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Abstract

Island electrical networks often face stability and resilience issues due to their weakly
meshed structure, which lowers system inertia and compromises supply continuity. This
challenge is further intensified by the increasing integration of renewable energy sources,
promoted by decarbonization goals, whose intermittent and variable nature complicates
grid stability management. To address this, Red Eléctrica de España—the transmission
system operator of Spain—has planned several improvements in the Canary Islands,
including the installation of new wind farms and a second transmission circuit on the
island of La Palma. This new infrastructure will complement the existing one and ensure
system stability in the event of N-1 contingencies. This article evaluates the stability of the
island’s electrical network through dynamic simulations conducted in PSS®E, analyzing
four distinct fault scenarios across three different grid configurations (current, short-term
upgrade and long-term upgrade with wind integration). Generator models are based on
standard dynamic parameters (WECC) and calibrated load factors using real data from
the day of peak demand in 2021. Results confirm that the planned developments ensure
stable system operation under severe contingencies, while the integration of wind power
leads to a 33% reduction in diesel generation, contributing to improved environmental and
operational performance.

Keywords: grid stability; wind energy; dynamic analysis; PSS®E; island electrical system

1. Introduction
The penetration of renewable energies continues to rise in many of the world’s electri-

cal systems. In fact, at COP28, the most recent Global Climate Action Summit held in Dubai,
118 participating countries agreed to triple the installed capacity of renewable energy, with
a focus on reaching 11 TW by 2030 and gradually abandoning fossil fuels [1].

Renewable generation is highly dependent on the availability of the natural resource.
Managing their intermittency is one of the greatest challenges that electrical networks will
have to face, as there are periods when excess generation or demand can lead to network
instability [2], caused by variations in frequency and voltage levels. These problems will be
more noticeable in island electrical systems where the size of the network and the absence
of synchronous generators result in low inertia and reduced stability margins. Moreover,
islanded grids operate in electrical isolation, without interconnection to larger systems

Processes 2025, 13, 2374 https://doi.org/10.3390/pr13082374

https://doi.org/10.3390/pr13082374
https://doi.org/10.3390/pr13082374
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0009-0006-4849-9762
https://doi.org/10.3390/pr13082374
https://www.mdpi.com/article/10.3390/pr13082374?type=check_update&version=1


Processes 2025, 13, 2374 2 of 25

that could provide ancillary support. This amplifies their vulnerability to disturbances
such as generator trips or line faults and limits the flexibility for load balancing and
reserve management. In addition, the increasing penetration of non-synchronous renewable
sources, such as wind and solar, further reduces inertial response and frequency stability.
Due to these characteristics, islands provide a valuable testbed for evaluating strategies
and technologies for the energy transition, which can later be scaled to larger continental
systems [3].

Renewable generation is also advantageous in island electrical systems because of
the high costs associated with transporting fossil fuels, which are currently necessary for
generating a large percentage of the energy consumed by the islands. Other drawbacks
derived from this transportation are the risks of accidental spills that may occur on ships
transporting the fuel, as well as the greenhouse gas emissions produced [4].

There are several studies focused on analyzing 100% renewable energy supply scenar-
ios in the Canary Islands [3,5], Ireland [6], on the island of Dia, Greece [7], or on the island
of Mljet, Croatia [8]. In [9], different intelligent energy management strategies are ana-
lyzed in different energy sectors of the island of Gran Canaria, considering high renewable
penetration. Other studies such as [10] analyze the behavior and sustainability of island
systems in the context of renewable energy and electric vehicle penetration, including the
use of hydraulic pumped storage [11], or studies estimating the feasibility of offshore wind
energy [12].

The islands also face the problem that in many cases interconnection with other islands
or continental systems is not possible due to technical and economic challenges. The depth
of the ocean floor and the distances between territories are usually the main impediments
to interconnecting isolated systems. Many studies have focused on corroborating that inter-
connected island electrical systems enhance system stability, reduce electricity costs [13,14]
and increase the penetration of renewable energy resources [15]. However, although the
conclusions drawn from these studies are useful and interesting for researchers, the pro-
posed hypotheses for interconnecting certain islands are often unrealistic. In Table 1, the
main results from the cited studies are shown.

Table 1. Summary of main findings from island renewable energy studies.

Reference Location Methodology Key Findings

Gils & Simon
(2017) [3]

Canary
Islands

Bottom-up modeling
using Mesap-PlaNet

and REMix tools, with
backcasting from a 2050

100% RE target

Local RE potentials suffice to fully meet power,
heat and transport demand; sector coupling
(EVs, electric heating, synthetic H2) crucial;
undersea grid links reduce system costs by

~15%

Lemus (2020) [5] Canary
Islands

Technical–strategic
analysis

Identifies acceleration of renewables, flexibility,
storage and policy alignment as critical

enablers for 100% RE in archipelago

Connolly &
Mathiesen (2014)

[6]
Ireland

Techno-economic
modeling of 100% RE

pathway

Shows achieving 100% renewable share is
technically possible and economically viable

with integrated planning

Katsaprakakis et al.
(2009) [7] Dia, Greece Simulation based on

RES mix

Renewable mix can achieve autonomous
electricity supply; storage and intelligent

control needed
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Table 1. Cont.

Reference Location Methodology Key Findings

Krajačić et al.
(2009) [8]

Mljet,
Croatia

H2RES energy planning
tool

Tool demonstrates feasibility of high-RE
system, including hydrogen storage as firming

resource

Cabrera et al.
(2018) [9]

Gran Canaria,
Canary Islands

Smart Energy Systems
via EnergyPLAN

Achieved ~75.9% RE supply with current tech;
near-100% technically attainable with

advanced sector coupling

Ramirez-Diaz et al.
(2016) [10]

La Palma, Canary
Islands

Analysis of EVs +
pumped hydro

complementarity

EVs and pumped-hydro improve system
balance and reduce reliance on thermal backup

Padrón et al. (2011)
[11]

Gran Canaria,
Canary Islands

Pumped storage system
case study

PHES increased wind integration and
strengthened grid stability

Schallenberg-
Rodríguez &

García (2018) [12]
Canary Islands Spatial GIS planning for

offshore wind potential
Mapped offshore wind zones, estimating their

suitability for future development

Qiblawey et al.
(2022) [13]

Tenerife and Gran
Canaria

Techno-economic
assessment

Island interconnection decreases CO2
emissions by ~46%, cuts costs and boosts

renewable share

Magallones &
Singh (2023) [14] Philippines–Sabah Interconnection impact

analysis
Grid links enhance reliability, reduce electricity
cost and support higher renewable integration

Alves et al. (2019)
[15]

Pico and Faial,
Azores

Case study of island
interconnection

Interconnection allows stabilizing output and
increasing renewable penetration

The problems described above reveal the need to make isolated electrical systems
progressively more resilient and less dependent on external energy resources. For this
purpose, transmission network planning in countries like Spain includes various projects
aimed at improving island infrastructure.

