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Abstract

The electrification of floating production, storage, and offloading (FPSO) units has emerged
as a strategic solution to meet the growing demand for increased oil production while reduc-
ing carbon emissions associated with onboard gas turbine generation. Power-from-shore
(PFS) systems represent a promising approach to achieving this goal, with transmission
technologies based on high-voltage direct current (HVDC) and high-voltage alternating cur-
rent (HVAC) solutions. Although HVDC is more suitable for long-distance and high-power
applications, HVAC systems offer advantages in terms of robustness, simplicity, and opera-
tional maturity. Nevertheless, the reactive power compensation requirements arising from
the high capacitance of submarine cables remain a major technical challenge. This study
investigates and compares several reactive power compensation topologies applied to three
distinct PFS systems. The proposed methodology enables a comprehensive evaluation of
both onshore and subsea reactor placement strategies under technically and technologically
feasible conditions. The results demonstrate that long-distance transmission of 75 MW
over 250 km was achieved exclusively through subsea compensation configurations, which
maintained efficiencies above 90% and voltage and current profiles within operational
limits. Conversely, onshore-only compensation proved to be the most efficient solution for
shorter transmission distances. The results demonstrate that the full electrification of an
FPSO is technically feasible, with voltage and current profiles remaining within acceptable
operational limits. The findings also indicate that mid-cable reactor placement (at 50%)
is not the most effective configuration, with superior results observed for placements at
20–80% and 40–70% of the cable length. Overall, the outcomes confirm that subsea reactor
placement enables higher power transfer over longer distances, significantly extending the
technical boundaries traditionally separating HVDC and HVAC solutions. These results
emphasize the need for continued technological development to make subsea shunt reactor
installation a viable and reliable option for future FPSO electrification projects.

Keywords: HVAC power-from-shore systems; subsea shunt reactors; energy efficiency;
real-time digital simulation; carbon emission reduction
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1. Introduction
Despite global commitments and established targets to replace non-renewable sources

with renewable energy, the use and exploitation of oil and its derivatives continue to
grow [1,2]. The dependence on fossil fuels has gained greater relevance since the economic
integration of countries and continents, as well as due to population growth and the devel-
opment of emerging economies, which contribute to an increase in energy demand [3,4].

In a global effort to curb the increase in the average temperature of the planet, several
countries established carbon emission reduction targets at the conclusion of the Paris
Agreement in 2015. Brazil’s commitment stands out as one of the most ambitious, as it
encompasses the entire economy and initially aimed to reduce emissions by 37% by 2025
and 43% by 2030, compared to 2005 levels. These goals have since been updated to reflect
greater ambition: Brazil is now aiming for a 48% reduction by 2025, a 53% reduction by
2030, and a 59–67% reduction by 2035, bolstering the country’s role in the global climate
agenda [5–7].

Offshore oil platforms are not only key sources of fossil fuel extraction but also sig-
nificant emitters of greenhouse gases (GHGs) during the production process. A major
contributor to these emissions is the use of natural gas to power gas turbines, which often op-
erate with low efficiency. According to International Energy Agency [8], offshore platforms
account for 15% of total GHG emissions in the energy sector. In Norway, Benjaminsen [9]
reports that up to 84% of the country’s offshore GHG emissions come specifically from
gas turbines.

To address this issue, the oil and gas industry, in collaboration with local governments,
has been looking for solutions to reduce greenhouse gas emissions. One such initiative is
the electrification of future offshore installations using an onshore power supply (power
from shore), as seen at offshore installations in Norway’s Utsira formation [10]. In Brazil,
as early as 2006, the federal government issued a resolution setting maximum emission
limits for atmospheric pollutants from stationary sources. However, in 2021, a revision of
this regulation was proposed to allow the adoption of all-electric technology on offshore oil
platforms. This change enables centralized power generation at a single optimized point,
allowing energy to be efficiently distributed to other equipment on the platform [11].

Power from shore could reduce atmospheric pollutant emissions by up to 20%, accord-
ing to CONAMA [11]. This technology is already in use internationally and is currently
in the project development phase in Brazil. Electrification can be achieved by connecting
the platform to the onshore power grid or, as proposed in the literature, by integrating
renewable energy sources installed nearby—such as solar, wind, and wave energy sys-
tems [4,10,12–14].

The electrification of floating production, storage, and offloading (FPSO) units
through connection to the mainland power grid—commonly referred to as “power from
shore”—offers not only environmental benefits but also technical advantages. The power
generation capacity onboard FPSO units is typically dimensioned close to the total load
demand [15–17]. As a result, this narrow margin between generation and consumption
makes the isolated electrical system of an FPSO highly vulnerable. This highlights the
challenges related to system stability and reliability, particularly under dynamic or tran-
sient conditions.

Furthermore, according to Teles [3], supplying FPSO units without relying on tradi-
tional primary sources—such as gas turbines—would lead to a reduction in the frequency
and duration of maintenance shutdowns. This is because gas turbines typically require
more frequent and longer maintenance intervals compared to other electrical system com-
ponents, resulting in reduced plant productivity. However, the interconnection of offshore
platforms to the power grid—whether via high-voltage direct current (HVDC) or alter-
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nating current (HVAC) transmission—presents significant challenges. These challenges
are exacerbated by the distance between the platform and the mainland, as well as the
depth of the seabed, both of which are critical factors in the Brazilian context due to pre-salt
exploration, which may occur at depths exceeding one thousand meters.

In the case of HVAC transmission, a critical aspect that must be carefully evaluated is
the definition of the required reactive power compensation—especially to mitigate energy
losses and ensure proper voltage levels for power transmission from the mainland to the
FPSO. Reactive power is one of the main limitations in long-distance power transmission
systems. For submarine cables, this issue becomes even more critical due to their high
capacitance, which leads to significant generation of reactive power. When used for long-
distance transmission, submarine cables can cause substantial impacts on power quality,
compromising voltage stability and increasing transmission losses [18].

HVAC power-from-shore transmission faces several challenges, including the trans-
mission voltage level, the FPSO’s power demand, the limited space and weight available
onboard for installing reactive power compensators, the practical difficulties of deploying
large reactors on the ocean floor, and the transmission distance itself. These constraints
underscore the need to evaluate the optimal distribution—both in terms of reactive power
magnitude and geographic location—of compensation along the submarine AC trans-
mission cable. Several academic works have proposed methodologies for calculating the
required reactive power and for optimizing the placement of compensators (e.g., reactors,
capacitors, SVCs, and STATCOMs) in transmission networks, including both overhead and
submarine applications, especially for offshore wind power integration [19–22] .

Due to the intrinsic requirement for reactive power compensation in HVAC power-
from-shore systems, in-depth studies are necessary to define the optimal compensation
topology, particularly concerning the optimal placement of shunt reactors. The installation
of compensation equipment directly on the seabed introduces a range of technological and
logistical challenges. According to [23], the installation and operation of subsea electrical
systems involve several challenges, among which pressure is a key factor, increasing by
approximately 10 bar for every 100 m of ocean depth. Therefore, all electrical components
must be properly designed and qualified to withstand such conditions.

Beyond pressure-related constraints, seawater is both conductive and highly corrosive,
requiring adequate insulation between electrical equipment and the surrounding environ-
ment. In the event of a failure, maintenance operations will most likely need to be carried
out at the surface. However, retrieving equipment from the seabed is costly and may lead
to prolonged production downtime.

In this context, it becomes essential to critically assess the technical trade-offs be-
tween distributed compensation along the submarine cable—including seabed-mounted
reactors—and more centralized approaches where compensation is limited to onshore
substations and the FPSO itself.

2. Literature Review
2.1. Power-from-Shore Systems

Regarding power-from-shore solutions, there are two main connection methods:
HVAC (high-voltage alternating current) and HVDC (high-voltage direct current). As
presented in Aker Solutions [24], a range of factors must be considered to determine the
most suitable approach for each specific case. For instance, in a Canadian implementation
study, the selection between these systems is inherently multi-factorial and must be based
on a comprehensive assessment of the technical, economic, and operational characteristics
of each project. Critical parameters influencing this choice include the distance to shore,
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water depth, required transmission capacity, system stability, installation constraints, avail-
ability of suitable dynamic cables and swivel technologies, and the overall lifecycle cost.

HVDC transmission can offer stability advantages due to its more precise control of
power flow and voltage. Currently, this system has been widely adopted for the connec-
tion of offshore wind farms to onshore grids, particularly in Europe and Asia, as it is the
preferred solution when challenges are primarily associated with increasing transmission
capacity over long distances [25]. According to Wang et al. [26], the development of con-
ventional HVDC transmission, also known as line commutated converter (LCC), which
requires strong grid conditions at both ends and provides only active power control, has
evolved with the introduction of voltage source converter (VSC)-based systems. These
systems offer several benefits, including independent control of both active and reactive
power, as well as a more compact physical layout. LCC systems generally face limita-
tions such as the need for extensive filtering equipment, the inability to transmit power
bidirectionally, and a lack of black-start capability. In contrast, VSC systems, based on
insulated-gate bipolar transistors (IGBTs) and pulse width modulation (PWM), regulate
the switching of power electronic devices to modulate the output voltage’s magnitude and
phase angle. This enables effective control of active and reactive power while enhancing
the stability of energy transfer in power-from-shore transmission systems.

