study will therefore cause frequency variations in the
synchronous area, and thus in mainland Italy, that will be negligible compared to those in
Sicily and Sardinia, which justifies the use of the infinite bus assumption.

The adopted model cannot capture the local phenomena like voltage dips, electromag-
netic transients, and the detailed dynamic behavior of PLLs in the VSC-HVDC systems
under post-splitting events. These limitations are consistent with the electromechanical
scope of this study, which focuses on system-level frequency and active power support.

The objective of this model is to assess the contribution of the embedded ETL in
supporting Sicily’s frequency stability following a system-splitting disturbance. At the
considered operating point conditions, the Sicily–Tunisia (ELMED) and Sicily–Malta in-
terconnections are assumed to operate under fixed-power mode, while the WTL provides
frequency droop regulation. The ETL is modeled as an embedded VSC-HVDC link whose
active power can be modulated by the proposed supplementary control schemes described
in Section 5. Figure 3 illustrates the primary LFC model, which represents Sicily and
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Sardinia connected via the WTL, while the ETL is integrated as an additional controllable
VSC-HVDC link.

Figure 3. Primary LFC model of Sicily–Sardinia system with ETL integration.

Thermal-unit dynamic response is represented by an equivalent governor, turbine, and
generator/load chain, which is widely adopted in LFC studies [10,32], as described below:

• Governor model:

Gg(s) =
1

1 + τgs
(1)

• Turbine model:

Gt(s) =
1

1 + τts
(2)

• Generator/load model:

Ggl(s) =
1

2Hs + D
(3)

where τg and τt are the governor and turbine time constants, D represents the load damping
factor, and H is the equivalent system inertia constant.

The RES frequency regulation response combines both FFR based on droop control
and (SI). Under droop-based regulation, RES converters adjust their active-power output
according to the droop characteristic, while energy storage systems are required if the
desired power modulation exceeds the RES capability [33].
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The RES converters provide SI during the first instants following the disturbance and
provide fast active power support. The emulated power pi, delivered or absorbed by SI, is
defined as follows [34]:

∆pi =

{
−K_in ∗ f ∗ d f /dt, d f /dt < RoCoFmax
−Pmax ∗ sign d f /dt, d f /dt ≥ RoCoFmax

(4)

The control gain K_in is selected to enable the SI unit to deliver its maximum capac-
ity when the RoCoF reaches a predefined fraction K% of its maximum acceptable value.
Accordingly, K_in is defined as

K_in =
Pmax

f0K%RoCoFmax
(5)

where f 0 is the nominal frequency, and K% represents the fraction of RoCoF at which the
SI delivers its full capability. To improve the practical implementation of the SI controller,
a low-pass filter is applied to the frequency signal to mitigate noise effects on RoCoF
estimation [35]. Additionally, a time delay of 50 ms [36] is introduced to represent the
measurement delay dynamics. Figure 4 shows the control loop of RES FFR with SI.

Figure 4. RES fast frequency regulation with Synthetic Inertia support.

In [13], the WTL operates under a frequency-droop controller enabling effective and
fast active power modulation between Sicily and Sardinia. The power ∆PDC transferred
between Sicily and Sardinia in response to a frequency deviation ∆f, as the following
equation shows [37]:

∆PDC =Kf_DC ∆f (6)

where Kf_DC is the droop coefficient representing power change in response to frequency
deviation. In dynamic LFC studies, the VSC-HVDC link is represented by a first-order
transfer function [37,38]:

G(s) =
Kdc

(1 + Tdcs)
(7)

where Kdc is the gain constant of the converter/rectifier unit, and Tdc is the time constant
of the converter (s). Kdc = 1 p.u and Tdc = 0.2 s are adopted in this study as used in [13].
A ramp-rate limit of 1000 MW/s is assumed for the HVDC active power modulation,

https://doi.org/10.3390/en19092034

https://doi.org/10.3390/en19092034


Energies 2026, 19, 2034 8 of 21

consistent with values reported in [39,40] for modern VSC-HVDC systems. In addition, a
limiter is included to reflect the actual capability of the HVDC link.