One of the actions that the transmission system operator of Spain—Red Eléctrica de
España (REE)—plans to undertake in the country’s island territories consists of strength-
ening the transmission network of the island of La Palma, located in the Canary Islands
archipelago. These extension works will enhance the quality and security of supply while
enabling the connection of future renewable generation in the southern area of the island.

The motivation for this action arises from the fact that the transmission network cur-
rently consists of a single line, and its failure or maintenance can cause supply interruptions
for a large part of the population, as has already occurred on several occasions recently [16].
Additionally, the volcanic eruption that took place in 2021 further underscored the need to
reinforce the island’s network, which was severely damaged. The eruption lasted for 85
days, destroying 136.5 km of distribution lines, 1668 medium/low voltage supports and
25 distribution centers [17]. The transfer of portable thermal units from destinations such
as Italy, Germany or Belgium was vital for restoring electricity supply in the areas most
affected by the natural disaster [18]. While the damage to the transmission network was
not as extensive, it is evident that the circumstances would have been very different with a
network reinforcement such as that proposed by REE for the coming years.

In the scientific literature, multiple studies have focused on analyzing and improving
the dynamic stability of the electrical grids. In [19], a virtual synchronous machine (VSM)
control for renewable energy sources is proposed, which can enhance voltage stability in
the transmission network during fault situations and increase system inertia in isolated
networks. Another investigation conducted on the island of Gran Canaria [20] develops
a neural network-based predictive under-frequency load shedding strategy to reduce
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involuntary disconnections. Additionally, in [21], a static and dynamic analysis in PSS®E is
performed for a section of southern Morocco’s grid, demonstrating that the integration of
renewable energy does not negatively impact the stability of the system.

In the case of the electrical system of the island of La Palma, there have been relatively
few studies conducted to date. In [22], a method is proposed to integrate the restriction of
the nadir frequency into the generation dispatch problem, tested in the electrical system of
the island using machine learning. In [23], a dynamic model of the ultracapacitor installed
a few years ago in La Palma is developed, contrasting the simulation results with real data.
Among the studies carried out to date, three conducted for the European Commission (EC)
stand out under the Clean Energy for EU Islands initiative. In [24], the aim is to determine
the large-scale energy storage capacity using pumped-storage systems, not only to store
energy and supply it when there is a deficit of renewable generation but also to provide
adjustment and regulation services to the system. Another study for the EC [25] establishes
a methodology for assessing the feasibility of an energy storage system and the cost–benefit
evaluation of a virtual transmission line project on the island. Finally, a particularly notable
study [26] addresses the technical benefits, disadvantages, considerations and future studies
required regarding the proposed construction of the new 66 kV overhead power line, which
is closely related to this article. This study includes simulations of power flow, short circuits
and a theoretical analysis of dynamic stability, among others.

The conclusions drawn from [26] are positive regarding the installation of the new
line. The simulations indicate a more stable voltage profile, and as the system impedances
decrease, the electrical distance between generation units is reduced, establishing a stronger
link between generation and demand. However, the research does not explicitly address a
dynamic analysis of events such as the loss of a generation unit or different types of short
circuits at specific points in the electrical system. Furthermore, it does not include a dynamic
model for the generation units, nor does it consider a scenario with higher renewable
energy penetration, which would have been relevant given the expected expansion of wind
capacity on the island. Therefore, it is important to conduct a more comprehensive study
that examines in detail the technical feasibility of the future island electricity system.

The purpose of this article is to study the stability and resilience of the transmission
system that REE plans to expand on the island of La Palma. Using the electrical systems
simulation tool known as PSS®E, a series of incidents and scenarios will be simulated in the
transmission network, and the stability of the network will be evaluated in each case. In
this research, dynamic models have been implemented for each type of generation (diesel,
fixed-speed wind generation and variable-speed wind generation). These scenarios will
be simulated in three different electrical systems that converge in La Palma at different
temporal stages: (1) the current transmission network; (2) the planned transmission network
for 2025 [27]; and (3) the planned transmission network, including future wind generation
approved by the regional government.

This article is structured as follows: Section 2 provides an overview of the current
electrical system on the island of La Palma, as well as the network reinforcement plan that
will be implemented in the coming years. Section 3 describes the simulation tool used
in the research, along with the proposed simulation scenarios and data from the island’s
electrical network model. The static and dynamic stability results of the simulations are
presented and discussed in Section 4. In Section 5, the main conclusions drawn from the
results and the potential benefits of the planned electrical reinforcement plan are outlined.

2. Theoretical Background
Island power systems are characterized by a high dependence on fossil resources for

energy generation due to the technical, economic and political difficulties in establishing
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interconnections with continental territories. For this reason, island networks are often
considered electrically unstable. Government authorities continue to establish sustainable
policies to implement renewable generation on the islands [10] in order to reduce green-
house gas emissions from current generation plants. However, it must also be considered
that the massive integration of intermittent energy sources complicates the operation of
electrical systems.

The Transmission Network Development Plan for 2021–2026, presented by REE and
approved in 2022 by the Council of Ministers of Spain [28], includes reinforcement measures
in the transmission network of the island of La Palma to improve the security of the
electricity supply and promote the integration of renewable energies. This section will
analyze the main characteristics of the current network, the associated operational problems
and the generation mix present on the island. Subsequently, the actions that REE will
undertake in the electrical system and their objectives will be explained.

