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ABSTRACT This paper aims to analyze the effect of high penetration of floating offshore wind-based
power generation on the power quality of a Floating Production Storage and Offloading (FPSO) power
system. The paper focuses on the continuous frequency variation caused by intermittent wind power
generation and an energy storage-based solution for power smoothing. A set of results simulated in
MATLAB/Simulink® is shown to assess different operational scenarios of a typical Brazilian FPSO from
the Mero Oil Field, powered by 109 MVA/ 87 MW from three synchronous generators, without wind
power. Wind power penetration varies from 10 to 50 MW, and the effects of this variation on FPSO
power quality are reported. Then, the number of gas turbine generators is reduced from 3 to 2 generators.
Finally, the energy storage for power smoothing purposes is evaluated. Conclusions are drawn based on
steady-state and transient voltage and frequency profiles, active and reactive power flow between loads
and generation, the rate of change of frequency, and frequency nadir.

KEYWORDS Energy storage sizing, Floating production storage and offloading, Power quality, Offshore
wind energy generation.

I. INTRODUCTION
A floating production storage and offloading vessel (FPSO)
is an offshore oil and gas (O&G) production platform
developed for deepwater (300–1500 m) and ultra-deepwater
wells (beyond 1500 m). FPSO units offer a reliable and
space-efficient solution for the extraction and production of
deepwater oil, serving as a viable alternative to spar plat-
forms, tension leg platforms, and semi-submersible produc-
tion systems [1]. The fast-diminishing rate of discovery of
new giant fields highlights the growing importance of smaller
oil fields. Furthermore, for short-lived good exploration in
remote marginal oil fields, building a new pipeline is cost-
prohibitive [2].

The FPSO is an medium-voltage isolated power system
with main energy generation composed of synchronous
generators (SGs) driven by gas turbines. This system sup-
plies different loads, such as compressors and pumps, that
continuously run the O&G production. The electric energy
consumption can reach tens of megawatts due to specific
functions, the complexity of system composition, and the
environment features [3]. Since gas turbine generators are
the leading energy resource to supply the FPSO, such an
application is associated with a large amount of carbon
emissions [4].

Expanding oil production requires more FPSO genera-
tion capacity. However, increasing gas turbine generators is
environmentally undesirable and demands significant FPSO
space [5]. Renewable energy resources, specifically wind
energy conversion systems (WECS), stand out as a non-
polluting solution for increasing FPSO production. There
are three possibilities for the allocation of wind farms: (i)
wind turbines on the continent (i.e., onshore wind turbines),
(ii) wind turbines on a platform exclusive to shelter gener-
ation [6], and (iii) offshore wind turbines. In all cases, the
WECS is connected to the FPSO through an umbilical cable.
The Brazilian O&G company, Petrobras, has submitted an
environmental licensing request for the installation of an
offshore wind farm. The project considers 178 wind turbines
with 18 MW each. The ongoing regulatory discussions and
large-scale projects under development show that floating
offshore wind farms are a power generation option for O&G
sector [7].

In recent years, many publications have dealt with offshore
wind turbines, which supply electric energy to offshore
O&G platforms. The authors of [8] show a strategy to add
voltage and frequency control embedded in wind turbines
equipped with electronic converters to improve power quality
in offshore O&G installations in the North Sea. In the same

Eletrônica de Potência, Rio de Janeiro, v. 30, e202524, 2025. 1

https://orcid.org/0000-0002-4055-8290
https://orcid.org/0000-0003-0710-7815
http://doi.org/10.18618/REP.e202524
https://orcid.org/0000-0002-6628-7038
https://orcid.org/0000-0001-6264-351X
https://orcid.org/0000-0001-6625-4925
https://orcid.org/0000-0002-6185-4910
https://orcid.org/0000-0002-5878-1167
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.18618/REP.e202524&domain=pdf&date_stamp=2025-03-07


Medeiros et al.: Power Quality Enhancement of Offshore Oil and Gas Platform with High Penetration of Wind Power and Energy Storage

context, reference [9] shows the sensitivity analysis of the
voltage and frequency variations for typical transients on
an oil platform interconnected to a wind farm. The authors
of [10] analyze the FPSO with a wind turbine from a low-
inertia power system perspective and propose an inertia
emulation control strategy to ensure stable FPSO operation.
In contrast, this paper examines the effect on the FPSO
power quality when connected to an offshore WECS under
high penetration levels. According to [11], a high wind
penetration rate is defined as exceeding 10% of the total
grid power, increasing to 20% in cases where energy storage
systems (ESS) are implemented. The penetration rate (PR%)
is computed as PR% = PWECS/PFPSO, i.e., the ratio
between the active power from wind energy (PWECS) and
the total FPSO active power (PFPSO), considering wind
power.