4. Supplementary Control Strategy for the East Tyrrhenian Link
Under normal operating conditions, the ETL operates as an embedded VSC-HVDC

interconnection within a single synchronous area. Consequently, it cannot provide fre-
quency support since both terminals of ETL experience the same frequency. However,
after a system-splitting event, a frequency deviation appears between its terminals; the
ETL can contribute to transient stability by modulating its active power flow. To enable
this capability, a supplementary control layer is proposed. The HVDC power flow can be
divided into two parts as follows:

PHVDC = P0 + ∆PHVDC (8)

where P0 is the scheduled power set by the operator, and ∆PHVDC is the modulated power
flow introduced by the supplementary control. In dynamic models, this modulation is
introduced based on the frequency deviation. To achieve fast and effective controllability of
VSC-HVDC, three supplementary control actions are proposed, all based on the following
control law [41]:

∆PHVDC = kδ(δ1 − δ2)︸ ︷︷ ︸
ADC

+ kω( f1 − f2)︸ ︷︷ ︸
FDC

+ k f f (P0 − Pmeas)︸ ︷︷ ︸
Feed f orward

(9)

• Angle-Difference Control (ADC)

ADC, also known as AC line emulation, enables VSC-HVDC links to emulate the
synchronizing behavior of a conventional AC transmission line [42]. In AC systems, the
active power flow between two nodes depends on their voltage-angle difference according
to the power angle equation [43]:

PAC =
V1 V2

X12
sin(δ1 − δ2) (10)

where V1 and V2 are the voltage magnitudes, X12 is the line reactance, and δ1 and δ2 are the
voltage angles. For small angle differences, sin (δ1 − δ2) ≈ (δ1 − δ2); thus, the transferred
power becomes approximately dependent on the angle difference with a synchronizing
coefficient K:

K =
V1 V2

X12
(11)

Based on this principle, and according to AC line emulation for VSC-HVDC systems
reported in [44], ADC modulates the ETL active power proportionally to the measured
electrical angle difference between its terminals:

∆PADC = Kδ (δ1 − δ2) (12)

where Kδ is the control gain of the ADC. In the dynamic model, the electrical angle δ is
obtained by integrating the terminal angular frequency ω (where ω = 2πf). Accordingly,
the angle difference is given by [45,46]

∆δ = δ1 − δ2 =
∫
(ω1 − ω2) dt (13)

By implementing this concept, the VSC-HVDC link injects synchronizing power in a
similar way to an AC line does, which enhances transient stability after disturbances.

https://doi.org/10.3390/en19092034

https://doi.org/10.3390/en19092034


Energies 2026, 19, 2034 9 of 21

• Frequency-Difference Control (FDC)

FDC introduces active power modulation proportionally to the frequency difference
between the two VSC-HVDC terminals. This controller provides damping power, which
helps to increase the transient stability margin and damp power oscillations [47]:

∆PFDC = Kω ( f1 − f2) (14)

where Kω is the control gain of FDC, and f 1 and f 2 are the measured frequencies at the
HVDC terminals.

• Feedforward Action

The feedforward action provides a fast response for VSC-HVDC by comparing the
scheduled power with the instantaneous measured power. This action helps reallocate
power and compensate for known or predictable disturbances, enabling fast redistribution
of power and supporting primary and secondary frequency control. The feedforward
control law is [48]

∆PFF = K f f (P0 − Pmeas) (15)

where K f f is the control gain of feedforward, P0 is the scheduled power setpoint, and Pmeas

is the measured VSC-HVDC power flow. The overall proposed supplementary control
scheme is illustrated in Figure 5.

Figure 5. Schematic diagram of the proposed supplementary control strategy for the ETL.

5. Applications and Studies
By implementing the proposed control layer within the dynamic model of the VSC-

HVDC link, the contribution of the ETL to post-splitting frequency stability is assessed
under severe contingency conditions.

Static Operating Point Analysis

The operating point considered in this study corresponds to the 2030 forecast scenario,
based on detailed grid studies and planning models developed by the Italian research
center RSE (Ricerca sul Sistema Energetico). The analyzed condition is the system splitting
following the loss of the Sicily–Calabria AC interconnection, which results in an 800 MW
over-generation in Sicily. At this operating point, the Sicilian power system exhibits low
primary frequency regulation reserves due to high RES generation. Figure 6 illustrates the
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interconnections between Sicily and the other areas in the considered operating condition
with the scheduled power flow.

Figure 6. Scheme of interconnections of Sicily with interlinked regions/areas and their scheduled
power flows.

Table 1 shows the technical data used for the analysis of the considered operating
conditions for Sicily and Sardinia [34,43,49–52]. The simulation data are derived from 2030
forecast models developed by RSE [53], while the supplementary control gains are adopted
from [41].

Table 1. Data for the analysis.