2.1. Current Electrical Grid

La Palma is one of the seven main islands of the Canary Islands archipelago, an au-
tonomous community of Spain located in the Atlantic Ocean. It is situated in the northwestern
part of the Canary archipelago, with its capital in Santa Cruz de La Palma. With a total
area of approximately 708.32 km2, it is the fifth-largest island in the autonomous community.
According to recent data [29], La Palma has a population of about 85,000 inhabitants.

The island’s economy is primarily driven by agriculture and tourism [30]. Since the
onset of COVID-19 and the volcanic eruption of 2021, tourist arrivals declined from a peak
of 400,000 in 2017 to 125,000 in 2020. However, in recent years, the influx of tourists has
been rising [31].

The electrical networks of the Canary Islands are isolated systems that are typically
not interconnected. The great depth of the seabed around La Palma and El Hierro makes
electrical interconnections with other islands technically and economically challenging.
Notable exceptions include the existing submarine cable between Lanzarote and Fuerteven-
tura, and the interconnection under construction between Tenerife and La Gomera, which
is scheduled to be commissioned in 2025 [32].

In the case of La Palma, the transmission network consists of a single 66 kV circuit
connecting the eastern and western halves of the island. REE is responsible for operating
and maintaining the electrical transmission system in Spain, including the circuit on the
island that connects Los Llanos de Aridane and Los Guinchos. Electricity demand is evenly
distributed between the two substations, with the main population centers (Santa Cruz de
La Palma and Los Llanos de Aridane) having similar demographic densities and proximity
to the substations.

This transmission line is a critical point in the energy system, as any incident can
lead to power outages for half of the population, or in the worst case, a total blackout
across the island, as occurred in 2009 and 2010. In the 2009 event, the power supply was
interrupted for six hours due to the unintentional closure of a grounded disconnector,
which triggered a three-phase short circuit in the substation and the disconnection of the
connected generation [33].

The island’s distribution network is owned by Endesa Distribución and consists of a
mesh network of lines with voltage levels of 30 kV and lower, with a total length of 395 km.
These lines run through urban areas and municipalities, forming electrical rings to help
ensure supply in the event of a breakdown at any point in the network. However, the
distribution lines were unable to cope with incidents that occurred in previous years.

The island’s generation mix is predominantly thermal [34]. In total, 89.7% of the
installed power on the island comes from the Los Guinchos thermal power plant, located
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on the outskirts of the capital and a few meters from the substation to which it is connected,
which shares the same name. Currently, the plant consists of ten diesel units and a mobile
gas turbine, which comes into service only in peak demand situations or to solve serious
contingencies in the network.

Installed wind power constitutes only 5.9% of the island’s total generation and is
represented by four wind farms connected to the medium voltage distribution network,
in areas where the potential for wind exploitation is high but located far from the central
transmission axis. These wind farms were installed to supply energy to the most sparsely
populated areas, so their contribution to the transmission network is limited.

The remaining 4.4% of generation is produced by photovoltaic energy, including
isolated and self-consumption installations connected to the grid [35]. Notably, this capacity
has doubled in recent years in homes and public buildings on the island.

Table 2 lists the thermal groups and wind farms currently installed in the electrical
system, including the net nominal power of each and the minimum values for entry
into operation.

Table 2. Current power generation units in La Palma. Source: own elaboration.

Generation Unit Name Net Capacity [MW] Minimum Dispatchable
Power [MW] [36]

Thermal Units 96.44

Los Guinchos 6, Diésel 6 3.82 2.35
Los Guinchos 7, Diésel 7 3.82 2.35
Los Guinchos 8, Diésel 8 3.82 2.35
Los Guinchos 9, Diésel 9 4.3 2.82

Los Guinchos 10, Diésel 10 6.69 4.2
Los Guinchos 12, Diésel 11 6.69 5.2
Los Guinchos 13, Diésel 12 11.5 6.63
Los Guinchos 14, Diésel 13 11.2 6.63

Los Guinchos 15, Gas Móvil 2 21.6 4.85
Los Guinchos 16, Diésel 14 11.5 6.63
Los Guinchos 17, Diésel 15 11.5 6.63

Wind Farms 6.97

Garafía-Juan Adalid (2 turbines) 1.6 -
Fuencaliente (3 turbines) 2.25 -

Aeropuerto La Palma (2 turbines) 1.32 -
Manchas Blancas (3 turbines) 1.8 -

2.2. REE Horizon Energy Plan (2026) Reinforcement of La Palma Grid

The planning of energy transmission infrastructure involves the evaluation, design
and execution of policies and strategies to guarantee electricity supply during periods of
high demand, at the lowest possible cost, while minimizing environmental impact [37]. It is
the regulatory mechanism that adapts the development needs of the transmission network.
Energy planning in Spain is based on forecasts about future demand behavior, required
energy resources and environmental protection criteria.

The latest Development Plan for 2021–2026 establishes the need for reinforcing existing
infrastructure and creating new facilities to advance the ecological transition, ensuring
supply while considering environmental protection and economic efficiency [37].

Within the new actions of the plan, REE highlights an initiative to improve the quality
and security of supply on the island of La Palma (SdS_ICA_2), currently consisting of
a single circuit whose resilience was tested during the volcanic eruption of 2021. The
current network does not meet the basic security criteria of the transmission network [38],
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which require the system to withstand simple N-1 failures without affecting the quality
and security of the electricity supply. The approved action for creating a ring on the island
includes the following developments: (1) New substation (ST Breñas) of 66 kV with a
breaker-and-a-half arrangement, and new positions for connecting renewable generation
in the southern area of the island, which has great wind potential. The new substation will
support the distribution network due to high demand from large consumers. (2) Entry/exit
of the current line (ST Llanos–ST Guinchos 66 kV) at ST Las Breñas. (3) A new line from ST
Guinchos to ST Breñas (66 kV). (4) A new line from ST Llanos to ST Breñas (66 kV).