The effects of high penetration of wind-based renewable
energy generation are addressed by [11]–[13]. The authors
of [12] evaluate the consequences of the high penetration
of renewable energy on transient voltage stability, with tests
from 35% to 95% penetration rates. The authors of [13] also
use distinct penetration rates (13.6%, 20.6%, and 32.61%)
to estimate the frequency response of a power system under
high wind energy penetrations. The authors of [11] assess the
effect on frequency behavior of different penetration rates
(that is, 9%, 20%, 30%, 40%, and 50%) of WECS and
different wind speed limits on an offshore platform. Herein,
it is proposed three penetration rates: 10.3%, 36.5%, and
46.3%. In the latter scenario, carbon emission is reduced by
approximately 33% compared to the base case of 3 SGs, due
to the disconnection of a gas-driven SG.

Another power quality issue caused by wind power gen-
eration, equally relevant but less addressed in the literature,
is continuous frequency disturbance. Grid codes tend to be
more stringent for continuous frequency disturbances than
transient and steady-state tolerances. ESS appear as viable
solutions for frequency regulation, when needed due to heavy
connection of intermittent renewables, mainly wind power
generation. The frequency regulation can focus on inertia
control (frequency response), primary frequency control, or
power smoothing. The inertia and primary frequency control
with the use of ESS [14], [15] is applied when occurs a
disturbance in the frequency typically due to the shutdown
of one of the SG or a large load. Power smoothing is based
on correcting deviations due to the continuous intermittency
of the wind power generation.

The authors of [16] evaluate the mitigation of power
oscillations in a low voltage grid associated with a pho-
tovoltaic plant and connected to a battery energy storage
system (BESS). They proposed a methodology that includes
the combined analysis of the rainflow counting algorithm,
Monte Carlo simulation, and nonlinear damage accumulation
rule for battery reliability assessment. Whereas in [17],
the authors have tested three power smoothing algorithms:
moving average, ramp rate, and first-order low-pass filter,

for generating the power reference for the ESS. The authors
also analyze typical metrics for evaluating power smoothing
techniques and comment on their limitations. These metrics
are standard deviation, maximum variability, visual analysis,
and irradiance-based metrics.

This paper is an extended version of [18], in which an
ESS sizing methodology for power smoothing is included to
mitigate continuous frequency disturbance. Thus, this paper
employs a typical Brazilian FPSO from the Mero Oil Field,
powered by 109 MVA/ 87 MW from three synchronous gen-
erators, without wind power. The results are obtained from
MATLAB/Simulink® under different operational scenarios.
The first parameter variation evaluated is the increase in
WECS penetration (10 and 50 MW). Then, the effect of
reducing the number of SG from 3 to 2 is shown. Finally, the
ESS sizing and its operation for power smoothing purposes is
evaluated. The conclusions are drawn based on steady-state
and transient voltage and frequency profiles. The minimum
power factor, the maximum rate of change of frequency
(RoCoF), and the frequency nadir are also analyzed. The
transient event triggered is the generation loss of 10 MW or
30 MW of wind power. The compliance with the standard
is validated based on IEC 61892-1:2019 requirements [19].

This paper is structured as follows: Section II presents the
FPSO electrical power system, typical frequency response
after transients, relevant grid codes, and evaluated figures of
merits. Section III shows the ESS methodology sizing for
power smoothing. Section IV shows comparative simulation
results with the proposed system scenarios. Finally, Section
V discusses the conclusions regarding the power quality
assessment through the proposed simulations.

II. FPSO UNIT WITH FLOATING OFFSHORE WIND
The electrical power system of a typical Brazilian FPSO
from the Mero Oil Field is shown in Fig. 1. It is mainly
powered by three 36.25 MVA SGs driven by gas turbines
of 29 MW each and controlled as shown in [20]. The
SGs are equipped with frequency and voltage slow dynamic
secondary control to achieve steady-state regulation at 60 Hz
and 11 kV, respectively. A total of 78.4 MW of induction
motors is distributed across two electrical feeders: Topsides
and Vessel. Additionally, a 10 to 50 MW WECS is integrated
into the FPSO, which increases active power oscillation, and
then amplifies frequency deviations. While the ESS aims
at regulating frequency with a maximum deviation of 0.5%
from the nominal frequency, i.e., within 59.7 Hz and 60.3
Hz, complying with IEC 61892-1:2019.