Parameter Sicily Sardinia

Installed power of thermal power plants participating in frequency regulation (MW) 2307 1180

Power–frequency characteristics (MW/Hz) 922.8 472

Load (MW) 2000 980

RES generation (MW) 1700 4143

Nominal frequency (Hz) 50 50

Droop constant R (p.u.) 0.05 0.05

System inertia Hsys (s) 2.71 2.71

Load-regulating factor D 0.01 0.01

Governor time constant Tg (s) 0.5 0.5

Turbine time constant Tt (s) 0.4 0.4

HVDC frequency droop (Kf_DC) (p.u.) 50

Kδ 17.9

Kω 102

Kff 1

Table 2 lists the thermal power plants in service during the considered contingency.
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Table 2. Thermal power plant data.

Sicily Sardinia

2 × 380 MVA CCGT
1 × 335 MVA CCGT
1 × 760 MVA CCGT
1 × 452 MVA CHP

3 × 100 MVA OCGT
1 × 250 MVA CCGT

1 × 80 MVA CHP
1 × 550 MVA IGCC

CCGT: Combined Cycle Gas Turbine
CHP: Combined Heat and Power

IGCC: Integrated Gasification Combined Cycle
OCGT: Open Cycle Gas Turbine

6. Results and Analysis
The dynamic performance of the proposed supplementary control layer applied to the

ETL is assessed under four operating conditions after a system-splitting event. The analysis
focuses on frequency containment, damping characteristics, and active-power reallocation
among WTL, ETL, thermal units, and RES. A comparative summary for all indicators is
provided in Table 3, highlighting the incremental benefits introduced by ADC, FDC, and
feedforward action.

Table 3. Performance metrics summary.

Performance Metric Condition 1
(WTL Droop Baseline)

Condition 2
(ETL − ADC)

Condition 3
(ETL − ADC + FDC)

Condition 4
(ETL − ADC + FDC + FFA)

Frequency Containment (0–60 s)

Sicily Frequency Zenith (Hz) 51.05 50.48 50.45 50.24

Sardinia Frequency Zenith (Hz) 50.87 50.40 50.38 50.21

Sicily Maximum RoCoF (Hz/s) 0.20 0.20 0.19 0.11

Sicily Steady-State Frequency (Hz) 51.05 50 50 50

Sardinia Steady-State Frequency (Hz) 50.87 50 50 50

Number of Frequency Oscillations N/A 8 7 0

Frequency Oscillation Amplitude (Hz) N/A 0.03 0.01 0

Thermal Generation Response

Max. Thermal Regulation (MW) 250 250 250 227

Residual Thermal Margin (at steady
state) (MW) 0 250 250 250

VSC-HVDC Active-Power
Modulation

Max. ETL Power Modulation (MW) N/A 800 800 800

Max. WTL Power Modulation (MW) 175 77 72 40

WTL Steady-State Modulation (MW) 175 ≈0 ≈0 0

RES (FFR + SI) Contribution

SI Peak Absorption (MW) 750 750 750 695

RES Steady-State Contribution (MW) 375 0 0 0

Condition 1—WTL Droop-Based Regulation with Thermal and RES Regulation
(FFR + SI)

In this reference condition, the WTL operates under frequency-droop control and is
integrated with conventional thermal units and RES to support frequency stability without
ETL participation. The RES regulation combines FFR and SI, enabling fast active power
support during the initial transient. The main results are summarized as follows:
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• Thermal unit response: The thermal units in Sicily reduce their active power generation
by approximately 250 MW, reaching their maximum regulation limits. Consequently,
no further regulation can be provided, and secondary frequency control cannot be
effectively activated due to the lack of remaining regulation margin.

• WTL contribution: The WTL modulates its active power according to its droop charac-
teristic, increasing the active power transfer from Sicily to Sardinia by approximately
175 MW in addition to its scheduled power.

• RES regulation response: RES units equipped with SI absorb approximately 750 MW
during the first few seconds following the disturbance, effectively limiting the fre-
quency overshoot. RES contribution returns gradually to the droop-based regulation
level of around 375 MW.

• The system remains dynamically stable; however, the steady-state frequency deviates
from its nominal value. The post-fault frequency settles at 51.05 Hz in Sicily and
50.87 Hz in Sardinia, both of which remain below 51.5 Hz. Although stability is
preserved, the frequency is not fully restored to the nominal value, indicating the need
for additional control actions. The results are illustrated in Figures 7 and 8.

 

Figure 7. Active power response of regulating sources in Sicily, condition 1.