Furthermore, these actions will be essential for the construction of an additional
substation (ST Fuencaliente) after 2026 at the entry/exit of the ST Llanos–ST Breñas 66 kV
line, with additional positions for connecting more renewable generation in the southern
area [39].

Figure 1 shows the route of the current transmission grid and the planned routes
for future lines, scheduled for construction and commissioning in 2025 [27]. The second
circuit will be installed along the southern part of the island, connecting the Breñas and
Llanos substations. Two independent lines will also be connected between Breñas and
Guinchos. The image also shows the wind farms currently in operation, categorized
by their generation control technology: Type I for fixed-speed turbines and Type IV for
variable-speed turbines. Additionally, REE has planned the installation of several wind
farms that will be connected to the positions at the new Breñas substation. The request
for administrative authorization, environmental impact assessment and declaration of
public utility for these projects (Llano del Tanque [40], El Jaral [41] and Garafía II [42] wind
farms) was published in the Official Gazette of the Canary Island Autonomous Community
several years ago and has already undergone public consultation. These wind farms are
shown in white in Figure 1.

 
Figure 1. Main data from the La Palma energy transmission system: substations, line routes and
wind farms. Comparison between the current configuration and planned developments. The existing
transmission line is shown as a white dashed line, while solid yellow lines represent the proposed
future layout, including modifications to the existing line and its rerouting near the planned Breñas
substation. Source: own elaboration.
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3. Materials and Methods
This section describes the simulation software tool used in the study, the dynamic

models of the generators under investigation, the characteristics and considerations of the
model developed for the La Palma transmission network and an overview of the simulated
scenarios. These scenarios aim to replicate a series of incidents in the network and evaluate
the electrical system’s response to these disturbances. The objective of the last section is to
present the sequence of phenomena and maneuvers that occur during the simulation for
each of the scenarios presented.

3.1. Simulation Tool Used—PSS®E (v34)

PSS®E is an electrical system simulation software tool developed by Siemens Power
Technologies International and widely used in the electrical industry for a broad range
of analyses, studies of analyses and studies related to power system operation, stability
and optimization [43]. The tool’s main functionalities include load flow analysis, optimal
power flow (OPF), transient stability studies, contingency analysis and economic dispatch.

To model the transient behavior of electrical systems and assess their dynamic stability,
PSS®E (v34) provides a library of models representing various network components, par-
ticularly power generation systems. The tool enables users to configure model parameters
to accurately reflect the real characteristics of the equipment being simulated.

Load flow analysis is essential for electrical network planning and for designing system
expansions aimed at operational conditions. In this study, power flows were solved using
the Newton–Raphson method implemented in PSS®E (v34), which linearizes nonlinear
equations to reduce the number of iterations needed to reach a solution. The simulation
results include the magnitude and angle of voltage at all system buses, as well as the active
and reactive power flows in all transmission lines [44].

The tool’s dynamic behavior module enables the simulation of the electrical system’s
transient response to various events, which is critical for anticipating potential anomalies
in the network. Each generation unit in PSS®E requires a model that accurately represents
its behavior during the simulation.

The use of PSS®E (v34) for this study is particularly appropriate given its widespread
application in transmission system analysis and its proven reliability in evaluating transient
stability, fault responses and dynamic behavior of power systems. Despite its limitations
in EMT-level modeling, PSS®E allows for accurate representation of the key dynamic
phenomena affecting the stability of weakly meshed island grids like La Palma’s.

Table 3 presents the dynamic models selected based on the types of generation in the
island´s grid. The parameters for diesel models (Woodward model) were configured ac-
cording to [45,46], and the model for representing the synchronous generation corresponds
to a salient pole synchronous machine with quadratic saturation, defined by the Institute of
Electrical and Electronics Engineers (IEEE) [47], which has been implemented in several
high-profile projects. Wind simulation models vary according to wind turbine technology.
Per the IEC 61400-27-1 standard, wind generators are classified into four types based on
speed and power control. La Palma’s energy system includes two types: fixed speed (Type
I), equipped with induction generators (now obsolete); and fully variable speed (Type IV),
which typically uses permanent magnet synchronous generators connected to full-bridge
back-to-back converters, enabling full control over active and reactive power.

The dynamic parameters for Type I and Type IV wind turbines in this study were
configured based on guidelines and research developed by the Western Electricity Coordi-
nating Council Modeling and Validation Work Group (WECC). This research responds to
the growing need for reliable wind models for transmission grid planning studies, in re-
sponse to the limited industry experience with dynamic modeling until recent years [48,49].
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The specific model parameters applied to each generation unit in the simulations are
detailed in Appendix A.

Table 3. Dynamic models selected from the PSS®E (v34) library. Source: own elaboration.

System Model Description

Diesel generation units

Generator GENSAL
The model represents a salient pole

synchronous generator with quadratic
saturation in d-axis.

Turbine governor DEGOV

DEGOV model is used to represent
diesel engine governors, for transient

modeling studies of diesel electric
generators [50].

Excitation system EXBAS

The EXBAS model represents an AC
excitation standard system with

rotating diodes and non-controlled
rectifiers [4].

Wind turbines—Type I

Generator WT1G1

This model is used to represent
induction generators of fixed-speed

wind turbines [51] directly connected
to the grid. It considers rotor flux

dynamics and can be used for single
and double cage machines.

Mechanical model WT12T1

The WT12T1 model computes the
speed deviations produced on the

rotor and on blade sides of the wind
turbine [51].

Wind turbines—Type IV

Generator REGCA1

The REGCA1 model was developed to
simulate a wind generator connected

to the grid via power converter
(full-variable speed) [49]. This module
incorporates a current regulator that

injects real and reactive current based
on current commands.

Electrical control REECA1

REECA1 emulates active and reactive
power controls implemented in the
wind turbine converter. It provides
alternatives for active power control
(constant power factor) and reactive

power reference [49].

3.2. Grid Model Development

Modeling an electrical grid is a complex task that involves adjusting multiple physical,
technical and operational aspects to accurately replicate the real behavior of the electrical
system. Therefore, it is important that the input data for the simulation be as close to
reality as possible, although this can sometimes be challenging due to factors such as the
confidentiality of certain manufacturer data or the difficulty in modeling all the variables
that influence real conditions. This subsection discusses the main considerations when
representing certain aspects of the island’s transmission system.