Topsides A and B are interconnected, while the circuit
breaker interconnecting Vessel A and B is open. The con-
nection circuit breakers between the Topsides and the Vessel
busbars are closed. This electrical power system configura-
tion is a radial system with selective protection. In case of
a fault on a specific bus, the protection system switches off
and isolates only the side with an electrical fault for the safe
operation of the FPSO.

2 Eletrônica de Potência, Rio de Janeiro, v. 30, e202524, 2025.

https://creativecommons.org/licenses/by/4.0/


Eletrônica de PotênciaSpecial Issue
Open Journal of Power Electronics

15.23 MW
121 kWh

FIGURE 1. Simulated electrical power system of a typical Brazilian FPSO from Mero Oil Field.

Furthermore, 230 kW/184 kvar of one medium-voltage
load and 8.53 MW/4.70 kvar of four low-voltage loads are
connected through step-down transformers. The induction
motors are squirrel-cage modeled with a double-cage, as
in [21]. The step-down transformers are modeled based on
the delta-star connection type, as shown in reference [22].
The low-voltage loads are modeled as active and reactive
power (PQ) constant loads, and the medium-voltage loads
are modeled as constant impedance loads. For more model
details, see reference [20].

The WECS is composed of a horizontal axis wind tur-
bine with three blades, mechanical coupling without gear-
box (direct-drive), permanent magnet synchronous generator
(PSMG), and an electronic back-to-back converter. The back-
to-back converter is composed of a three-phase, three-level
neutral point clamped (3L-NPC) rectifier, a 6.5 kV dc-
bus, and a three-phase 3L-NPC inverter, controlled in grid-
following mode to minimize the umbilical cable transmission
losses [23]. The LCL output filter connects this converter to
the umbilical cable through a 4/33 kV step-up transformer.
This umbilical cable is also connected to a 33/11 kV step-
down transformer to make the cable output voltage compat-
ible with the FPSO voltage. The ESS features a cascaded
H-bridge inverter with 15 submodules per phase, interfacing
with the FPSO through an isolation transformer. The DC
link of each low voltage submodule is equipped with a set
of supercapacitors, arranged in series and parallel to meet the
power and energy requirements of 15.23 MW/ 121 kWh.

Submarine umbilical cables transmit the power generated
from WECS to FPSO and represent a large part of the wind
farm implementation costs. In this study, the three-core cable
is considered, which presents the following advantages over
the single-core cable: cheaper to install; it is possible to
produce the cable with integrated fiber optical cables, hence
there is no need for extra operations for laying a fiber optical
cable; little or no coupling to neighboring or parallel cable
systems; and, reduced losses in the shield [24]. The increase
in the distance between the wind farm and the FPSO means
a capacitive characteristics model, higher impedance, and
higher losses.

A. Frequency Response
Fig. 2 illustrates a typical grid frequency response following
a generator tripping event. Immediately after the disturbance,
the response is defined by the system inertia and character-
ized by the RoCoF. The frequency nadir is the minimum
frequency reached following the disturbance. During the
primary response, the governor control adds the available
power to interrupt the frequency drop and reestablish the
frequency balance. However, this restoration does not reach
the previous nominal frequency levels. The primary response
timescale is measured in seconds, generally 10 to 30 seconds.
If secondary control is present, the nominal frequency is
reestablished through fine adjustment of the SG governor
control droop curve. The secondary control timescale typi-
cally varies from 30 seconds to several minutes or tens of
minutes [25]. The SGs operate with an automatic voltage
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FIGURE 2. Typical frequency response following the tripping of a
generator.

TABLE 1. Steady-state, transient and continuous tolerances of voltage and

frequency according to IEC 61892-1:2019 [19].

Steady-state Transient Continuous

Frequency ±5.0%.fn ±10%.fn 0.5%.fn
Voltage ±2.5%.vn +20%.vn, -15%.vn -

regulator (AVR) and with governor control, the latter being
the primary frequency control. Given the relatively slower
time response compared to primary control, the secondary
frequency control is not implemented herein without loss of
generality.

B. Grid Code and Evaluated Figures of Merit
Integrating offshore WECS into an FPSO introduces con-
tinuous frequency variations due to the intermittent and
turbulent nature of the wind. These continuous frequency
variations are undesirable, as they lead to excessive wear and
tear of SGs by repeatedly triggering their governor control
to regulate active power. Standard IEC 61892-1:2019 [19]
sets the maximum and minimum frequency and voltage
limits during steady-state conditions and transient events.
The standard also indicates a reference for the system to
withstand continuous frequency variation.

