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Abstract: Among Renewable Energy Sources (RES), wind energy is emerging as one of the largest
installed renewable-power-generating capacities. The technological maturity of wind turbines,
together with the large marine wind resource, is currently boosting the development of offshore wind
turbines, which can reduce the visual and noise impacts and produce more power due to higher wind
speeds. Nevertheless, the increasing penetration of wind energy, as well as other renewable sources,
is still a great concern due to their fluctuating and intermittent behavior. Therefore, in order to cover
the mismatch between power generation and load demand, the stochastic nature of renewables has
to be mitigated. Among proposed solutions, the integration of energy storage systems in wind power
plants is one of the most effective. In this paper, a Hybrid Energy Storage System (HESS) is integrated
into an offshore wind turbine generator with the aim of demonstrating the benefits in terms of
fluctuation reduction of the active power and voltage waveform frequency, specifically at the Point
of Common Coupling (PCC). A MATLAB®/SimPowerSystems model composed of an offshore wind
turbine interfaced with the grid through a full-scale back-to-back converter and a flywheel-battery-
based HESS connected to the converter DC-link has been developed and compared with the case of
storage absence. Simulations were carried out in reference to the wind turbine’s stress conditions and
were selected—according to our previous work—in terms of the wind power step. Specifically, the
main outcomes of this paper show that HESS integration allows for a reduction in the active power
variation, when the wind power step is applied, to about 3% and 4.8%, respectively, for the simulated
scenarios, in relation to more than 30% and 42% obtained for the no-storage case. Furthermore,
HESS is able to reduce the transient time of the frequency of the three-phase voltage waveform at
the PCC by more than 89% for both the investigated cases. Hence, this research demonstrates how
HESS, coupled with renewable power plants, can strongly enhance grid safety and stability issues
in order to meet the stringent requirements relating to the massive RES penetration expected in the
coming years.

Keywords: electrical architecture; flywheel; hybrid energy storage system; Li-ion battery; offshore
wind turbine; power quality

1. Introduction

Today, power systems worldwide are facing multiple challenges related to the pro-
gressive integration of Renewable Energy Sources (RES) in response to climate change
mitigation policies [1]. RES’s intermittency and unpredictable behavior raise many issues in
terms of operation and control of energy systems with high shares of renewable power [2].
Compensating measures are therefore required to cope with the RES’s uncertainty while
maximizing their integration benefits [3]. Moreover, RES power plants are required to
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meet several conditions in terms of power quality at the point of common coupling (PCC),
reliability of control and stability implications. These conditions emerge from several
regulations that have recently been developed and enforced to support RES penetration
while minimizing the negative effects on the distribution and transmission of electrical
infrastructure [4]. Thus, grid codes have been updated in order to accommodate high-RES
shares and maintain the frequency and voltage within acceptable limits [5]. Indeed, sev-
eral papers have proposed robust methods in order to optimize the frequency control of
interconnected power systems [6–8].

Among RES, wind power is emerging as one of the largest installed RES-generating
capacities, reaching 733 GW in 2020, which represents 26% of the total RES capacity world-
wide (hydro energy accounts for 46% while PV gathers 25% of the total RES capacity) [9].
Wind Energy Conversion (WEC) systems are suitable for both large-scale and small-scale
applications, making them of great interest for interconnected or remote topologies. The
increasing penetration of WECs has also led to the development of offshore wind turbines,
since marine wind is available all over the world and is greater than land-based wind
energy [10]. Additional advantages of the offshore WEC configuration concern the lower
acoustic and visual impact and higher laminar wind intensity at greater heights and a
higher number of equivalent operating hours. Nevertheless, the construction, assembly
and maintenance have proven very complex to date. Considering the framework of off-
shore wind turbines, machines such as the Doubly-Fed Induction Generator (DFIG) and
Permanent Magnet Synchronous Generator (PMSG) are the most suitable technologies
thanks to their high efficiency and capacity to operate at variable speeds [11]. In particular,
PMSG is a good option due to its self-excitation property, allowing operation at a high
power factor and efficiency. Moreover, the salient pole of PMSG operates at low speeds;
hence, the gearbox can be removed, thereby reducing the system costs.

Therefore, investigating WEC systems and their integration perspectives represents
an important topic of discussion, and further research into each stage of WEC development
is required. For instance, as spatial characteristics strongly influence the output of a wind
farm, its design is subject to optimization. A study regarding the optimal design of a wind
farm electrical interface is proposed in [12], wherein a methodology based on a genetic
algorithm is introduced. Another aspect related to the electrical interactions between
WEC and the embedding network is turbine control, which is extensively addressed in the
literature [13]. The impact of WEC integration in power systems is addressed in [14–16],
proving the need to implement mitigation measures to reduce curtailment and increase
systems’ flexibility [17].

Energy Storage Systems (ESS) can contribute to meeting the power requirements in
both steady and dynamic operating conditions. In particular, storage devices with high
power density characteristics are suitable for coping with high-frequency transients, while
high energy storage technologies are fitted for short/medium steady-state exploitation.
ESSs fulfill a very important role in the stabilization of the electrical network, taking into
account increasing RES penetration [18]. ESSs, which have reached commercial maturity, as
well as many innovative solutions, have been investigated in the literature, with extensive
reviews being presented in [19–21].