The bar graph in Figure 2 shows energy production by technology throughout the
year 2021. The annual production peak was 44.5 MW, occurring on August 17 at 10:15 p.m.,
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coinciding with the month of highest energy demand due to the high influx of tourists and
increased cooling system usage during the high temperatures recorded. This scenario has
been chosen for the simulations, as it represents the worst case in the event of transmission
network failures.

Diesel generation on that day accounted for 91.16% of the total [52], meaning that
demand could be covered by the 11.5 MW and 11.2 MW units (see Table 2). However, as
specified in REE’s operating procedures, the generators in operation must be capable of
supplying the power output of the largest capacity generator, in case of its disconnection
from the grid due to an emergency. For this reason, the start-up of certain lower power units
has been included in the simulations. An identical load factor has also been considered for
all generators in operation.

Additionally, the planned location and main characteristics (connection point, rated
power, voltage level, generator speed control method, etc.) of both the currently operational
and planned wind farms have been incorporated into the simulation model. The location
of these farms is shown on the map in Figure 1. The participation of these plants in the
generation mix will depend on the network modeled in the simulation, and this information
is provided in Section 3.3. Solar generation has not been included in this model since most
of it is for self-consumption and its contribution to the generation mix is minimal.

The current 66 kV transmission line, which runs between the Los Guinchos thermal
power plant and the Llanos de Aridane substation, is 15.75 km long and is supported by 60
pylons distributed along steep terrain, especially in the central area of the island [53]. The
conductor model is LARL-280-HAWK, whose direct and zero sequence electrical parame-
ters are detailed in [54]. The new lines to be built, whose lengths are shown in Figure 3, will
have the same characteristics as the current line, according to the environmental document
prepared by REE [38].

To distribute the island demand between the two transmission substations (Llanos and
Guinchos), the population distribution of the municipalities [29] served by each substation
has been taken into account. The municipalities of the western half of the island will be
fed by the Llanos substation (21.55 MW), while the easternmost municipalities (21.95 MW)
will be connected to the Guinchos substation. A power factor of 0.98 has been set for the
system loads.

 

Figure 2. Energy production in the La Palma power system in 2021: generation sources include diesel,
wind and solar PV [55].

3.3. Simulation Scenarios

In this article, three different electrical networks are modeled with the aim of assessing
the energy resilience of the new grid infrastructure that REE plans to upgrade in the coming
years. Figure 3 presents a diagram of each of the networks modeled in the PSS®E (v34)
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software. Regarding the simulation scenarios, the diagram also identifies the location of
each disturbance: Scenario 1 involves a three-phase fault at a substation; Scenario 2, a
single-phase fault on a transmission line; Scenario 3, the disconnection of a diesel generator;
and Scenario 4, a three-phase fault on a line under two different wind load factor conditions
(0.56 and 0.85).

Figure 3. Network schemes modeled in PSS®E (v34): (a) actual (2024); (b) future proposal (2025);
(c) future proposal + wind generation. Additionally, the location of the disturbances from the
simulation scenarios are represented. The diesel generation units connected to the ST Guinchos busbar
(“SG 3∼” in the figure) are represented, as well as the demand (primarily residential) associated with
each substation, depicted using house-shaped symbols. The segments between busbars represent the
electrical lines of each grid (with indications of line names and lengths), and its corresponding line
switchgears represented as squares. Source: own elaboration.

Using actual diesel generation data from the peak demand day in 2021, it was assumed
that all diesel generators were operating with a load factor of 0.754. This assumption applies
to both networks “a” and “b”, where no contribution from renewable energy sources
is considered.

In contrast, for network “c”, the recorded wind power output at the same moment was
3.9 MW. In this simulation, all wind turbines—both existing and planned—are assumed
to operate under uniform loading conditions. With a total real installed wind capacity of
6.97 MW, this results in an average wind load factor of 0.56 during the peak demand day.
This factor is applied across all wind generation units considered in the model.

The contribution of wind energy in network “c” allows for the partial displacement of
diesel generation. Specifically, the two 6.69 MW diesel units are taken offline, and only four
diesel generators (three units of 11.5 MW and one unit of 11.2 MW) remain in service. This
reduced diesel fleet operates with a lower load factor of 0.65, due to the support provided
by wind generation.

For clarity, Table 4 summarizes the distribution of generation across the three network
configurations, highlighting how the total island demand is met in each case. Notably,
the inclusion of wind generation in network “c” provides an instantaneous output of
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15.13 MW, enabling a 33% reduction in diesel-based generation compared to scenarios
without renewable integration.

Table 4. Generation mix and operating conditions for each network scenario.

Network Generation
Type

Installed Capacity
[MW] Load Factor Instantaneous

Power [MW]

Actual (“a”) and
Planned (“b”)

Diesel 59.08 (3 × 11.5/1 ×
11.2/2 × 6.69) 0.754 44.55

Wind - - -

Planned + Wind
Gen. (“c”)

Diesel 45.7 (3 × 11.5/1 × 11.2) 0.65 29.71

Wind 27.02 (existing +
planned) 0.56 15.13

3.3.1. Steady State

The calculation of power flows and short circuits in transmission lines is crucial for
decision-making in the planning and integration of distributed generation into the electrical
grid [56]. In this research, power flow is calculated for each of the three grids under study,
with a focus on evaluating voltage stability at the electrical nodes. The short-circuit level
(both three-phase and single-phase) is also assessed for each of the island’s current and
planned substations.

3.3.2. Scenario 1—Three-Phase Fault on Substation Busbar

In this first scenario, a three-phase short circuit resulting from a failure in one of the
line switchgears at the Guinchos substation is simulated. The fault occurs at t = 1 s and
lasts until instant t = 1.2 s, at which point the switchgear protections detect the fault and
disconnect the corresponding line. The simulation continues until t = 10 s to evaluate
frequency and voltage stability in the substations of each grid.