Tab. 1 shows these range limits according to [19]. The
frequency tolerance requirement is ±5.0% of nominal fre-
quency (fn) during steady-state conditions and ±10.0% of
fn for transient events. For continuous cyclic frequency
variation, the IEC 61892-1:2019 sets a tolerance of 0.5%
of the nominal frequency. Thus, it is essential to smooth
the WECS power fluctuation using an ESS. The voltage
tolerance requirement is ±2.5% of nominal voltage (vn)
during steady-state conditions, and -15% of vn to +20% of
vn for transient events.

Power quality issues caused by WECS connection to
FPSO are quantified in this paper using the following figures
of merit:

1) Voltage variation: ∆V = Vmax − Vmin.
2) Frequency variation: ∆f = fmax − fmin.
3) Minimum power factor: min (PF) = min(P/|S|).

4) Maximum RoCoF: max|RoCoF | = max|df/dt|.
5) Frequency nadir variation: ∆fnadir = fbt − fnadir.

The minimum and maximum values of 1), 2), and 3) are
considered at the Topsides busbar within an evaluated time
window during steady-state. P and S are the active and
apparent power provided by an SG. For transient evaluation,
4) and 5) are considered. RoCoF is computed using an
attenuated 100 kHz bandwidth low-pass filter followed by a
derivative function. The frequency nadir variation (∆fnadir)
is defined as the variation between the frequency before
the transient event (fbt) and the frequency nadir, fnadir.
Herein, ∆fnadir is used instead of fnadir due to the lack
of secondary control implemented on the SGs.

III. SIZING OF ENERGY STORAGE FOR POWER
SMOOTHING
Traditional power smoothing strategies for WECS often
involve operating the system outside of its maximum power
point (MPP). This approach reduces power fluctuations, but
also leads to a loss in power generation. These methods, as
discussed in [26]–[28], prioritize smoothing power variations
at the cost of reduced energy production, which lowers the
overall efficiency of the system. To prevent a reduction in the
power generated by WECS, an alternative to maintaining the
system at its MPP while simultaneously achieving the power
and frequency smoothing objective is the integration of ESS
into the FPSO platform, as implemented herein. Essentially,
the difference between the frequency smoothing strategies
embedded in the ESS is based on the way the active
power reference is generated to be injected or absorbed. For
this offshore FPSO application, the autonomous freq-watt
strategy is adopted as it eliminates the need for additional
sensors. It is worth highlighting that the freq-watt strategy
is not a contribution of this paper. The focus is on the
methodology for sizing the ESS to provide power smoothing.

The challenge of smoothing the WECS power fluctuations
using an ESS depends on determining the appropriate size of
the ESS, including its power and energy ratings. The swing
equation, which describes the rotor dynamics of SGs, has
been implemented to represent the frequency behavior of the
FPSO power system under significant electrical penetration
disturbances from the WECS, as in [29]:

2H

ωm
· d

2δ

dt2
= Pm + Pess − Pe, (1)

where δ is the rotor angular position according to the
position of the synchronously rotating magnetic field, H is
the inertia constant, ωm is the synchronous speed of the
machine magnetic field, Pm is the mechanical power, Pess

is the ESS power and Pe is the electrical power or load
on the SGs. The authors of [30] show that the simplified
model based on (1) can produce a frequency response that
closely resembles that of the detailed model with the voltage
dynamics incorporation. Also, the detailed model can be
particularly time-consuming when sizing the ESS using a
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FIGURE 3. Block diagram of FPSO frequency response simulation.

full day of data, so it is often avoided. The block diagram
that calculates the FPSO frequency response is shown in
Fig. 3.

The power contribution of the ESS for power smoothing
is closely linked to the WECS power intermittency. Fig. 3
shows the algorithm employed to generate turbulence in wind
speed based on a specified average wind speed. The turbine
inertia constant is considered to evaluate how variations in
wind speed influence the WECS output power. The smooth-
ing power of the ESS is determined by calculating a moving
average of the WECS power over a 5-minute window. The
following equations outline the method for calculating the
smoothing power:

Pwf avg[n] =
1

N

N−1∑
k=0

Pwf [n− k] (2)

Pess[n] = Pwf avg[n]− Pwf [n], (3)

where Pwf avg[n] is the WECS average power for the last
5 minutes, n is the sample index, N is the total number
of samples within the 5-minute window depending on the
sampling time, Pwf [n − k] is the actual WECS power at
a specific point in the past indicated by the sample number
n−k, Pess is the smoothing power that needs to be supplied
by the ESS, and Pwf [n] is the wind farm power in the current
sample n.