The HVDC system presents significant challenges, the most notable being the require-
ment for converter substations at both ends of the transmission system. One substation
operates as a rectifier (AC/DC), converting alternating current into direct current, while
the other functions as an inverter (DC/AC), reversing the process to supply alternating
current to the loads. In offshore applications, the rectifier substation is typically located
onshore, transmitting HVDC power via submarine cables to an offshore inverter station.
However, as discussed by Thibaut and Leforgeais [27], despite its limitations, the HVAC
system is still adopted in certain scenarios. The choice for this technology is often driven by
the advantage of not requiring modifications to the existing configuration and the reduced
number of components compared to HVDC systems.

HVAC systems represent excellent solutions for submarine transmission applications,
primarily due to the simplicity and technological robustness of their components. In many
cases, particularly those involving short transmission distances and reduced power levels,
HVAC systems are strongly recommended [28,29]. Therefore, HVAC systems are suitable
solutions for offshore wind farms (OWFs) located relatively close to the mainland [30].

For power-from-shore (PFS) systems, it is essential to understand the typical electrical
characteristics of FPSO units. These platforms commonly employ synchronous generators
connected to large induction motor groups via medium-voltage switchgear, with the
motors typically started using direct-on-line methods and featuring minimal onboard
power electronics [31,32]. In this context, PFS solutions for offshore oil and gas platforms
differ significantly from those designed for offshore wind farms. Given the predominantly
electromechanical nature of onboard electrical systems, along with stringent constraints
on space and weight within FPSO units, simpler and more robust PFS architectures are
generally the preferred initial choice [33]. As such, HVAC transmission systems are often
considered a technically feasible alternative. However, as previously discussed, the high
reactive power flow—caused by the considerable capacitance of submarine cables—leads
to substantial transmission losses. These losses reduce the overall efficiency of the system,
making HVDC solutions more advantageous than HVAC alternatives when long distances
and high transmission power levels are involved, as shown in Figure 1.
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Figure 1. Technical range of HVAC and HVDC applications. Reproduced from Antunes et al. [33].

This initial preference for HVAC systems, combined with the efficiency limitations
imposed by excessive reactive power flow, has led to substantial scientific and technological
efforts focused on developing effective compensation strategies. Furthermore, ongoing
advancements aim to extend the feasibility of HVAC-based power-from-shore solutions
to accommodate increasingly longer transmission distances and higher power demands.
These strategies, along with their underlying technical principles, are outlined in the
following sections.

2.2. Reactive Power Compensation

Considering the voltage level defined in the project, the estimated electrical demand
of FPSO units, the objection to using reactors on the platform, and the challenges associated
with installing large-scale reactors on the ocean floor, it is challenging to evaluate the
optimal strategy for distributing reactive power compensation along the AC submarine
transmission cable—both in terms of power and spatial allocation.

Several studies in the literature propose methodologies for determining the reactive
power required for compensation, as well as for the optimal allocation of compensat-
ing devices—such as reactors, capacitors, SVCs, STATCOMs, etc.—in transmission net-
works, whether overhead or submarine, particularly for the integration of offshore wind
farms [19–22,34,35]. Although most of these studies focus on presenting the computational
methods developed for this purpose, they provide valuable insights and serve as refer-
ences for identifying suitable devices for reactive power compensation. As an example,
in the study conducted by Bagheri et al. [19], the authors aimed to optimize the alloca-
tion of devices such as static VAR compensators (SVCs) and phase-shifting transformers
(PSTs), using real data from an Iranian power grid. The optimization was performed using
the discrete particle swarm optimization (DPSO) algorithm integrated with the DigSI-
LENT PowerFactory software. In this case, the authors highlighted the importance of
employing advanced technologies such as FACTS devices and optimization algorithms
to enhance the performance of modern power grids in terms of power flow control and
voltage profile regulation. Rehman et al. [20] investigated critical issues and challenges
related to reactive power compensation in HVAC systems for offshore wind farms. The
study suggested the use of artificial intelligence-based approaches, such as particle swarm
optimization and genetic algorithms, for reactive power compensation. In [21], the authors
aimed to optimize the allocation of FACTS devices in power systems that include wind
turbines by employing evolutionary algorithms, such as genetic algorithms. Meanwhile,
Sirjani et al. [22] applied the global harmony search (GHS) algorithm to determine the
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optimal allocation of shunt reactive power compensation devices (static VAR compensators)
in electric power transmission systems.

In addition to concerns regarding the allocation and rating of devices used for reactive
power compensation, the cost-effectiveness and selection of appropriate compensation
device types are also discussed in the literature. In this context, Chen et al. [36] applied the
economic pressure difference theory, which aims to balance the costs and benefits associated
with the installation of reactive power compensation devices on both the offshore and
onshore sides. Their approach emphasizes high-reactance and dynamic compensation to
maintain real-time reactive power balance. The authors suggested using wind turbines as
dynamic reactive power regulators on the offshore side and employing dynamic reactive
power compensation (SVG—static VAR generator) onshore to balance power flow and
prevent under- and overvoltage issues. In contrast, Li et al. [37] proposed the use of a
magnetically controlled reactor (MCR) as a replacement for conventional configurations,
such as SVGs combined with fixed reactors. The authors indicated that the dynamic
reactive power compensation effect is comparable to that of conventional SVC–fixed reactor
compensation topologies, while operational losses were reduced by 70% in the evaluated
case. Moreover, the study highlighted that, in addition to lower operational losses, MCRs
offer reduced investment and maintenance costs, as well as a smaller footprint.

Concerns related to circuit breaker performance during switching operations in HVAC
systems supplying power-from-shore to offshore oil and gas platforms are heightened
due to the capacitive effects of long submarine cables. Marini [38] suggested using shunt
reactors installed at one or both ends of the cable to mitigate these effects. The author noted,
however, that the reactive power provided by the reactors should be limited to no more
than 50% of the total capacitive power of the cable load. This limitation helps prevent the
occurrence of zero-missing or delayed current zero crossings during cable energization.
In [39], the authors proposed adjusting the transmission voltage of cables that connect
offshore wind farms to the onshore grid to reduce power losses and extend the technical
distance limits of AC cables. To implement this strategy, they recommended using on-
load tap changers (OLTCs) on the transformers. Two operating modes were investigated:
fixed-voltage operation at an optimized level and variable-voltage operation continuously
adjusted based on the instantaneous power generation of the wind farm. Their results
showed that a ±15% variation in voltage can reduce losses by 9%, while operating at a
voltage range between 0.4 and 1.0 pu under low generation conditions can yield a 13%
reduction in losses.

The study presented in [40] addressed the use of reactive power compensation for
150 kV AC transmission from an offshore wind farm to the onshore grid by allocating a
shunt reactor at the midpoint of the transmission line. The analysis was based on data
from a Danish wind farm and considered the installation of a 75 Mvar reactor onshore,
approximately 55 km from the substation and 45 km from the 210 MW offshore wind
generation facility. The authors concluded that mid-line compensation reduces cable
loading, eliminating the need for larger conductor cross-sections. Additionally, it provides
a 23% reduction in annual losses and maintains voltage levels within acceptable limits.

2.3. Identification of Research Gap

In line with HVAC reactive power compensation approaches, the present work investi-
gates the use of reactors for reactive power compensation in submarine transmission lines,
in this case, supplying offshore oil and gas production platforms. The main contribution of
this study lies in overcoming key limitations of previous works, which typically restrict
reactor placement to line terminals or the midpoint. In contrast, the present approach for-
mulates reactor allocation as a continuous optimization variable, allowing their installation
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at arbitrary positions along the cable, combined with different compensation levels. This
generalization significantly expands the solution space and enables the identification of
configurations that are not captured by conventional assumptions.

To ensure a comprehensive and robust evaluation, multiple power-from-shore (PFS)
systems are analyzed, accounting for variations in transmission distance, transmitted
power, voltage level, and the presence of local generation. For each system, a wide solution
space is explored, encompassing multiple combinations of key design variables, such
as the number of reactors, their nominal reactive power, and their spatial distribution
along the cable. This methodology enables a more realistic and exhaustive assessment of
reactive power compensation strategies, providing insights that extend beyond the scope
of existing studies.

For each compensation solution, the voltage and current profiles along the cable are
assessed. Solutions that violate operational or design constraints are discarded, while
power transfer efficiency and operational reliability are used as ranking criteria. The
objective is to identify correlations between key variables and the performance of the
power-from-shore system, with particular emphasis on comparing systems that rely solely
on onshore compensation to those incorporating seabed-installed reactors.

By correlating the various variables involved in potential reactive power compensation
solutions for selected HVAC power-from-shore systems, this study aims to inform and
support future technical decision-making. Furthermore, if subsea compensation demon-
strates clear technical advantages, the findings are expected to support and motivate further
research, contributing to the development of advanced solutions and the broader adoption
directly on seabed-mounted reactors in offshore power systems.