3.3.3. Scenario 2—Single-Phase Fault in the Middle of the Line

Figure 4 shows a section of the actual transmission line in the central area of the island.
The terrain in this part of the network is rugged, and under adverse weather conditions,
trees can fall, triggering single-phase or three-phase faults and interrupting service for
several hours, especially due to the difficulty of accessing and repairing the breakdown.

  

Figure 4. Power line route. In the background of the pictures, the pruning of the line corridor along
the mountain can be seen [52].

In this simulation, a single-phase fault is induced at the midpoint of the existing “ST
Llanos-ST Guinchos 66 kV” circuit. For networks “b” and “c”, shown in Figure 3, note that
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almost the entire “ST Llanos-ST Breñas 66 kV” line will share the existing infrastructure to
connect to the new substation, so the fault in both grids is simulated at the same midpoint.

The occurrence and clearance of the single-phase fault follow the same timing as
in Scenario 1. The voltage and frequency recorded at both substations are the variables
compared across the three projected networks.

3.3.4. Scenario 3—Loss of a Diesel Unit

Electrical transmission systems must be prepared to react instantly to a potential
generator outage. This is especially critical in weak networks like La Palma, where the
impact of such failures has been observed on several occasions. In this scenario, the loss of
one of the highest-capacitydiesel generators (11.5 MW) is simulated, and the response of
the remaining diesel units and wind generators in the network to this event is evaluated.

3.3.5. Scenario 4—Loss of a Wind Unit

The penetration of wind energy in this study is low compared to its nominal capacity.
As shown in Figure 2, August was not one of the most productive months in terms of wind
potential. In this final scenario, a three-phase fault is simulated at the midpoint of the new
“ST Llanos-ST Breñas 66 kV” circuit, and the stability of the network is compared between
a situation with a wind load factor of 0.56 and another with a factor of 0.85. The objective is
to evaluate the grid’s resilience when renewable generation increases.

4. Results
4.1. Steady State

The results of the power flow and short-circuit analyses of each of the networks are
shown in Table 5. In a peak demand scenario like this, from the perspective of voltage
profile, the installation of the new circuit between Guinchos and Llanos de Aridane has a
positive impact. The voltage at the Llanos substation, as determined by the power flow
analysis, is already quite stable in the current network, but after the expansion, it increases
by 0.38 kV. Moreover, even with the connection of wind power, the voltage value comes
even closer to the nominal level.

Table 5. Load flow and short-circuit currents at the main busbars.

Network Bus |U| [kV]
∣∣Icc3ph

∣∣ [A] |IccLG| [A]

Actual (“a”) Guinchos 66 2909.92 1422.12
Llanos 65.08 2372.40 1217.91

Planned (“b”)
Guinchos 66 2909.92 1422.12

Breñas 65.98 2897.75 1417.49
Llanos 65.46 2570.47 1292.23

Planned + Wind
Gen. (“c”)

Guinchos 66 2251.03 1588.14
Breñas 65.99 2243.77 1585.21
Llanos 65.57 2043.14 1481.92

On the one hand, beyond providing voltage stability, the new line reduces active power
losses, alleviates line congestion and supports the integration of additional renewable
generation. However, the greatest benefit is the one also highlighted by the EC in its
study [26]. Before the expansion, the grid could not comply with the N-1 security criterion,
and the entire island’s electricity supply could be lost in the event of a failure. After the
expansion, a failure in the circuit would not result in a loss of supply for the loads connected
to the Llanos substation.

On the other hand, the addition of the new line decreases the network’s equivalent
impedance. This leads to a higher short-circuit ratio at the point of interconnection with
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the Llanos substation node, and, consequently, greater system strength. In general, as the
impedance between two substations increases, less severe disturbances are required to shift
them out of phase. As seen in Table 5, the maximum three-phase short-circuit current at
Llanos increases from 2.37 kA to 2.57 kA.

However, with the integration of wind generation, the maximum three-phase short-
circuit current is reduced at all three nodes of the network. This occurs because the
power electronics in wind inverters are not designed to provide the same level of fault
current as synchronous generators, such as those in a diesel plant. Typically, synchronous
generators can supply fault currents between 5 and 6 times their nominal value for a short
duration, whereas wind or photovoltaic inverters generally do not exceed 1.5 times nominal
capacity [57]. Inverters self-limit their output current to protect their electronic switching
components. Operating above this limit would require hardware modifications, which
incur significant costs.

In this case, the contribution of renewable generation reduces the need for diesel units
to meet demand, so the unnecessary units are taken out of service to maximize profitability.
As a result, lower three-phase short-circuit values are observed on the busbars.

4.2. Scenario 1

In the current transmission grid, a fault in the line switchgear at one of the substations
causes a loss of service at the opposite end of the network. In this simulation, the failure
at the Guinchos substation results in the consumption connected to the Llanos substation
going out of service.

The frequency record at the Llanos substation of the ringed network (orange curve
in Figure 5) shows a minimum value of 34 Hz, which would trigger the low-frequency
protection. However, since this phenomenon lasts less than 100 ms, it could be mitigated
by adjusting the timing of the protection to prevent an unnecessary trip. This event
occurs due to an instantaneous imbalance between generation and consumption at Llanos
substation during the fault, which is quickly corrected by the action of the diesel turbine
speed regulator.

 
Figure 5. Frequency recorded at ST Guinchos (left) and ST Llanos (right) in Hz: a 3-phase fault at ST
Guinchos is simulated in each projected grid.

In the network with renewable generation (green curves), the frequency oscillation
during the fault is more pronounced compared to the other two networks. This is due
to the reduced inertial response, as the synchronous generation from some diesel units is
replaced by wind generators.

As shown in Figure 6 (blue curve), the voltage at the Guinchos busbar reaches a
transient value near 100 kV, which gradually stabilizes at the nominal value. Meanwhile,
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the frequency at the Guinchos substation remains at 51 Hz due to excess generation after
losing half of the island’s consumption.

 

Figure 6. Voltage recorded at ST Guinchos in kV for the projected grids: 3-phase fault.

This scenario highlights how replacing synchronous generation with wind generation
reduces system inertia, intensifying both the depth and rate of frequency decline during
faults. Additionally, lower short-circuit currents from wind turbines, compared to syn-
chronous machines, could degrade fault detection performance, delaying the clearing of
faults and complicating protection scheme design.