The data for the WECS is presented in Table 2, with
the rated mechanical power chosen as the base power for
calculating the per unit values. The wind turbulence is
initially simulated using the data from Table 2, which reveals
that the wind speed oscillates by an average of ±2 m/s
around the mean wind speed. This ±2 m/s variation is then
applied to set the average wind speed that results in the
maximum change in WECS power and the maximum energy
rating. By examining the wind speed range of 4-11 m/s, an
average wind speed of 9 m/s is identified as requiring both
the maximum power rating and maximum energy rating.

Five wind turbines (i.e., Nt = 5) are utilized, with each
WECS assumed to supply a maximum of 10 MW despite a
rated power of 11 MW. This ensures consistency throughout
the analysis of a 50 MW wind farm. The model is simulated

TABLE 2. WECS parameters.

Parameter Value

Rated mechanical power 11 MW
Rated mechanical speed 10 rpm
Minimum wind speed 4 m/s

Rated wind speed 11 m/s
Maximum wind speed 25 m/s

Equivalent moment of inertia 7.3 ×107 kgm2

Blade diameter 194 m
Turbulence intensity 6 %
Number of turbines 5

WECS curve
vwind (m/s) x P (pu)

[0, 4, 5, 6, 7, 8, 9, 10, 11, 25, 30] m/s
[0, 0, 0.095, 0.16, 0.26, 0.38, 0.55, 0.75, 1, 1, 0] pu

FIGURE 4. Results of the ESS sizing using the 9 m/s average wind speed.

over 86,400 seconds (i.e., one day), and the resulting wind
speed profile, grid frequency, ESS power, and ESS energy
are shown in Fig. 4. As shown in Fig. 4 (a), the wind speed
fluctuates by 2 m/s around the average. Fig. 4(b) shows
that the grid frequency remains within ±0.5%. The WECS
maximum power output in Fig. 4(c) is -21.3 MW, while the
required energy rating, as shown in Fig. 4(d), is 121 kWh
(i.e., the maximum variation of energy). Moreover, the ESS
power rating can be further minimized since maintaining a
maximum continuous frequency variation of 0.5% is suffi-
cient. The approach for determining the optimal power rating
is detailed in the flow chart in Fig. 5.

The region reduction iterative algorithm (RRIA) starts by
setting the lower bound for the solution region, χmin(k), to
zero and the upper bound for the solution region, χmax(k),
to a reasonably high value that satisfies the condition of
the algorithm for the first iteration k=1. For k=1, χmax(k)
is set to the preliminary power rating of 21.3 MW, as
obtained from previous results. Then, the ESS rating, Pess =
χmin(k)+χmax(k)

2 , is determined. The difference between the
upper bound and lower bound, ε(k), is also computed. The
parameter εo is the threshold for stopping the iteration and
is set to 0.01 MW herein. Fp denotes the maximum number
of times the FPSO grid frequency may exceed 0.5% due to

Eletrônica de Potência, Rio de Janeiro, v. 30, e202524, 2025. 5

https://creativecommons.org/licenses/by/4.0/


Medeiros et al.: Power Quality Enhancement of Offshore Oil and Gas Platform with High Penetration of Wind Power and Energy Storage

Start

Input
𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘 ,𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘 , 𝜀𝜀𝑜𝑜,ℱ𝑝𝑝 

Estimate
𝑃𝑃𝑒𝑒𝑒𝑒(𝑘𝑘), 𝜀𝜀(𝑘𝑘) 

If 𝜀𝜀 𝑘𝑘 > 𝜀𝜀𝑜𝑜

Simulate power 
system to obtain ℱ(𝑘𝑘)

If ℱ(𝑘𝑘) ≤ ℱ𝑝𝑝

𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘
= 𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘

𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘
= 𝑃𝑃𝑒𝑒𝑒𝑒 𝑘𝑘

𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘
= 𝑃𝑃𝑒𝑒𝑒𝑒 𝑘𝑘

𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘
= 𝜒𝜒𝑚𝑚𝑚𝑚𝑚𝑚 𝑘𝑘

Optimal rating 
obtained (𝑃𝑃𝑒𝑒𝑒𝑒 𝑘𝑘 ) 

End

No

No

Yes

Yes

FIGURE 5. Region reduction iterative algorithm for determining the
optimal ESS power rating.

variations in WECS power. In this paper, Fp is set to 48,
implying that the FPSO grid frequency is allowed to exceed
the 0.5% threshold on average once every 30 minutes. This
interval is sufficiently large to be considered a transient event
rather than a continuous frequency variation.