3. Materials and Methods
This work evaluates a large set of reactive power compensation solutions for selected

typical HVAC power-from-shore systems. The approach first aims to identify solutions
that comply with defined operational criteria and, subsequently, to establish correlations
between the compensation strategies and the power transfer efficiency to the FPSO. Partic-
ular attention is given to the differences between systems with onshore compensation and
those employing seabed-mounted reactors.

Three distinct HVAC power-from-shore systems operating at industrial frequency
(60 Hz) are considered in the analysis. Each system features specific characteristics in
terms of voltage level, cable length, and power transfer capacity, as well as the presence or
absence of onboard electric power generation. The design parameters for each system are
defined based on typical configurations with high potential for real-world implementation,
and detailed information for each evaluated system is provided in the following sections.

For HVAC power from the shore system, a set of reactive power compensation strate-
gies is assessed. Configurations consider the installation of one to three reactors throughout
the system, with up to two reactors on the seabed and the possibility of allocation at every
5% interval along the cable length. The nominal reactive power of each reactor can reach
up to 100 Mvar. This limit is reported by manufacturers as feasible for subsea transformers
and is also adopted for reactors due to the constructive similarities between these devices.
However, to reduce computational burden and improve analysis efficiency, the reactive
power is varied in increments of 20 Mvar. In addition, grouped combinations are defined
for each PFS system under analysis.

The complexity of the system elements and the large number of cases to be evaluated
require the use of a powerful simulation tool. For this purpose, the Real Time Digital
Simulator (RTDS) is employed. The RTDS’s RSCAD FX 2.4 software enables automated
collection of all relevant variables for each case, including voltage and current profiles at
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every 5% of the cable length, system losses, overall efficiency of the power-from-shore
solution, and the power factor at the grid connection point. The resulting dataset is
processed in MATLAB online (version R2025b), where rejection and ranking criteria are
applied and variable correlations are derived.

3.1. Analyzed HVAC Power-from-Shore Systems

The HVAC power-from-shore system evaluated in this study is described below and
summarized in Table 1.

PFS System 1: This system consists of AC power transmission at 60 Hz from an
onshore substation to an FPSO unit with a load demand of 100 MW located 250 km offshore.
The transmission is evaluated at 138 kV using a 3-core copper submarine cable in a trefoil
configuration, with a cross-section of 500 mm2, XLPE insulation, a rated voltage of 150 kV,
and a maximum current capacity of 655 A. It is important to note that the FPSO unit is
equipped with onboard power generation units, and the combination of local generation
and onboard load enables power import from the transmission system of up to 75 MW.

PFS System 2: This system involves a shorter transmission distance compared to
System 1. It considers AC transmission at 115 kV, 60 Hz, supplying an FPSO located
120 km offshore, with a load demand of approximately 100 MW. The combination of local
generation and load demand allows for power transmission of up to 75 MW. A 3-core
submarine cable in trefoil configuration is also used in this case, with a rated voltage of
132 kV and a current capacity of 590 A. The cable has a cross-sectional area of 400 mm2.

PFS System 3: System 3 also aims to supply an FPSO unit from the onshore AC grid
at a frequency of 60 Hz. As in System 2, the transmission voltage is set at 115 kV, covering a
distance of 120 km. However, in this case, the FPSO has a load demand of 190 MW and no
local generation. That is, the entire demand is fully supplied by the onshore transmission
system, requiring the use of a cable with a larger cross-section. Therefore, System 3 employs
two 3-core submarine cable in trefoil configuration with XLPE insulation, a cross-section
of 630 mm2, a rated voltage of 132 kV, and a current capacity of 715 A. This significant
increase in demand—from 100 MW to 190 MW—is under evaluation, as it reflects a new
FPSO design concept in which all electrical (synchronous generators removed) and thermal
(electric boilers installed) loads are supplied from the mainland.

Even with the electrification of offshore platforms—aimed at reducing GHG emis-
sions and improving the stability and reliability of their electrical systems—it is common,
especially for existing facilities, to maintain local generation. Depending on operational
conditions, the number of gas turbine generators may be maintained either fully or partially.
In addition to their primary function of generating electricity, these units also contribute
to the platform’s thermal demands by using the waste heat from gas turbines to heat
process loads.

For Systems 1 and 2, the platform demand is partially supplied by onshore power
and partially by onboard generation. In contrast, System 3 assumes full electrification of
the platform, with all electrical demand met exclusively by the power-from-shore system.
Throughout the operational life of an FPSO, its load demand varies according to production
capacity. Consequently, the different reactive power compensation solutions for each system
must accommodate various power transfer conditions, resulting from the combination
of load demand and onboard generator operation. Therefore, for each system, a set of
power-from-shore transmission scenarios has been defined, as presented in Table 1.

For all evaluated power-from-shore systems, the points of common coupling with the
main transmission grid are simplified, as shown in Figure 2. In System 1, the main grid
is represented by a voltage source behind an impedance, with a voltage level of 138 kV.
Table 2 provides a summary of the network equivalent parameters for each PFS system.
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Table 1. HVAC power-from-shore systems information.

System 1 System 2 System 3

Length (km) 250 120 120
Voltage (kV) 138 115 115

Load demand (MW) 100 100 190
Demand for the PFS (MW) 75 75 190

PFS scenario A (MW) 57 12.2 110
PFS scenario B (MW) 75 75 190

Lagging power factor (PF) for scenarios A and B 0.90 0.90 0.90

Table 2. Summary of the network equivalent parameters for each PFS system (MAIN GRID).

System 1 System 2 System 3

Base Voltage (kV) 138 345 345
Three-phase short-circuit power (MVA) 5366.32 9670.80 9670.80

Three-phase short-circuit apparent power angle (°) 85.52 87.50 87.50
Single-phase short-circuit power (MVA) 5500.86 9018.40 9018.40

Single-phase short-circuit apparent power angle (°) 85.52 87.30 87.30

For Systems 2 and 3, a double-circuit subtransmission network of approximately
11.7 km in length was implemented, with its parameters detailed in Table 3—along with a
transformer rated at 345 kV on the primary side and 115 kV on the secondary side.

Figure 2. Topological configurations of the evaluated HVAC power-from-shore systems.

For the PFS System 2, two 90 MVA transformers were used, while for the PFS System
3, two 215 MVA transformers were employed. The 90 MVA units have a characteristic
impedance of 12.50%, whereas the 215 MVA units have an impedance of 13.33%. All
transformers present an X/R ratio of 35. Voltage regulation is available for all units through
on-load tap changers (OLTC), allowing a ±15% adjustment range on the secondary side.

According to Fuchs [41], power transmission through insulated cables is governed
by the same equations as overhead lines. However, the impedance and susceptance
values differ due to factors such as cable insulation, phase proximity, shielding, and other
construction characteristics. For all analyzed HVAC PFS systems, the submarine cables
were divided into 20 sections. This segmentation allows the analysis of voltage and current
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profiles at every 5% of the total cable length, corresponding to a section length of 12.5 km
for PFS System 1 and 6 km for PFS Systems 2 and 3. Each cable element was modeled using
the Bergeron model, as it provides an accurate representation of the physical phenomena
in the cable. The characteristics of the submarine cables used in each PFS system were
defined based on the considerations in [42] and are presented in Table 4. The inductance
and capacitance values were obtained from the manufacturer’s catalog [43], while the
resistance was calculated based on the equations defined in IEC standards 60228 [44] and
60287-1-1 [45].

Table 3. A double-circuit subtransmission line (345 kV) parameters.

Parameters Cable 2 × 795 MCM (TERN)

Line length 11.7 (km)
Phase resistance 0 0.3301 (Ω/km)

Phase inductance 0 1.3500 (mH/km)
Phase susceptance 0 2.7223 (µS/km)
Phase resistance 1 0.0412 (Ω/km)

Phase inductance 1 0.3641 (mH/km)
Phase susceptance 1 4.5586 (µS/km)

0 Zero sequence parameters; 1 Positive sequence parameters.

Table 4. Cable parameters for each PFS system.

System 1 System 2 System 3

Rated voltage (kV) 150 132 132
Maximum voltage (kV) 170 145 145

Ampacity (A) 655 590 715
Cable features Copper, 500 mm2 Copper, 400 mm2 Copper, 630 mm2

Resistance 1,2 (Ω/km) 0.052211 0.06454 0.04371
Inductance 2 (mH/km) 0.40 0.40 0.37
Capacitance 2 (µF/km) 0.17 0.18 0.21

Cable segments 20 (12.5 km) 20 (6 km) 20 (6 km)
1 Resistance corrected for 90 °C (AC); 2 Positive sequence parameters.

In each analyzed case, the reactors were modeled as passive impedances with neg-
ligible resistance. Their inductance values were defined to provide the required reactive
power compensation at the nominal voltage level of either 138 kV or 115 kV, depending on
the PFS system configuration. In the RSCAD model, the submarine cable was segmented,
and reactors were placed at selected nodes along its length—specifically at 5% intervals,
from 0% to 100% of the total cable length. For this study, the reactive power of individual
reactors ranged from 20 Mvar to 100 Mvar, with the upper limit based on typical manufac-
turer specifications for submarine transformers and extended to the reactors due to their
similar construction.