4.3. Scenario 2

As expected, the single-phase fault causes milder disturbances than in the previous
scenario, in both the ring and wind-powered networks. The frequency oscillations in
both networks follow a very similar pattern, with transient values that do not drop below
49.5 Hz after the faulty circuit is opened (Figure 7). Regarding the voltage measured at the
Guinchos substation (Figure 8), stabilization in the wind-powered grid occurs in less than
3 s, whereas in the ring and current grids, the voltage curves continue to oscillate slightly
at the end of the simulation.

 
Figure 7. Frequency recorded at ST Guinchos (left) and ST Llanos (right) in Hz for the projected
grids: line-to-ground fault.



Processes 2025, 13, 2374 16 of 25

 

Figure 8. Voltage recorded at ST Guinchos in kV for the projected grids: line-to-ground fault.

Even in this less severe fault scenario, the high-wind system responds faster—but with
reduced damping—due to lower inertia. Moreover, the lower fault current contribution
from wind turbines may hinder detection and clearing of faults. While voltage recovery is
quicker in the wind-rich system, frequency stability is more vulnerable to disturbances due
to the lack of rotational mass.

4.4. Scenario 3

Figure 9 shows the voltage recorded at the Llanos substation following the loss of one
of the 11.5 MW diesel units, for all three networks under study. The voltage evolution is
very similar in the actual and ring networks. In both cases, it decreases to no less than
0.96 p.u, before stabilizing around the nominal voltage of 66 kV.

 
Figure 9. Voltage recorded at ST Llanos in kV for the projected grids: loss of 11.5 MW diesel unit.

In the wind-powered grid, the voltage remains stable throughout the fault, with only
minor transient fluctuations. This behavior is due to the electronic converters in the wind
turbines, which respond rapidly to sudden changes in generated energy, keeping voltage
within a narrower range. Voltage regulation is achieved by controlling both active and
reactive power output.

Figure 10 illustrates the curves of these variables for one of the remaining diesel
generators connected to the grid, as well as for a farm of fixed-speed wind turbines (Type
I) and another of variable-speed wind turbines (Type IV). The diesel generator (gray
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curves) increases its excitation current during the fault to inject additional reactive power
into the grid, helping to regulate the voltage. Simultaneously, the active power output
increases to compensate for the lost generation, thanks to the action of the diesel turbine’s
speed regulator.

 

Figure 10. Active and reactive power measurements from generators: response to the loss of a
diesel unit.

Notably, the response of one of the fixed-speed wind farms (green curve) shows that
the rotor speed of these wind turbines is determined by the grid frequency and the number
of generator poles, independent of wind speed. Therefore, when grid frequency drops,
as in this case, the control system adjusts the turbine’s aerodynamic torque to increase
active power output until the frequency stabilizes (highlighted in red). Conversely, in the
case of variable-speed wind turbines (orange curve), the electronic converters decouple the
grid frequency from the rotor speed, allowing the turbine to maintain stable power output
under current wind conditions without the need for immediate increases in production.

While the fast converter response enhances voltage stability post-fault, the displace-
ment of synchronous generation reduces overall system inertia. Thus, although voltage re-
mains well-controlled in this scenario, the system’s dynamic robustness and ability to arrest
frequency deviations are compromised when facing multiple or concurrent disturbances.

4.5. Scenario 4

The difference in current contribution during a fault between a synchronous generator
and a wind generator is evident in cases like the one illustrated in Figure 11. This graph
displays the current curves at the generator terminals for the wind grid under two different
load factors (LF): (1) wind LF = 0.56 (dashed curves) and (2) wind LF = 0.85 (solid curves).
The current for one of the connected diesel generators is represented in blue, while the
curves for one of the variable-speed wind farms are shown in green. At the time of the
fault, the diesel generator (with a nominal power of 11.5 MW) provides a peak current
close to 3.75 kA, whereas the wind farm (with a nominal power of 9.4 MW) barely exceeds
1 kA. In steady state, the behavior of both generators is evident: in a network with greater
energy share of renewables, the current at the terminals of the wind generator is higher,
while the diesel generator operates at a lower current.
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Figure 11. Current at the terminals of diesel and wind generators.

Additionally, Figure 12 illustrates the phase shift between the internal voltage gen-
erated by the generator rotor and the voltage at the generator terminals. This angular
difference is directly related to the active power delivered by the generator to the grid,
where a small angle indicates stable operation. At the moment of the fault, the angular
difference drops below −100◦ for both the diesel generator and the wind generator (dashed
blue and green curves) in a network with moderate renewable penetration. This issue
worsens with increased renewable generation (solid blue and green curves), occasionally
exceeding −200◦.

 

Figure 12. Voltage angle at the terminals of diesel and wind generators.
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This scenario starkly shows one of the limitations of inverter-based wind generators:
their inability to supply high short-circuit currents, which are essential for reliable relay
operation and maintaining system strength. Furthermore, without physical inertia, any
disturbance causes faster and deeper frequency excursions. The significant voltage angle
shifts also pose risks to active power transfer stability. Unless mitigated by synthetic inertia,
virtual synchronous generator controls, or converter-based fast frequency response, these
effects may impair both protection performance and transient stability.

5. Conclusions
This article evaluates the resilience of the new electricity network planned by Red

Eléctrica de España (REE) on the island of La Palma. Through dynamic simulations
of various scenarios—including the current grid, the proposed future network and the
expected integration of new wind farms—the study provides a comparative analysis of
system stability under contingency events.

The results confirm that the proposed network reinforcement, which introduces a
more meshed transmission layout, significantly improves system resilience and reduces
vulnerability to faults. However, some scenarios reveal the need for further reinforcement
or complementary control strategies to guarantee secure and reliable operation under all
conditions, particularly in the absence of conventional synchronous generation.