During the first iteration, the RRIA checks whether ε(k) >
εo. If this condition is satisfied, the system is simulated with
the calculated ESS power rating, Pess. F(k) is the number of
times the frequency exceeded 0.5% during a day of simula-
tion. If F(k) ≤ Fp, χmin(k) is set to χmin(k) and χmax(k)
is set to Pess(k). Conversely, if F(k) > Fp, χmin(k) is
updated to Pess(k) and χmax(k) remains unchanged. In
subsequent iterations, Pess(k) and ε(k) are recalculated, and
the RRIA again checks whether ε(k) > εo. If this condition
holds, the system is simulated once more. The algorithm
continues until ε(k) < εo, at which point the iteration stops,
and the last ESS power rating Pess(k) is selected as the
optimal rating. Running the RRIA algorithm provided a
reduced power of 15.23 MW. The FPSO grid frequency with
this power rating and an energy rating of 121 kWh is shown
in Fig. 6.

It can be seen from Fig. 6 that the FPSO grid frequency is
limited to 0.5% continuously. The three frequency deviations
that exceeding ±0.5% are highlighted in Fig. 6, which are
essentially considered transient events. The frequency of
the system takes approximately 100 seconds to recover. As
shown in Fig. 6, a continuous frequency deviation of ±0.4%
persists due to ongoing variations in wind speed. After
each transient event where the deviation exceeds ±0.5%,
the frequency stabilizes to its normal operating condition of
±0.4% in approximately 100 seconds. Since these deviations
beyond ±0.5% are short-lived and last no more than 100
seconds, they are classified as transient events.

With the ESS power and energy ratings established,
attention turns to the practical implementation of these
ratings. For this, the supercapacitor appears to be the best

FIGURE 6. FPSO grid frequency with a reduced ESS rating of 15.23 MW/
121 kWh obtained from the RRIA.

current mature technology option. A 144 V, 62.5 F Eaton
supercapacitor module, rated at 420 kW and 180 Wh, is
used as the base unit in this paper [31]. It is worth noting
that not all of the stored energy in the supercapacitor can be
utilized due to significant voltage variations during operation.
Therefore, it is practical to limit the discharge to 50% of
its rated voltage, allowing for the extraction of 75% of the
total stored energy. To meet the required ESS ratings, 900
units of the base module are configured in a series-parallel
arrangement, consisting of 90 parallel connections and 10
series connections. This configuration results in a total
rated voltage of 1440 V, a usable energy capacity of 121.5
kWh, and a maximum power output of 37.8 MW. However,
only 15.23 MW is necessary from the supercapacitor bank,
meaning the maximum capacity of 37.8 MW will not be
fully utilized.

Supercapacitors are one of many energy storage tech-
nologies that can be utilized for this application. In wind
power smoothing applications, energy storage systems must
be able to deliver high charge/discharge rate capabilities (C-
rates) to respond quickly to fluctuations in WECS. Although
solid-state batteries offer significant advantages, such as high
energy density [32] and improved safety over conventional
lithium-ion batteries [33], they generally exhibit lower C-rate
capabilities (around 1 to 2C). This limitation makes them less
suitable for managing the high-frequency charge-discharge
cycles needed to smooth transient wind power fluctuations.
Flywheels, in contrast, excel in high-power, short-duration
applications [34], offering instantaneous power with C-rates
exceeding 100C. However, their relatively limited energy
storage capacity restricts their effectiveness in sustaining
power smoothing over extended periods. Lithium-ion capac-
itors (LICs) offer a middle ground with C-rates typically 10
to 50C, allowing them to handle rapid fluctuations and mod-
erate energy requirements efficiently [35]. Nevertheless, even
these alternatives fall short of supercapacitors, which boast
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TABLE 3. Configurations of the case study.

Case Active wind power SGs Umbilical cable ESS

1 10 MW x 50 MW 3 SG 12 km No
2 50 MW 3 SG x 2 SG 150km No
3 50 MW 2 SG 12 km Yes

extraordinarily high C-rates (up to 10,000C) and unparalleled
power density [31], making them the best suited to handle
wind power variability. Although supercapacitors are ideal
for handling short-term transients, their low energy density
limits their application in scenarios where both high energy
capacity and rapid response are required, necessitating a hy-
brid or complementary system for optimal performance [29].

IV. SIMULATION RESULTS
The models of each part of the system are simulated in
MATLAB/Simulink® with a step simulation of 100 µs using
a discrete solver. The results are split into three case studies,
as shown in Tab. 3. Case 1 analyzes the consequences of
increasing the offshore WECS active power, while Case 2
evaluates the results outage of an SG, and Case 3 analyzes
the power smoothing effects with the ESS employment. For
the first and second case studies, the steady-state figures
of merit are computed between 50 and 69 s, while the
transient event is considered within the 70 - 74 s time
window. The third case study considers only steady-state,
with results showed during 60 - 250 s. Only the result of SG1

is shown since the droop-based control performs accurate
power-sharing among SGs.