It is important to note that the use of transformers on FPSO units is essential, given
the need to adapt voltage levels between the submarine transmission system and the
nominal voltage of the onboard loads. Accordingly, PFS System 1 employed a 138/13.8 kV
transformer rated at 100 MVA, with a characteristic impedance of 13.33% and an X/R ratio
of 40. This transformer was equipped with an on-load tap changer (OLTC), enabling ±15%
voltage variation from the nominal value, discretized into 32 steps for voltage regulation
at the 13.8 kV bus. For PFS System 2, two 50 MVA transformers were used, while PFS
System 3 employed three 75 MVA transformers. For both PFS Systems 2 and 3, the primary
voltage was 115 kV, and the secondary voltage was 13.8 kV, with identical impedance
and X/R ratio values of 12.5% and 35, respectively. Unlike System 1, tap changers were
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not implemented in the transformers installed on the FPSO units for Systems 2 and 3.
However, such equipment was considered in the onshore substation’s transformers, as
previously described.

The FPSO loads were represented by a lumped load at the medium-voltage level
(13.8 kV). The load was defined to represent the net power import from the onshore grid to
the FPSO under the operational scenarios A and B defined in Table 1.

3.2. Technical Feasibility Assessment Criteria

Given the complexity of the system required for FPSO electrification and the wide
range of associated variables, certain limits and criteria must be established in order to filter
and enable the search for minimally viable solutions aimed at reducing electrical losses and
ensuring acceptable power factor conditions at the point of connection.

Regarding the submarine cables, which require special attention to voltage and current
profile limits, for all systems, the voltage at any point along the cable must be less than or
equal to 90% of the maximum voltage rating. Thus, for System 1, whose maximum cable
voltage is 170 kV, the limit should be 153 kV, while for Systems 2 and 3, which use cables
with the same voltage level (Vmax equal to 145 kV), the limit is 130.5 kV. Due to the safety
factor associated with temperature, which is directly related to current, this must remain
below 95% of the cable’s current rating. Therefore, for System 1 (PFS 1), whose adopted
cable has a current rating of 655 A, the limit is 622.2 A. For PFS System 2, the current limit is
560.5 A (In = 590 A), and for PFS System 3, it is 679.2 A, considering that the current rating
(In) in this case is 715 A.

At both ends of the cable and the FPSO main medium-voltage bus, the voltage limits
were defined as ±5% of the nominal value for any system. Therefore, at the sending and
receiving terminals of PFS System 1 (138 kV), the voltage must remain between 131.1 kV
and 144.9 kV. For PFS systems 2 and 3, which operate at the same voltage level (115 kV),
the voltage values at the terminals must be between 109.2 kV and 120.8 kV. For the FPSO
main medium-voltage bus (13.8 kV), it must remain between 13.1 kV and 14.5 kV. All these
considered limits are set below the maximum cable ratings and represent a good margin of
operational safety.

The power factor limit monitored at the point of common coupling (PCC) was set
to be the same for all three PFS systems. A minimum lagging power factor of 0.95 was
established, except under no-load conditions. This criterion complies with the minimum
technical requirements for connection to the national transmission facilities, as specified
in [46]. The analyzed cases are ranked based on the highest efficiency, defined as the
ratio between the active power delivered to the FPSO and the active power at the point of
common coupling.

3.3. Evaluated Compensation Topologies

The evaluated reactive compensation topologies were defined according to the specific
characteristics and requirements of each analyzed system and scenario. In doing so, real
data and parameters were respected, enabling the assessment of solutions with practical
feasibility for implementation. As previously mentioned, a maximum of three shunt
reactors were employed for reactive compensation along the transmission systems, with up
to two units located along the submarine section and a single reactor of up to 100 Mvar
installed on the FPSO platform, due to constraints on available space and weight. At
the onshore substation (sending end), only one reactor was considered, modeled with
a variable reactive power rating from 0 to 360 Mvar, since there are no physical space
limitations at this location, allowing for complete system compensation.
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Considering the possible scenarios regarding the number and location of reactors
within the transmission system, four basic compensation topologies were defined:

• Topology 1: One reactor at the onshore substation;
• Topology 2: One reactor at the onshore substation and one reactor on the FPSO platform;
• Topology 3: One reactor at the onshore substation, one submarine reactor, and one

reactor on the FPSO platform;
• Topology 4: One reactor at the onshore substation and two submarine reactors.

In order to optimize the number of possible simulation combinations, the reactive
power ratings of the shunt reactors were discretized in steps of 20 Mvar. The onshore reactor
varied from 20 Mvar to 360 Mvar, while the submarine and platform reactors ranged from
20 Mvar to 100 Mvar. For Topology 3, the position of the submarine reactor along the
transmission cable was varied from 20% to 80% of the total cable length, in increments
of 10%. For Topology 4, which offers a larger number of possible configurations, seven
combined positions were defined for the two submarine reactors. The Figure 3 illustrates
the different topologies considered in this study.

For the three evaluated systems (PFS 1, 2, and 3), the possible reactive power ratings
of the shunt reactors for the three installation locations (mainland, seabed, and FPSO),
as well as the possible positions of the submarine reactor along the transmission cable,
are summarized in Table 5. Even after reducing the range of possible power ratings and
positions, the total number of combinations remained significant: 18 cases were simulated
for Topology 1, 90 cases for Topology 2, and 3150 cases for each of Topologies 3 and 4.
It is important to note that these same simulations were repeated three times for each
PFS system to account for variations in the platform load. Accordingly, each case was
analyzed under no-load conditions (with the submarine cable disconnected from the FPSO)
and under scenarios A and B, as defined in Table 1. Furthermore, all simulations were
carried out considering the on-load tap changers (OLTCs) enabled. To illustrate the number
of simulated cases, Topology 2, which initially presented 90 combinations regarding the
position and rating of the reactors, resulted in a total of 270 processed simulations. This
total corresponds to the product of the 90 initial combinations and the three load scenarios.

Figure 3. Compensation topology representations.
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Table 5. Possible reactor power ratings for the three installation sites and reactor position on
the seabed.

Topology Mainland (Mvar) Seabed (Mvar) FPSO (Mvar) Position (%)

1

20–40–60–80–100–120
140–160–180–200–220
240–260–280–300–320

340–360

- - -

2 Same as Topology 1 - 20–40–60–80–100 -

3 Same as Topology 1 20–40–60–80–100 Same as Topology 2 20–30–40–50–60–70–80

4 Same as Topology 1 Same as Topology 3 -
20–80; 25–75; 35–65;
40–70; 40–80; 50–70;

50–80

3.4. HVAC Power-from-Shore System RSCAD Models

Considering all evaluated systems, reactive compensation topologies, and FPSO load-
ing scenarios, it became evident that a large number of simulations were required to
comprehensively assess the performance of the various HVAC power-from-shore solutions.
The automation feature “Runtime Script” available in the RSCAD software of the Real Time
Digital Simulator (RTDS) proved essential for this task, as it enabled a wide range of tests
to be conducted efficiently, taking into account multiple variables within a complex digital
simulation model that accurately represents the underlying physical phenomena. For each
simulation, the voltage and current profiles along the HVAC cable, as well as the active and
reactive power flows, were obtained according to the constraints defined for each scenario.
This extensive dataset was then analyzed in MATLAB following the methodology and
criteria previously described, and the corresponding results and conclusions are presented
in the subsequent sections.

The following figures present the single-line diagram and the respective block dia-
grams adopted for the modeling of System 2 in the RSCAD software. It should be noted
that a similar modeling framework is consistently applied to Systems 1 and 3, with only
the parameterization being adjusted according to the specific characteristics of each system.
This standardized modeling approach ensures methodological consistency and enables a
direct and reliable comparison among the evaluated scenarios.

Figure 4 presents the onshore components and their corresponding representative
block diagrams. The main grid (source), followed by an overhead transmission line segment,
is indicated by the green dashed outline. The transformers described in Section 3.1 are
identified by the blue dashed outline. The reactor block, which may be included or excluded
depending on the evaluated topology, is indicated by the orange dashed outline.

Figure 5 illustrates the HVAC cable, highlighted by the green dashed outline, along
with its corresponding representative block composed of 20 Pi-sections, one of which
is shown in detail. The reactor, indicated by the orange dashed outline, is enabled in
Topologies 3 and 4.

Figure 6 illustrates the components allocated on the platform and their corresponding
block diagrams. The generators and the load are highlighted by the green dashed outline.
The transformers are indicated by the blue dashed outline, while the reactor (considered in
Topology 3) is identified by the orange dashed outline.

As an example, Figure 7 presents the configuration block associated with the cable, in
which parameters such as nominal frequency, segment length, and intrinsic characteristics
(resistance and reactance) are specified. Similarly, parameterization blocks are defined
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for the remaining components; however, they are omitted here for the sake of clarity and
brevity. All necessary parameters are detailed in Section 3.1.

Figure 4. Onshore equipments modeled in RSCAD.

Figure 5. Subsea cable and Pi representation.