The findings also demonstrate the environmental benefits of increasing renewable
energy penetration. With the integration of the planned wind farms operating at a typical
load factor of 0.56, the island’s reliance on fossil-fueled diesel plants could be reduced by
approximately 33%. Nevertheless, the transition to inverter-based resources introduces
new stability challenges—especially in terms of reduced system inertia—which must be
addressed in parallel through adequate system planning and operational strategies.

Notably, Scenarios 3 and 4 highlight key operational trade-offs. The wind-powered
grid shows superior voltage regulation following the loss of a diesel unit (Scenario 3),
with much tighter voltage margins due to fast reactive and active power control by the
turbines. However, this advantage comes at the expense of lower system inertia, reducing
the grid’s ability to damp frequency deviations and resist rapid disturbances—especially if
multiple faults occur in quick succession. Furthermore, the sharp contrast between fault
currents from diesel vs. wind units (Scenario 4) is evident: diesel machines produce high
short-circuit currents necessary for reliable protection operation (~3.75 kA), while wind
farms rarely exceed 1 kA. This lower short-circuit current undermines protection sensitivity
and overall grid strength.

Despite its contributions, this study presents some limitations. Solar photovoltaic
generation was not explicitly included in the dynamic simulations due to its currently
limited installed capacity and predominant use for self-consumption. Additionally, diesel
generator models were configured using representative parameters from the standard
Woodward governor system, and wind turbine dynamics were modeled following the
WECC guidelines for Type I and Type IV turbines, due to the unavailability of manufacturer-
specific data. Simulations were conducted under peak demand conditions, which offer a
conservative basis for system assessment. The generation was proportionally distributed
across all technologies using a common load factor scaled to the nominal capacity of each
unit, providing a realistic and balanced representation of system operation.

For future work, it is proposed to conduct dynamic simulations that incorporate addi-
tional renewable technologies, such as hydraulic pumping, as already explored in parallel
studies by the European Commission. These solutions could support the replacement of
diesel-based synchronous generation and further improve system flexibility. In addition,
strategies such as inertia emulation, deployment of fast energy reserves, advanced droop
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control, or tailored load shedding schemes should be explored to mitigate the impact of
high renewable penetration. The inclusion of solar PV generation, analysis of off-peak load
conditions and refinement of generator model parameters through real operational data
would also enhance the robustness of future studies.

From a practical perspective, this work provides useful guidance for grid planners
and policymakers involved in the design and operation of isolated power systems. The
methodology and findings offer a replicable framework to assess the stability implications
of network upgrades and renewable integration, highlighting the critical importance of
dynamic security in the context of energy transition on small island grids.
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Appendix A

Table A1. Diesel generators models and parameters.

Model Parameter Value

GENSAL H 4.7436
GENSAL D 0.01326
GENSAL Xd 0.01371
GENSAL Xq 2
GENSAL X’d 0
GENSAL X’q 2.597
GENSAL T’do 1.1949
GENSAL T’qo 0.1761
GENSAL S(1.0) 0.1284
GENSAL S(1.2) 0.1
GENSAL Ra 0.07
GENSAL Xl 0.33
EXBAS TR 0.011
EXBAS KA 0.576
EXBAS TA 2.88
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Table A1. Cont.

Model Parameter Value

EXBAS VRmax 424
EXBAS VRmin 0.036
EXBAS KE 0.01
EXBAS TE 0.01
EXBAS KF 11.1
EXBAS TF −11.1
EXBAS AEC 0.0125
EXBAS TE_B 0.075
EXBAS VBmax 0.01
EXBAS RC 0.5
EXBAS XC 1
EXBAS KLR 0.3
EXBAS TLR 0.01
EXBAS ILR 0.2
EXBAS Rex 3.5
EXBAS Rfd 0.15
DEGOV1 R 1
DEGOV1 T1 0.019
DEGOV1 T2 0.0053
DEGOV1 T3 1.6
DEGOV1 FHP 15
DEGOV1 FLP 0.3
DEGOV1 K 0.011
DEGOV1 T4 0.185
DEGOV1 Pmax 0.1
DEGOV1 Pmin 0.8
DEGOV1 T5 0
DEGOV1 DT 0.06067
DEGOV1 GV1 0.5

Table A2. Wind generators models and parameters.

Model Parameter Value

WT1G1 J 0.846
WT1G1 J” 0
WT1G1 X 3.927
WT1G1 X’ 0.1773
WT1G1 X” 0
WT1G1 Xl 0.1
WT1G1 E1 1
WT1G1 S(E1) 0.03
WT1G1 E2 1.2
WT1G1 S(E2) 0.179
WT12T1 H 5.3
WT12T1 DAMP 0
WT12T1 Htfrac 0.918
WT12T1 Freq1 5
WT12T1 Dshaft 1
REGCA1 Tfltr 0.01–0.02 s
REGCA1 Lvpl1 1.1–1.3
REGCA1 Zerox 0.4
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Table A2. Cont.

Model Parameter Value

REGCA1 Brkpt 0.9
REGCA1 Lvplsw 0
REGCA1 rrpwr 10.0 pu/s
REGCA1 Tg 0.02 s
REGCA1 Volim 1.2 pu
REGCA1 Iolim −1.0 to −1.5 pu
REGCA1 Khv 0.7
REGCA1 lvpnt0 0.4
REGCA1 lvpnt1 0.8
REGCA1 Iqrmax 999.9 pu/s
REGCA1 Iqrmin −999.9 pu/s
REECA1 Vdip 0.85–0.9 pu
REECA1 Vup 1.2
REECA1 Trv 0.01–0.02 s
REECA1 dbd1 −0.1–0 pu
REECA1 dbd2 0–0.10 pu
REECA1 Kqv 0–10 pu/pu
REECA1 Iqh1 1.0–1.1 pu
REECA1 Iql1 −1.1–1.0 pu
REECA1 Vref0 0.95–1.05 pu
REECA1 Iqfrz −0.1–0.1 pu
REECA1 Thld −1–1 s
REECA1 Thld2 0 s
REECA1 Tp 0.01–0.1 s
REECA1 Qmax 0.4–1.0 pu
REECA1 Qmin −1.0 to −0.4 pu
REECA1 Vmax 1.05–1.1 pu
REECA1 Vmin 0.9–0.95 pu
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