 

Figure 8. Sicily and Sardinia frequency responses, condition 1.
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Condition 2—ETL with Angle-Difference Control (ADC)
In this condition, the ETL operates under ADC, allowing the embedded VSC-HVDC

link to emulate the synchronizing behavior of an AC transmission line. Unlike condition 1,
where only frequency support was provided by the WTL, thermal units, and RES. The ETL
modulates its active power based on the electrical-angle separation between Sicily and the
mainland of Italy. The key observations are as follows:

• Thermal unit response: The primary frequency control units in Sicily reduced their
thermal generation by approximately 250 MW, reaching their maximum regulation
limits. As the ETL modulates its power according to the angle difference between the
two areas, the thermal output gradually returns to its scheduled value.

• ETL contribution: Immediately after the disturbance, the ETL modulates the imported
active power from the mainland of Italy to Sicily according to the large electrical-angle
difference resulting from the loss of the Sicily–Calabria interconnection. Through ADC,
the ETL provides synchronizing power by modulating its active power in a direction
that counteracts the angle deviation. In this scenario, the imported power through the
ETL is reduced by approximately 800 MW, reducing the active power flow from the
mainland of Italy to Sicily to 100 MW.

• WTL contribution: The WTL, operating under frequency-droop control, provides
relatively small power modulation of approximately 77 MW, which is lower than in
condition 1. As the ETL reduces the angle separation, the WTL gradually returns to its
scheduled power.

• RES regulation response: SI absorbs approximately 750 MW during the first few
seconds following the disturbance, effectively limiting the frequency overshoot and
RoCoF. Once the ETL reduces the angle difference, the RES output gradually returns
to its scheduled value.

• With ADC, Sicily and Sardinia experience significantly lower frequency zenith val-
ues compared with condition 1, with a zenith frequency around 50.48 Hz in Sicily
and around 50.4 Hz in Sardinia. After the transient, both areas experience low-
amplitude oscillations in frequency around their scheduled values, consistent with
the synchronizing-power action provided by ADC. The results are illustrated in
Figures 9–11.

 

Figure 9. Active power response of regulating sources in Sicily, condition 2.
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Figure 10. Sicily and Sardinia frequency responses, condition 2.

 

Figure 11. Active-power modulation of the ETL, condition 2.

Condition 3—ETL with Combined ADC + FDC
In this condition, the ETL operates with a combined supplementary control scheme

that includes both ADC and FDC, where ADC restores the angle difference resulting
from system splitting, while FDC introduces damping power proportional to the frequency
difference between Sicily and the mainland of Italy. This coordination enhances the dynamic
performance compared with condition 2, as follows:

• Thermal unit response: Thermal units provide primary regulation by reducing their ac-
tive power output, similarly to condition 2, reaching their maximum regulation limits.
However, due to the additional damping power introduced by FDC, thermal output
gradually and smoothly returns to its normal operating point, with lower oscillations.

• ETL contribution: The ETL provides the same synchronizing power as in condition
2 through ADC. With the addition of FDC, ETL provides damping power and helps to
eliminate the oscillations in all system variables (frequency and power flows).

• WTL contribution: The WTL modulates its active power according to its droop charac-
teristic, with a peak modulation of approximately 72 MW and lower oscillations due
to the damping power introduced by the ETL, resulting in stable operation and low
mechanical stress on the link.
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• RES regulation response: SI absorbs approximately 750 MW during the first few seconds
following the disturbance, similarly to condition 2; RES units experience a smooth
transient, with lower oscillations due to the damping power introduced by FDC.

• The implementation of ADC and FDC results in a clear improvement, since the zenith
frequency in Sicily is slightly reduced to approximately 50.45 Hz and 50.38 Hz in
Sardinia, with low oscillations appearing during the dynamic frequency response. The
results are illustrated in Figures 12–14.

 

Figure 12. Active power response of regulating sources in Sicily, condition 3.

 

Figure 13. Sicily and Sardinia frequency responses, condition 3.

Condition 4—ETL with Full Supplementary Control (ADC + FDC + Feedforward)
In this condition, the ETL operates under the complete supplementary control layer,

while ADC restores synchronization, and FDC provides damping power. The feedforward
enables rapid reallocation of power transfer between Sicily and mainland Italy following
the disturbance by comparing the scheduled value with the measured value:

• Thermal unit response: Thermal units reduce their active power output by around
227 MW due to the rapid compensation provided by the ETL. Thermal regulation
did not reach its maximum limits, which provides valuable regulation margin for
secondary frequency control, an important requirement in low-inertia systems, and it
smoothly returns to its normal operating point.
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• ETL contribution: The ETL provides the most effective response in this condition,
since ADC restores the pre-fault angle by providing synchronizing power, reducing
the power import from mainland Italy. FDC injects damping power, reducing the
frequency oscillation observed in condition 2. Feedforward action provides fast power
compensation for the power imbalance, which accelerates the redistribution of the
power between Sicily and the mainland of Italy.