A. Case 1: Increase of the Floating Offshore Wind Active
Power
Fig. 7 (a) shows the active and reactive power in SG1

(PSG1 and QSG1), and (b) the active and reactive power in
WECS (PWECS and QWECS). The simulation results with
10 MW (Nt = 1) or 50 MW (Nt = 5) of WECS show that
the active power in SG1 decreases when compared to the
system without (w/o) wind generation, representing a relief
in SG operation. The number of turbines affects the umbilical
cable parameters and results in increased injection of reactive
power by the umbilical cable into the FPSO system. After
the transient event (shutdown of one turbine at t = 70 s),
WECS reactive power is adjusted to minimize losses in the
umbilical cable.

The increase in wind energy generation from 10 to 50 MW
results in a more disturbed FPSO voltage and frequency - see
Fig. 7 (c). Figs. 7 (c)-(d) and Tab. 4 express this aggravation
of voltage and frequency variation, i.e., 122% and 230%,
respectively. Nonetheless, the voltage and frequency limits
shown in Tab. 1 [19] are not reached. The minimum power
factor is influenced by both the reactive powers exchanged
and the active powers available in the system. It also shows
deterioration, with a reduction of 17%.

The figures of merit for evaluating the system behavior
during transient events, max|RoCoF | and ∆fnadir, are not
negatively affected by the increase in wind generation. The
maximum RoCoF presents a reduction of 2.3% while, the
frequency nadir variation shows a reduction of 3.1%. The
results show that the increased disturbance, due to increased
wind energy penetration, is more significant in steady-state
conditions.

B. Case 2: Number of Gas Turbine Generators Reduction
Since the WECS and SGs are current- and voltage-
controlled, respectively, the SGs complement the power
demand from the loads subtracted from the WECS injected
power. With the shutdown of one SG, the remaining two
generators operate with increased active power, from 20 MW
to 29 MW each, which is the SG maximum active power
available - see Figs. 7 (h) and (i).

Due to the slow dynamics of the governor control, the
frequency oscillates following WECS active power fluc-
tuation (PWECS), see Fig. 7 (k). Due to the AVR slow
dynamics and the power coupling caused by the FPSO
line impedances, with the WECS penetration, the Topsides
voltage also fluctuates, see Fig. 7 (j). Tab. 4 shows that during
the shutdown of an SG, all figures of merit deteriorate:
voltage variation increases by 127%, frequency variation
increases by 38%, maximum RoCoF increases by 41%,
frequency nadir variation increases by 37%, and minimum
PF decreases by 1.7%. During the transient events (i.e., Nt

from 5 to 2) and within the steady-state operation, voltage
and frequency values have not reached the limits shown in
Tab. 1 [19].

C. Case 3: Frequency Response Enhancement with
Energy Storage System
Fig. 8 shows the simulation results of the FPSO under two
operational scenarios: (i) without ESS and (ii) with 15.23
MW/ 121 kWh ESS for wind power smoothing, and con-
sequently frequency support. A 50 MW WECS penetration
and two operational SGs are simulated in both scenarios.
No transition is enabled in Fig. 8. The focus is on power
smoothing by the ESS to reduce continuous SG frequency
fluctuations, keeping it within the 60 Hz ±0.5% limits.

Fig. 8 (a) shows the frequency fluctuations caused by the
intermittent WECS active power, both with and without the
ESS installed. Within the simulated 60 to 250 seconds (i.e.,
less than 5 minutes), there are 20 violations of the continuous
frequency variation limits of ±0.5% (i.e., specified by the
IEC 61892-1:2019) when the ESS is not employed. In
contrast, there are no limit violations when the ESS is
used during this period. Fig. 8 (b) shows the active power
measured at the SG output terminals, with and without ESS.
The high dP/dt observed in PSG1 without the ESS leads
to continuous frequency fluctuations that exceed regulatory
limits, resulting from the limited bandwidth of the primary
and secondary governor controls. The smoothing of SG
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FIGURE 7. Simulated results considering 10 MW x 50 MW of WECS. Active and reactive power at (a) SG1, (b) WECS. (c) Topsides RMS voltage. (d) FPSO
frequency. (e) RoCoF. (f) Zoomed view frequency with 10 MW of WECS. (g) Zoomed view frequency with 50 MW of WECS. Simulated results considering
3 SGs x 2 SGs. Active and reactive power at (h) SG1, (i) WECS. (j) Topsides RMS voltage. (k) FPSO frequency. (l) RoCoF. (m) Zoomed view frequency
with 3 SGs. (n) Zoomed view frequency with 2 SGs.

power transitions (i.e., reduced dP/dt) after installation of
the ESS allows sufficient governor control bandwidth to
reduce frequency fluctuations within acceptable limits - see
Fig. 8 (a).