Using the Runtime Script environment of RSCAD, implemented in the C programming
language, an automated routine was developed to simulate the modeled systems under
a wide range of operating conditions for the four considered topologies. This approach
enables the evaluation of numerous configurations, depending on the desired level of
resolution. However, as the number of simulated combinations increases, the associated
computational time and data processing requirements also grow significantly. Therefore,
the scope of the simulations was limited, as further refinements were not expected to
substantially impact the results at this stage of the study.

The script consists of a straightforward implementation based on multiple loops and
conditional control structures (IF, FOR, and ELSE). Its full presentation is not feasible due
to its length, exceeding 1000 lines of code. Moreover, a significant portion of these lines
corresponds to variable handling and assignments. However, Figure 8 presents a flowchart
that summarizes the testing methodology and the data analysis procedure.
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Figure 6. Offshore equipments modeled in RSCAD.

Figure 7. Cable parameterization block.

The figure illustrates the simplification of the loop structure that performs a multi-
parametric sweep, as detailed below:

1. Topology Selection (Loop a): The script iterates over the four reactive compensation
topologies, including different subsea reactor positions along the cable (from 20% to
80% of its total length). The SetSwitch command is used to activate the corresponding
connection nodes within the model.

2. Reactor Ratings (Loops b, c, and d): The inductance values of the onshore, subsea,
and platform-based reactors are updated using the SetSlider command, covering the
entire predefined compensation range.

3. Loading Scenarios (Loop e): Each reactive compensation configuration is evaluated
under three operating conditions: no-load, partial load (Scenario A), and nominal
load (Scenario B).

4. Data Acquisition: After issuing the Start command and allowing the system to reach
steady-state conditions (SUSPEND), the script employs the arraymax function to
extract RMS voltage and current values at 20 points along the cable, as well as power
flow and tap position data.

With respect to data export and processing, the raw data were exported in .txt for-
mat for subsequent post-processing in MATLAB. A filtering algorithm was applied based
on strict operational limits, as presented in Section 3.2: voltage ≤ 0.9 · Vmax and cur-
rent ≤ 0.95 · In. Only the configurations that simultaneously satisfy these criteria under
all three loading scenarios were considered valid. Finally, the feasible solutions were
ranked according to energy efficiency and power factor at the point of common coupling
(PCC ≥ 0.95) under nominal load conditions.
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Figure 8. Flowchart of the simulation and data analysis procedures.

4. Results and Discussion
This section presents and discusses the results obtained from the comprehensive set of

simulations performed for the selected power-from-shore (PFS) systems. Each configura-
tion was simulated under the operating and design conditions defined in the methodology,
allowing a detailed evaluation of the electrical behavior of the HVAC submarine trans-
mission system when different reactive power compensation strategies are adopted. The
analyses were organized according to the three main PFS systems previously defined,
which differed in transmission distance, voltage level, and load characteristics. For each
system, several compensation configurations were simulated, varying the number of re-
actors, their rated power, and their position along the cable. This parametric approach
enabled the identification of performance trends and the influence of each variable on
the overall system behavior. For every simulated case, the voltage and current profiles
along the submarine cable were examined, as well as the active and reactive power flows
throughout the system. From these results, the main technical indicators were derived,
including bus voltage regulation, cable overvoltage levels, power transfer efficiency from
the main grid to the FPSO medium-voltage bus, and the current margin relative to the
cable’s thermal limit. Configurations that exceeded operational limits or result in poor
voltage profiles were excluded from further consideration, whereas feasible solutions were
ranked according to their efficiency and compliance with technical constraints.

Before presenting the results for each evaluated PFS system, it is necessary to clarify
in detail how the simulation data were assessed. Since the reactive power compensation
solutions investigated in this study employed fixed shunt reactors, each configuration
must simultaneously satisfy the operating requirements under no-load, Scenario A, and
Scenario B conditions. Therefore, the approval or rejection of a given compensation solution
was based on its performance across all three loading conditions considered together. For
a configuration to be accepted, the voltage and current profiles obtained in the simula-
tions must comply with the operational limits defined in Section 3.2. Once the feasible
configurations were identified according to these criteria, the remaining solutions were
ranked based on their efficiency and power factor. Considering that both efficiency and
power factor varied with system loading—and that the no-load condition represents only
a temporary operating state in practical applications—these indicators were evaluated

https://doi.org/10.3390/en19092085

https://doi.org/10.3390/en19092085


Energies 2026, 19, 2085 17 of 34

exclusively under the nominal loading condition defined as Scenario B for each system, as
presented in Table 1.

The results and analyses are presented individually for each PFS system. Subsequently,
a comprehensive evaluation of all feasible solutions is carried out to assess the advantages
and disadvantages of reactive power compensation schemes with and without seabed-
mounted reactors.

4.1. Results and Analysis for PFS System 1

The transmission distance and the amount of power transferred make PFS System 1 the
most challenging configuration regarding reactive power compensation. This characteristic
has also been highlighted in previous studies, as discussed in Section 2.1. Table 6 confirms
that no feasible solutions were identified for Topologies 1 and 2. For Topologies 3 and 4, after
a comprehensive set of simulations, only a limited number of compensation configurations
met the acceptance criteria and were thus classified as approved solutions. Among the
approved cases for Topologies 3 and 4, the solutions exhibit varying levels of efficiency.
To assess the performance range, Table 6 also summarizes the minimum and maximum
efficiency values, as well as the lowest and highest power factor values observed among
the approved configurations.

Table 6. Summary of evaluated reactive power compensation cases for PFS System 1.

Topology
Total

Evaluated
Cases

Approved
Solutions

Lowest
Efficiency (%)

Highest
Efficiency (%)

Lowest Power
Factor

Highest Power
Factor

1 18 0 - - - -
2 90 0 - - - -
3 3150 43 89.6 91.7 0.30 (Lag) 1.00
4 3150 201 90.1 92.2 0.26 (Lag) 1.00

Analyzing the reasons why Topologies 1 and 2 did not yield any feasible compensa-
tion solutions reveals that the voltage and current profiles exhibit significant variations
throughout the loading conditions, resulting in considerable limit violations across multiple
cases. Figure 9 illustrates the voltage and current distributions along the submarine cables
of topologies 1 and 2 under no-load conditions for each simulated case. It can be observed
that severe violations occur along several cable sections even under intensive operation
of the OLTC—voltage exceedances predominantly near the FPSO side and current limit
violations mainly near the onshore terminal—as highlighted by the colored operational
regions and boundary limits in the plots.

Under the nominal loading condition of Topology 3, it was possible to identify 43 re-
active compensation solutions that met the defined acceptance criteria. Among these
approved configurations, the efficiency values lie within a narrow range, from 89.6% to
91.7%. In contrast, the power factor values exhibit a much wider variation between the
minimum and maximum limits. A similar behavior was observed when analyzing the
approved solutions for Topology 4. With a larger number of approved cases, the efficiency
values again fall within a narrow range, from 90.1% to 92.2%. Regarding the power factor,
a wide variation between the minimum and maximum values was once more observed.
The greater number of approved configurations and the slight improvement in efficiency
performance indicate that solutions based on Topology 4 are more promising.
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Figure 9. All Voltage and current profiles for PFS System 1 no-load conditions—Topologies 1 and 2.

Figure 10 presents all approved reactive compensation solutions for Topology 3, high-
lighting the positions of the shunt reactors at the cable terminals and along the submarine
cable, as well as the corresponding rated compensation values at each location. The rectan-
gles indicate the reactor positions along the cable, while the values inside each rectangle
represent their rated reactive power.

Figure 10. Topology 3: all the approved solutions for PFS System 1.

The results were sorted from the highest to the lowest efficiency, revealing that the
configurations with the best performance are composed of large onshore shunt reactors. To
better understand the behavior of the approved solutions, Figure 11 presents the efficiency
and power factor obtained for each case. It becomes evident that there is an inverse
relationship between efficiency and power factor.

The inverse relationship observed between efficiency and power factor is primarily
associated with the trade-off imposed by reactive power compensation in long HVAC
submarine cables. The adjustment of these reactors—distributed among the onshore
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system, seabed, and platform—directly affects the voltage and current profiles along the
cable. While higher levels of compensation lead to improved power factor values, they
may also result in increased current magnitudes in specific sections of the cable, thereby
intensifying resistive losses. As a consequence, configurations that achieve superior power
factor performance do not necessarily correspond to maximum efficiency. This behavior
highlights the inherent trade-off between reactive power management and energy efficiency,
emphasizing the need for an optimization approach when defining compensation strategies
in power-from-shore HVAC systems.

However, it is expected that with lower power factors, the increased reactive power
drawn from the main grid results in higher current circulation and, consequently, greater
losses in the main grid infrastructure. The purpose of this study is to provide a technical ba-
sis to support best practices in selecting the most suitable power-from-shore configuration.
Therefore, in order to account for possible losses in the main grid, it is recommended that
the selection criteria also include acceptable limits for the power factor of each solution.
Selecting compensation solutions that achieve higher power factors, even at the expense
of a slight reduction in efficiency, is a feasible approach. Depending on the regulatory
framework of the country where the power-from-shore system is implemented, additional
investments may be required to provide reactive power compensation by other means,
which could increase the overall complexity and cost of the project. In this study, a min-
imum power factor of 0.95 was adopted as the reference value, in accordance with the
requirements established by Brazilian technical regulations.