• WTL contribution: The WTL provides a small active power modulation of approxi-
mately 40 MW, which is the lowest among all conditions with low oscillations, resulting
in reduced mechanical and electrical stress on the link.

• RES regulation response: RES units equipped with SI absorb around 750 MW in the
first few seconds, limiting the RoCoF and the frequency overshoot. The presence of
feedforward allows the RES output to return quickly to its scheduled value.

• The combined supplementary control of ADC, FDC, and feedforward results in the
optimal dynamic frequency performance among all conditions. The zenith frequency
for Sicily is reduced to 50.24 Hz. In Sardinia, the zenith frequency is also reduced
to 50.21 Hz due to the lowest active power modulation by the WTL. The system
frequency returns close to nominal without experiencing sustained oscillations. The
results are illustrated in Figures 5–17.

 

Figure 14. Active-power modulation of the ETL, condition 3.

 

Figure 15. Active power response of regulating sources in Sicily, condition 4.
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Figure 16. Sicily and Sardinia frequency responses, condition 4.

 

Figure 17. Active-power modulation of the ETL, condition 4.

Table 3 summarizes the main performance metrics for the four conditions, clearly high-
lighting the progressive improvement in frequency containment, damping characteristics,
and active-power reallocation as additional supplementary control actions are introduced.

7. Conclusions
This paper investigates the capability of an embedded VSC-HVDC interconnection to

support frequency stability following system-splitting events by proposing and evaluating
a coordinated supplementary control layer integrated within a dynamic LFC model. The
analysis focuses on the ETL, considering a severe over-generation scenario resulting from
the loss of synchronism between Sicily and the mainland of Italy in a 2030 scenario.

The proposed control strategy combines ADC, FDC, and feedforward action to enable
the ETL to actively participate in post-splitting frequency stability. Simulation results
demonstrate that, under the reference condition, relying solely on thermal unit regulation,
RES regulation, and WTL droop control is insufficient to restore the system frequency to its
nominal value. Moreover, the thermal units reach their maximum regulation capability,
while RES and WTL provide high levels of power regulation, which reduces system stiffness
to address additional disturbances.
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The introduction of ADC enables the ETL to emulate the synchronizing behavior of
an AC transmission line, reducing the frequency zenith, improving the transient response,
and restoring the system frequency close to its nominal value. In addition, ADC reduces
the regulation burden on both RES and the WTL. However, the implementation of ADC
alone results in low-frequency oscillations due to the absence of damping power.

FDC plays an important role in mitigating these oscillations by providing the required
damping power, resulting in a smooth and stable response. The implementation of ADC
and FDC preserves the frequency improvement achieved by ADC while eliminating the
observed oscillations. By implementing the complete supplementary control layer, combin-
ing ADC, FDC, and feedforward action, the optimal dynamic performance among all cases
is achieved. In this case, the frequency zenith is significantly reduced, system resilience
is enhanced, the thermal units do not reach their maximum regulation limits, and limited
WTL modulation is required, ensuring that the additional power export to Sardinia does
not threaten its frequency stability.

Overall, the results highlight the important role that embedded VSC-HVDC systems
can play in supporting frequency stability in future low-inertia power systems under
post-splitting conditions when equipped with advanced control strategies. Although
embedded VSC-HVDC links operate within the same synchronous area under normal
operating conditions, they can provide fast, robust frequency support following system
separation. Moreover, by restoring both electrical angle and frequency at their terminals, the
proposed control scheme facilitates favorable conditions for secure system reconnection and
prevents undesired power flow through AC interconnections. The detailed synchronization
and reconnection process will be addressed in future work. These results confirm that
appropriately controlled embedded VSC-HVDC links are essential for enhancing resilience
and operational flexibility in future power systems with high-RES penetration.
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Abbreviations
The following abbreviations are used in this manuscript:

AC Alternating Current
ADC Angle-Difference Control
CESA Continental Europe Synchronous Area
DC Direct Current
ENTSO-E European Network of Transmission System Operators for Electricity
ETL East Tyrrhenian Link
FFR Fast Frequency Response
FDC Frequency-Difference Control
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HVAC High-Voltage Alternating Current
HVDC High-Voltage Direct Current
LFC Load Frequency Control
RES Renewable Energy Sources
RoCoF Rate of Change in Frequency
SI Synthetic Inertia
TL Tyrrhenian Link
VSC Voltage Source Converter
WTL West Tyrrhenian Link
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