Fig. 8 (c) shows the charging power (i.e., PESS > 0)
and discharging power (i.e., PESS < 0) at the ESS output
terminals. The supercapacitors corresponding percentage of
energy and voltage are shown in Fig. 8 (d). An energy
balancing strategy ensures the ESS is available for frequency
support. This strategy maintains the stored energy of super-

capacitors at 50% (on average) when the frequency is within
acceptable limits. Therefore, the ESS stores excess energy
during periods of high WECS generation and releases it
during low WECS generation, smoothing the power output
at the SGs. As shown in Fig. 8, this effectively stabilizes
the frequency and keeps frequency deviations within accept-
able operational limits, which enhances the reliability and
resilience of the FPSO power system.

Finally, to compare with case studies 1 and 2, Table 4
highlights the enhancement in the evaluated steady-state
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TABLE 4. Numerical results for the study of cases.

Configuration Steady-state Transient-state

Case PWECS SGs lumb ESS ∆V ∆f min(PF) max|RoCoF | ∆fnadir

(MW) (km) (pu) (Hz) (1/s2) (Hz)

1
10 3 12 - 0.0037 0.2442 0.8487 1.8349 0.7543
50 3 12 - 0.0082 0.8059 0.7075 1.7933 0.7309

Percentage increase: [(final value - initial value) / initial value] x 100% + 122% + 230% - 17% - 2.3% - 3.1 %

2
50 3 150 - 0.0121 0.6448 0.8782 2.9471 1.1622
50 2 150 - 0.0275 0.8886 0.8637 4.1679 1.5899

Percentage increase: [(final value - initial value) / initial value] x 100% + 127% + 38% - 1.7% + 41% + 37%

3
50 2 12 - 0.0295 1.1959 0.6442 - -
50 2 12 15.23 MW/ 121 kWh 0.0181 0.5283 0.6475 - -

Percentage increase: [(final value - initial value) / initial value] x 100% -39% -56% +0.5% - -
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FIGURE 8. Simulated results for the FPSO without an ESS and with a
15.23 MW/121 kWh ESS: (a) frequency; (b) active power at the SG
terminals; (c) active power at the ESS terminals; and (d) energy and
voltage of the supercapacitors within the ESS.

figures of merit. Voltage variation reduces by 39%, frequency
deviation reduces by 56%, and the minimum PF increases
by 0.5%.

V. CONCLUSIONS
This paper analyzed power quality parameters related to volt-
age and frequency in steady-state and transient conditions
under different operational scenarios in an FPSO application.
Simulation results demonstrated that for the analyzed cases,
even the most critical one, i.e., the one with the smallest
system inertia with two synchronous generators and 50 MW
of wind power, the steady-state and transient voltage and
frequency variations remained within the tolerance values
established by IEC 61892-1:2019. Except to the continuous
frequency variation that exceeded the allowable limits es-

tablished by IEC 61892-1:2019. The inclusion of an sized
energy storage system regulated the continuous frequency
variation within acceptable limits.

When wind energy integration to the FPSO was increased
from 10 MW to 50 MW, representing 36.5% wind pen-
etration, the results showed a substantial rise in voltage
variation (122%) and an even more pronounced increase in
frequency variation (230%) during steady-state conditions,
with frequency deviations being particularly significant. The
figures of merit for transient events did not show notable
changes, indicating that with higher wind penetration, fre-
quency stability should become a priority in developing
solutions for the FPSO electrical system.

Another scenario involved shutting down one of the syn-
chronous generators, increasing wind penetration to 46.3%
and reducing carbon emissions by 33%. This situation re-
sulted in greater disturbances in all the figures of merit.
Tackling these disturbances will require targeted solutions
for both steady-state and transient conditions, which proves
more challenging than other scenarios.

Finally, the use of an ESS to mitigate frequency variations
caused by wind power intermittency was evaluated. The
sizing of a 15.23 MW/121 kWh ESS limited the continuous
frequency variation within ±0.5%, in accordance with IEC
61892-1:2019. The quantitative assessment of these distur-
bances provides valuable insights for enhancing FPSO sys-
tem electrification and improving generation sustainability
by reducing carbon emissions.
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