The best-performing compensation configurations identified for PFS System 1 under
Topology 3 are summarized in Table 7. All evaluated cases include a 60 Mvar shunt
reactor installed at the FPSO terminal, while an additional 100 Mvar subsea reactor is
positioned along the submarine cable, typically located at 60% or 70% of its total length.
On the onshore side, the sending-end reactor ratings vary among 60, 80, and 100 Mvar,
generating different combinations of overall efficiency and power factor performance. The
six optimized solutions present a total installed reactive compensation capacity ranging
from 220 to 260 Mvar, reflecting alternative configurations that meet the operational voltage
and power factor requirements with minimal losses and adequate voltage profiles along
the transmission system.

Figure 11. Efficiency and power factor of the approved compensation solutions for Topology 3 in PFS
System 1.

The 201 approved cases for Topology 4 also exhibit the same antagonistic behavior
between efficiency and power factor observed in the approved solutions of Topology 3,
as confirmed in Figure 12. Even greater variations in the power factor can be observed in
this case.
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Table 7. Best solutions—Topology 3 PFS System 1.

Approved Case Reactors
Positions (%)

Rated Reactive
Power [Mvar] Efficiency (%) Power Factor

Total Reactive
Power Solution

[Mvar]

33 0–60–100 100–100–60 90.3 0.97 260
34 0–60–100 60–100–60 90.2 0.98 1 220
36 0–60–100 80–100–60 90.1 1.00 240
40 0–70–100 60–100–60 89.6 0.97 1 220
41 0–70–100 80–100–60 89.5 1.00 240
42 0–70–100 100–100–60 89.4 0.97 260

1 Lead power factor indicates undercompensated reactive power, which may impose connection limitations
depending on national grid code requirements.

Figure 12. Efficiency and power factor of the approved compensation solutions for Topology 4 in PFS
System 1.

Considering the additional selection criteria and the threshold of 0.95 for the power
factor, Figure 13 presents the 16 best approved reactive compensation solutions for Topology
4, highlighting the rated compensation values and the locations of the shunt reactors—either
at the cable terminals or distributed along the submarine cable.

Figure 13. Best-performing compensation configurations of Topology 4 for PFS System 1.

The best-performing compensation configurations identified for PFS System 1 under
Topology 4 are summarized in Table 8. The three best-performing solutions for Topology 4
correspond to configurations employing 100 Mvar shunt reactors installed on the seabed
at 40% and 70% of the submarine cable length. The distinguishing factor among these
cases lies in the onshore reactive compensation, where the shunt reactor ratings range from
20 Mvar to 60 Mvar. This variation directly influences both the system efficiency and the
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power factor. It is evident that the relatively small differences in efficiency—ranging from
91.6% to 90.8%—are less significant than the pronounced variations in power factor, which
span from a leading (capacitive) to unity and finally to a lagging (inductive) condition.

Table 8. Best solutions—Topology 4 PFS System 1.

Approved Case
Index

Reactors
Positions (%)

Rated Reactive
Power [Mvar] Efficiency (%) Power Factor

Total Reactive
Power Solution

[Mvar]

67 0–40–70 20–100–100 91.6 0.98 1 220
141 0–40–70 40–100–100 91.0 1.00 240
155 0–40–70 60–100–100 90.8 0.96 260
156 0–40–80 40–80–100 90.8 0.98 1 220
157 0–50–70 60–80–100 90.8 0.98 240
168 0–50–70 40–80–100 90.7 1.00 220
169 0–50–80 60–100–80 90.7 0.98 240
177 0–40–80 60–80–100 90.6 1.00 240
178 0–50–70 80–100–80 90.6 1.00 260
179 0–50–70 80–80–100 90.6 0.96 260
189 0–50–70 40–100–80 90.5 0.96 1 220
190 0–50–80 60–100–80 90.5 1.00 240
193 0–50–80 60–60–100 90.4 0.96 220
196 0–50–80 80–100–80 90.2 0.98 260
200 0–50–80 80–60–100 90.1 1.00 240
201 0–50–80 100–60–100 90.1 0.96 260

1 Lead power factor indicates undercompensated reactive power, which may impose connection limitations
depending on national grid code requirements.

Figure 14 illustrates the voltage and current profiles along the cable for the best
reactive compensation solutions obtained for Topologies 3 and 4 of PFS System 1. The
results are shown for the three operational conditions considered—no-load, Scenario A,
and Scenario B. For Topology 3, Case 36 was selected, which employs a shunt reactor
rated at 80 Mvar located onshore, another rated at 100 Mvar installed on the seabed at 60%
of the cable length, and a 60 Mvar unit placed on the FPSO. This configuration achieves
an efficiency of 90.1% under Scenario B operating conditions and a unity power factor,
fully compensating the reactive power at the point of connection with the main grid. For
Topology 4, the selected solution corresponds to Case 141, which also presents a unity
power factor and an efficiency of 91.0%. This configuration consists of two 100 Mvar shunt
reactors installed along the submarine cable at 40% and 70% of its total length, as well as
another 40 Mvar reactor located onshore.

When analyzing the voltage and current profiles of both cases under all operating
conditions, it can be observed that the voltage distribution along the cable remains relatively
uniform. This behavior indicates that the dielectric stress on the cable insulation is also
evenly distributed. Discontinuities in the current profiles are noticeable exactly at the
connection points of the compensation reactors, where the current difference corresponds
to the reactive compensation current absorbed by each reactor. Moreover, the current
profile tends to become uniform along the cable, which contributes to a more balanced
thermal distribution, enhancing the system’s overall performance and reliability. Loading
variations influence the voltage and current profiles along the cable, yet all values remain
within the specified design limits. A particular aspect can be observed in the voltage profile
of the reactive compensation solution corresponding to Topology 3 under Scenario B. In
this case, the cable voltage near the FPSO terminal slightly falls below the 10% threshold,
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although the OLTC action at the transformer ensures that the voltage at the busbar remains
within the acceptable limits.

Figure 14. Voltage and current profiles for the best cases in system 1: Topology 3 (Case 36) and
Topology 4 (Case 141).

4.2. Results and Analysis for PFS System 2

For the PFS System 2, whose submarine transmission line length (120 km) is approx-
imately half that of PFS System 1, a greater number of approved cases was expected—a
tendency confirmed by the results presented in Table 9. This outcome reinforces the
well-established understanding in the technical literature that power transfer over shorter
transmission distances tends to be more feasible and efficient.

Table 9. Summary of evaluated reactive power compensation cases for PFS System 2.

Topology
Total

Evaluated
Cases

Approved
Solutions

Lowest
Efficiency (%)

Highest
Efficiency (%)

Lowest Power
Factor

Highest Power
Factor

1 18 15 93.0 94.2 0.33 (Lag) 0.99
2 90 11 92.8 93.7 0.39 (Lag) 0.99
3 3150 132 90.8 93.8 0.42 (Lag) 1.00
4 3150 318 90.6 94.2 0.34 (Lag) 1.00

The differences in efficiency among the approved solutions are not significant, par-
ticularly for the reactive compensation configurations of Topologies 1 and 2, where the
deviation between the best and worst performance does not exceed 1.2%. However, consid-
erable variations in the power factor can be observed across all topologies.

For PFS System 2, the antagonistic correlation between efficiency and power factor
observed in PFS Systems 1 was not identified, as illustrated in Figure 15. When the addi-
tional selection criterion based on the minimum power factor threshold of 0.95 is applied,
the number of approved cases across the four reactive compensation topologies decreases
substantially. Table 10 summarizes the cases that meet this stricter criterion, providing de-
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tails on the position and rating of the shunt reactors, as well as the corresponding efficiency
and power factor under the nominal operating condition (Scenario B).

Figure 15. Efficiency and power factor of the approved compensation solutions for PFS System 2.

Table 10. Best solutions—PFS System 2.

Topology Approved
Case Index

Reactors
Positions (%)

Rated
Reactive

Power [Mvar]
Efficiency (%) Power Factor

Total Reactive
Power

Solution
[Mvar]

1 6 0 40 94.1 0.99 40
1 7 0 60 94.1 0.99 60
2 1 0–100 20–20 93.7 0.98 40
2 3 0–100 40–20 93.4 0.99 60
3 1 0–20–100 20–20–20 93.8 1.00 60
3 2 0–30–100 20–20–20 93.7 1.00 60
3 3 0–40–100 20–20–20 93.5 1.00 60
3 4 0–50–100 20–20–20 93.5 0.99 60
3 10 0–60–100 20–20–20 93.3 1.00 60
3 19 0–70–100 20–20–20 93.1 1.00 60
3 27 0–80–100 20–20–20 93.0 1.00 60
4 1 0–20–80 20–20–20 94.2 1.00 60
4 2 0–35–65 20–20–20 94.2 0.99 60
4 3 0–25–75 20–20–20 94.1 1.00 60
4 5 0–40–70 20–20–20 93.9 0.99 60
4 7 0–40–80 20–20–20 93.8 0.99 60
4 8 0–50–70 20–20–20 93.8 0.99 60
4 14 0–50–80 20–20–20 93.7 0.99 60

The Table 10 presents the approved cases for Topology 1, in which only two configura-
tions satisfied the selection criteria, both employing onshore shunt reactors rated at 40 Mvar
and 60 Mvar. These two cases exhibited identical efficiency and power factor values of
94.1% and 0.99, respectively. This outcome confirms that, for this topology, a variation of
20 Mvar in the onshore reactive compensation does not significantly influence the overall
system performance. Furthermore, it is worth emphasizing that the high efficiency and
favorable power factor observed for the solution in Topology 1 reinforce its potential as a
viable alternative for distances up to 120 km, as shown in this paper.

A similar trend can be observed for the two approved solutions associated with the
reactive compensation of Topology 2. In this case, the installation of a 20 Mvar shunt reactor
at the FPSO, combined with an additional onshore reactor rated at either 20 or 40 Mvar,
resulted in efficiency levels comparable to those achieved with Topology 1. Moreover, the
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corresponding power factor remained close to unity, further demonstrating the technical
adequacy of this configuration for distances up to 120 km.

For Topologies 3 and 4 applied to the PFS System 2, which are based on configurations
including at least one subsea-mounted reactor installed along the submarine cable, a simi-
larly good performance was also observed. As in Topologies 1 and 2, the efficiency values
among the approved cases were very close, indicating that the different compensation
arrangements do not provide significant advantages in terms of electrical performance.
This finding is consistent with current practices and design choices adopted in existing
power-from-shore (PFS) installations worldwide, where the selection of the most suitable
compensation solution increasingly relies on economic, reliability, and operational crite-
ria—especially when configurations without submarine shunt reactors provide comparable
electrical performance.

The selected cases for Topology 3 and 4 correspond to a single rated power of 20 Mvar
for the shunt reactors, which may be installed at the onshore terminal, along the submarine
cable, or at the FPSO. The main distinction among the solutions lies in the positioning of
the reactor pairs—either one located along the submarine cable and the other at the FPSO
(Topology 3) or both positioned along the cable’s seabed (Topology 4). In Topology 3, the
20 Mvar reactor installed along the cable can occupy positions ranging from 20 to 80% of
the total cable length, resulting in negligible differences in efficiency. For Topology 4, the
configurations involving two submarine reactors may adopt either symmetric arrangements
(e.g., 20–80% or 35–75%) or asymmetric ones (e.g., 40–70% or 40–80%), also leading to only
minor variations in overall performance. In general, the total rated reactive power of the
compensation reactors for all topologies remains similar, typically ranging between 40 and
60 Mvar. This consistency reinforces the robustness of the analysis methodology and the
reliability of the selection and approval criteria established in this study.

Figures 16 and 17 illustrate the voltage and current profiles for the best-performing
cases of each topology in the PFS System 2. The selected configurations correspond to Case
6 of Topology 1 and Case 1 of Topologies 2, 3, and 4, which were identified as the most
effective reactive compensation solutions for this system.

Figure 16. Voltage and current profiles for the best cases in system 2: Topology 1 (Case 6) and
Topology 2 (Case 1).
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Figure 17. Voltage and current profiles for the best cases in system 2: Topology 3 (Case 1) and
Topology 4 (Case 1).

When analyzing the voltage and current profiles of both cases under all operating
conditions, it can be observed that the voltage distribution along the cable remains rela-
tively uniform for all cases. This behavior indicates that the dielectric stress on the cable
insulation is also evenly distributed. Discontinuities in the current profiles are noticeable
exactly at the connection points of the compensation reactors, where the current difference
corresponds to the reactive compensation current injected or absorbed by each reactor.
Moreover, the current profile tends to become more uniform along the cable under Scenario
B, which contributes to a more balanced thermal distribution and enhances the system’s
overall performance and reliability. Under no-load and Scenario A conditions, in which
the active power transfer from the onshore grid to the FPSO is relatively small, significant
variations in the current profile along the submarine cable were observed. This observa-
tion confirms the well-known issue associated with the high capacitance of submarine
cables, which significantly affects their electrical behavior under light-load or no-load
operating conditions.

4.3. Results and Analysis for PFS System 3

PFS System 3 presents characteristics similar to those of PFS System 2, sharing the
same onshore subtransmission configuration, submarine cable length, and voltage levels.
However, due to the higher power demand of the associated FPSO, two parallel submarine
cables with larger cross-sectional areas are employed for power transmission. The inclusion
of PFS System 3 in this study aims to evaluate the feasibility of doubling the transmission
capacity through the duplication of the submarine transmission elements. It is important
to note that all reactive compensation topologies consider this parallel-cable arrangement,
meaning that each submarine cable is equipped with its own shunt reactor for reactive
power compensation. The results presented herein—such as shunt reactor ratings and
the corresponding voltage and current profiles—are based on data obtained from a single
submarine cable of the proposed parallel pair. This structural approach is justified by
potential differences in the routing and installation paths of the parallel cables.
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Table 11 summarizes the cases approved for this system based on the voltage and
current compliance criteria. From a general analysis, it can be observed that the number of
approved cases is similar to that obtained for PFS System 2, although slight differences are
noted in the lowest power factor values and in the efficiency levels achieved. The higher
efficiency observed in PFS System 3 is mainly attributed to the larger cross-sectional area
of the submarine cables, which results in lower resistance per unit length. Conversely,
the narrower range of power factor values can be associated with the absence of onboard
power generation units in the FPSO.

Table 11. Summary of the evaluated reactive power compensation cases for PFS System 3.

Topology
Total

Evaluated
Cases

Approved
Solutions

Lowest
Efficiency (%)

Highest
Efficiency (%)

Lowest Power
Factor

Highest Power
Factor

1 18 10 94.5 95.1 0.51 (Lag) 0.99
2 90 5 94.2 94.6 0.75 (Lag) 1.00
3 3150 39 93.1 94.5 0.74 (Lag) 1.00
4 3150 143 93.5 95.3 0.54 (Lag) 1.00

Again, the differences in efficiency among the approved solutions are not significant,
particularly for the reactive compensation configurations of Topologies 1 and 2. For PFS
System 3, the best-performing cases can be identified in Figure 18. When the additional se-
lection criterion based on a minimum power factor threshold of 0.95 is applied, the number
of approved cases across the four reactive compensation topologies decreases substantially.
Table 12 summarizes the configurations that satisfy this stricter requirement, providing
details on the location and rated power of the shunt reactors, as well as the corresponding
efficiency and power factor under the nominal operating condition (Scenario B).

Figure 18. Efficiency and power factor of the approved compensation solutions for PFS System 3.

The results obtained for the best-performing cases of Topologies 1 and 2 are identical to
those observed for PFS System 2. For Topology 3, only two approved cases were identified,
both involving shunt reactors installed on the seabed at positions 20 and 30% along the
cable length. In the cases of Topology 4, an additional configuration was included, featuring
reactor placements at 50 and 80%, compared with the corresponding solutions from PFS
System 2. The fact that PFS System 3 employs duplicated transmission paths to deliver
the high power demand of 190 MW under Scenario B, combined with the similar electrical
performance observed among the topologies with and without subsea-mounted reactors,
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confirms that Topology 1 represents the most appropriate solution. This configuration is
considered the best practice, as there would be no significant limitations for installing the
shunt reactors at the onshore substation. Figures 19 and 20 illustrate the voltage and
current profiles for the best-performing cases of each topology in the PFS System 3. The
selected configurations correspond to Case 2 of Topology 1, Case 1 of Topologies 2 and 3,
and Case 4 of Topology 4, which were identified as the most effective reactive compensation
solutions for this system.

Table 12. Best solutions—PFS System 3.

Topology Approved Case
Index

Reactors
Positions (%)

Rated Reactive
Power [Mvar] Efficiency (%) Power Factor

Total Reactive
Power

Solution
[Mvar]

1 2 0 40 95.1 0.99 40
1 3 0 60 95.1 0.99 60
2 1 0–100 20–20 94.6 0.99 40
2 2 0–100 40–20 94.5 1.00 60
3 1 0–20–100 20–20–20 94.5 1.00 60
3 2 0–30–100 20–20–20 94.4 0.99 60
4 4 0–20–80 20–20–20 95.3 1.00 60
4 10 0–25–75 20–20–20 95.2 1.00 60
4 14 0–35–65 20–20–20 95.2 0.99 60
4 19 0–40–70 20–20–20 95.1 0.99 60
4 29 0–40–80 20–20–20 95.0 0.99 60
4 30 0–50–70 20–20–20 95.0 0.99 60

Figure 19. Voltage and current profiles for the best cases in system 3: Topology 1 (Case 2) and
Topology 2 (Case 1).

When analyzing the voltage and current profiles of both cases under all operating
conditions, it can be observed that the voltage distribution along the cable remains relatively
uniform for all cases. This aspect is particularly relevant, as it should be noted that no
power generation units are installed onboard the FPSO, confirming the technical feasibility
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of this electrical configuration for such an application. The current profiles were similar to
those obtained for PFS System 2. A slight difference can be observed under the no-load
condition for the Topology 1 case, in which a small current reaches the FPSO. This effect
results from the combination of the absence of onboard generation units and the reactive
power demand of the three 75 MVA FPSO transformers operating under no-load conditions.

Figure 20. Voltage and current profiles for the best cases in system 3: Topology 3 (Case 1) and
Topology 4 (Case 4).

4.4. Overall Analysis of the Results

The presentation and analysis of the results for each proposed PFS system provided a
comprehensive understanding of the behavior of the different reactive power compensation
solutions evaluated, as well as valuable insights into how each parameter and variable
affects the performance of the power-from-shore transmission. Based on these results, the
best-performing solutions were identified for each system and corresponding topology. At
this stage, it is essential to conduct a broader assessment of the advantages and limitations
of each configuration, comparing the performance of the various topologies across the
different PFS systems to establish a clear understanding of their relative merits. Table 13
presents a summary of the best-performing solutions obtained for each system and reactive
compensation topology, highlighting the positions of the shunt reactors, their rated reactive
power, the overall efficiency, the power factor at the point of common coupling with the
main grid, and the total reactive power compensation of each solution.

It is evident that all evaluated PFS systems achieved reactive power compensation
solutions with efficiencies above 90%, while maintaining a power factor close to unity
under nominal operating conditions. No feasible reactive compensation solutions were
found for PFS System 1 without considering configurations that include subsea-mounted
shunt reactors. For each PFS system, the best-performing solutions converged to a total
reactive power of approximately 240 Mvar for PFS System 1 and 40 Mvar or 60 Mvar
for the other systems—values significantly lower than the total reactive power estimated
from the cable operating voltage level, length, and capacitance per unit length. Reactive
power compensation solutions employing a single shunt reactor installed on the seabed
at 50% of the cable length, which are typically suggested and analyzed in the technical
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literature, do not represent the most effective configuration for the systems evaluated in
this study. The minor differences in efficiency observed among the evaluated topologies are
not significant; therefore, the selection of a reactive power compensation solution is driven
more by potential violations in the voltage and current profiles than by the efficiency itself.
Even without onboard power generation units, PFS System 3 proved to be a technically
feasible solution. Furthermore, the use of paired submarine cables and compensation
elements in PFS System 3 represents a reasonable and effective approach to significantly
increase the amount of power transferred. Finally, it was observed from the extensive set of
simulations that the reactive power compensation solutions are inherently limited, even
when considering a wide range of possible combinations among the variables involved.

Table 13. Best solutions.

PFS System Topology Reactors
Positions (%)

Rated Reactive
Power [Mvar] Efficiency (%) Power Factor

Total Reactive
Power Solution

[Mvar]

1 1 - - - - -
1 2 - - - - -
1 3 0–60–100 80–100–60 90.1 1.00 240
1 4 0–40–70 40–100–100 91.0 1.00 240
2 1 0 40 94.1 0.99 40
2 2 0–100 20–20 93.7 0.98 40
2 3 0–20–100 20–20–20 93.8 1.00 60
2 4 0–20–80 20–20–20 94.2 1.00 60
3 1 0 40 95.1 0.99 40
3 2 0–100 20–20 94.6 0.99 40
3 3 0–20–100 20–20–20 94.5 1.00 60
3 4 0–20–80 20–20–20 95.3 1.00 60

5. Conclusions
The challenge of achieving the expected increase in oil production, combined with

the growing need to reduce carbon emissions—mainly originating from the gas turbine
generators installed on FPSO units—places FPSO electrification solutions as a strategic
priority. The relevance of power-from-shore technologies has therefore gained significant
attention within the scientific community, motivating extensive and complex research
efforts, while also mobilizing the technological sector toward the development of innovative
projects and practical implementation strategies.

The main alternatives for FPSO electrification are based on HVDC and HVAC trans-
mission technologies, each presenting distinct advantages and limitations. Currently, the
choice between these solutions primarily depends on the amount of power to be transmit-
ted and the distance to shore, with HVDC being more advantageous for high-power and
long-distance applications. However, HVAC systems offer practical benefits over HVDC
alternatives due to their robustness, simplicity, and operational maturity. To enhance the
applicability of HVAC systems and extend their transmission capability, it is necessary to
address their main limitation—the reactive power compensation requirements resulting
from the high capacitance of submarine cables. The pursuit of improvements and innova-
tive solutions for reactive power compensation in HVAC systems is not new; however, the
increasing number of submarine applications, such as the connection of offshore renew-
able farms and the electrification of FPSO units, has intensified the need to develop new
strategies to extend the technical feasibility limits of these systems.

Among the various existing reactive power compensation solutions, the simplest and
most robust approach consists of installing shunt reactors in the transmission system to
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provide fixed reactive compensation. However, due to the current limited maturity of
research and technological development in the context of submarine applications, such
implementations are still restricted to connections at the cable terminations, preferably at
the onshore terminal. Recognizing that further investigations into fixed reactive power
compensation are still required, this study presented and evaluated a set of topological
compensation solutions applied to different power-from-shore (PFS) systems, enabling a
comparative assessment between onshore and subsea reactor placement configurations.
The analysis encompassed PFS systems that significantly exceed conventional limits of
transmitted power and distance, a typical PFS configuration representative of FPSO electri-
fication projects, and an innovative system featuring the complete absence of onboard gas
turbine generation.

After the detailed definition of the three PFS systems, developed with careful con-
sideration of the technical and technological requirements feasible for currently available
equipment and solutions, specific approval and classification criteria were established
for the evaluation of the proposed configurations. By employing the powerful real-time
simulation capabilities of the RTDS platform, it was possible to efficiently evaluate a large
set of configurations, leading to the identification of several important conclusions. The
main highlight of this study is the demonstrated capability to achieve long-distance trans-
mission (250 km) of 75 MW for PFS System 1 using subsea reactive compensation solutions,
which were the only configurations—when compared to purely onshore alternatives—that
satisfied all technical criteria while maintaining efficiencies above 90%. For typical electrifi-
cation scenarios involving shorter transmission distances, the best solution corresponds
to onshore-only compensation, since the efficiency gains obtained with topologies includ-
ing subsea reactor placement were not sufficiently significant to justify the additional
investment and complexity associated with installing reactors on the seabed. The full
electrification of the FPSO is technically feasible, as the voltage and current profiles along
the submarine cable remain within acceptable operating limits. Moreover, duplicating the
transmission system to significantly increase the power transfer capacity has proven to
be an effective technical solution. Solutions involving the installation of subsea-mounted
reactors at the midpoint of the cable length do not represent the most effective configuration.
The best-performing solutions were observed at distinctly different positions from those
typically considered in current studies, such as reactor placements at 20–80% or 40–70% of
the total cable length.

Finally, after the comprehensive investigation carried out in this study, it becomes
evident that reactive compensation solutions based on subsea reactor placement enable
higher power transfer over longer distances, significantly extending the practical limits
that currently define the choice between HVDC and HVAC systems. These configurations
achieved efficiencies above 90% without violating the operational limits of the submarine
cable and without adding weight or volume constraints to the FPSO. This outcome re-
inforces the importance of continued research and technological development to further
advance the feasibility of installing shunt reactors on the seabed for future power-from-
shore applications. However, this study should be further extended to address additional
aspects and to achieve more accurate results, thus opening avenues for future research.

Highlights and Future Work

As a continuation of this work, it is essential to assess the costs associated with subsea
reactive power compensation, including installation, operation, equipment lifespan and
potential maintenance requirements. Accordingly, future studies should focus on evalu-
ating and comparing the economic performance of subsea, onshore, and platform-based
compensation strategies. In addition, further investigations should address the integration
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of dynamic compensation devices, particularly for platform and onshore applications. In
this context, advanced solutions such as STATCOM systems may be assessed in terms of
their effectiveness for automatic reactive power control and voltage regulation.

It is important to note that the discretization adopted in this study—namely, reactive
power levels ranging from 20 to 100 Mvar and spatial allocation intervals of 5% along
the cable length, for example—represents a balance between solution accuracy and com-
putational feasibility. While these choices enable a comprehensive assessment within a
practical simulation effort, a finer discretization could potentially yield a more accurate
identification of optimal configurations. Therefore, future work should investigate the
impact of higher-resolution discretization strategies, possibly combined with advanced
optimization techniques, in order to further improve result accuracy without incurring
significantly higher computational costs.

It should also be emphasized that the modeling approach adopted in this study
relies on several simplifying assumptions, including representing the main grid as an
equivalent voltage source, aggregating the FPSO demand as a lumped load, and assuming
idealized behavior for the shunt reactors. While these assumptions allow for a tractable
and computationally efficient analysis, they may influence the accuracy of the results. In
particular, the equivalent grid representation neglects network impedance variations and
dynamic interactions, which may affect voltage regulation and reactive power exchange.
Similarly, the lumped load model does not capture the spatial distribution or dynamic
behavior of the platform demand, potentially impacting the voltage profile along the
system. Furthermore, the idealized reactor model disregards non-ideal effects such as
losses, saturation, and control limitations, which may lead to optimistic estimates of
compensation performance and system efficiency. Consequently, the voltage profiles and
efficiency values presented herein should be interpreted as indicative trends rather than
exact operational values. Future studies should consider more detailed models to better
capture these effects and enhance the accuracy of the analysis.
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