Hybrid Energy Storage Systems (HESSs), comprising (multiple) energy storage de-
vices coupled to various RES plants, are increasingly widespread, providing the advantages
of a clean and reliable energy supply while overcoming variability challenges [22]. The
type of electrical interconnection selected for such systems is very important, and re-
searchers must take into account several aspects, reflecting on the reliability of the resulting
system [23]. DC configurations have recently become a matter of interest, as many RES
and storage technologies (PV arrays, stationary and electric vehicles batteries) have a DC
output. Results described in the literature show that DC architecture may also improve
self-consumption by up to 6% [24]. However, AC interconnection configurations bring
the benefits of lower costs, as they provide the possibility of employing already-available
infrastructures at all levels (distribution, transmission, etc.). Moreover, the protection of



J. Mar. Sci. Eng. 2021, 9, 1413 3 of 13

AC systems is easier and less expensive, contributing to the overall cost reduction. The
downsides of AC compared to the DC architectures include smaller scalability features and
slightly inferior performances. In the end, comparing DC and AC electrical architectures
for RES applications, it is highlighted that selecting one of them is a multi-criteria decision,
with both providing particular advantages [23–25]. However, to the best of our knowledge,
no comparative analysis of the electrical performances of a system composed by an offshore
WEC with and without HESS integration has been carried out to assess the power quality
impact at the PCC. Therefore, in order to fill this gap, the purpose of the present research
is to:

(i) Investigate the electric performances at the PCC of a Li-ion battery/flywheel HESS
coupling to an offshore WEC, which is interfaced with the grid by means of a full-scale
back-to-back converter;

(ii) Confirm the effectiveness of the Simultaneous Perturbation Stochastic Approximation
(SPSA) power management strategy for smoothing the wind power generation;

(iii) Compare the behavior of the offshore WEC in the presence/absence of the HESS in
terms of transient time and amplitude of the voltage waveform frequency at the PCC
under severe wind turbine operating conditions in terms of the produced power ramp.

Specifically, a 2 MW wind turbine driving a Permanent Magnet Synchronous Gen-
erator (PMSG) coupled to a battery/flywheel HESS is considered. An electric model is
developed in MATLAB®/SimPowerSystems with the aim of analyzing the dynamic be-
havior of the system in severe simulation conditions, selected based on the most stressful
wind power ramp occurrences identified over measurements performed at a real installa-
tion. SimPowerSystems software is widely used for power quality analyses, as indicated
in [26–31]. In order to assess the proposed configuration performances and demonstrate the
benefits of HESS integration, the active power variation and voltage waveform frequency
evolution at the PCC is evaluated during a step wind power variation. Comparative
analyses between the cases of HESS inclusion and absence show that HESS integration
allows a reduction in the transient time of the voltage waveform frequency at the PCC
of up to 89.7% for the case relating to wind turbine power generation increase and up to
95.7% for the scenario of sudden power generation reduction. Moreover, the effectiveness
of the SPSA power management strategy for smoothing the power profile towards both
the grid and the battery is also confirmed, as already discussed in previous publications by
the present authors [32,33].

This research is organized as follows: Section 2 describes the modeling of the main
components of the investigated system in a MATLAB®/SimPowerSystems environment.
Section 3 defines the simulation scenarios according to the most stressful grid conditions.
Section 4 illustrates the most significant results obtained from simulations, comparing
the case of the presence and absence of HESS in coupling to the wind turbine. The main
conclusions of the work and future outlooks are presented in Section 5.

2. Model Description

The main system components implemented in the SimPowerSystems (SPS) environ-
ment are illustrated below. The system configuration is reported in Figure 1. The chosen
electrical architecture topology consists of a Wind Turbine Generator (WTG) and a grid-tied
full-scale back-to-back (B2B) converter, to which the DC-link (whose voltage is fixed at
1150 VDC) of the HESS is directly connected. The voltage grid is considered equal to the
voltage output of the wind turbine (i.e., 690 VL-L), as is usually specified by WTG manufac-
turers for 50 Hz grids [34]. The overall system results in (i) a 2 MW wind turbine PMSG,
(ii) a battery with a capacity of 200 kWh and 600/200 kW as maximum discharge/charge
power, coupled with a flywheel of 275 kW rated power and 21 kWh capacity. The sizing
procedure for the hybrid ESS is described in a previous publication [33] based on real wind.
The grid is represented as a voltage source interconnected with the B2B converter through
a transformer.
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Figure 1. Schematic layout of the modeled system with HESS integration.

2.1. Wind Turbine Section

The implemented wind turbine generator is modeled as a Permanent Magnet Syn-
chronous Generator (PMSG) connected to the grid by means of a B2B converter, according
to [35]. Figure 2 depicts the wind turbine based on low-speed PMSG and the full-scale
B2B converter consisting of a Grid-Side Converter (GSC) and a machine-side converter
(MSC) connected through a DC-link. The MSC relates to the stator of PMSG, while the GSC
relates to the grid. Both GSC and MSC are modeled as voltage source converters (VSCs).
Such a converter allows the decoupling of the control of the machine with respect to the
grid, maximizing the wind turbine power production rate without interfering with the grid
frequency. The B2B converter is controlled by means of the pulse width modulation (PWM)
strategy. The pitch angle control has not been considered in this work. Such electrical
topology allows for larger flexibility with respect to the Doubly Fed Induction Generator
(DFIG), making the control of real and reactive power more effective [36]. In order to avoid
over-voltages of the DC-link that could damage the full-scale B2B converter, an active
crowbar protection system is employed. Such protection consists of an Insulated Gate
Bipolar Transistor (IGBT), which is controlled by means of a relay that is switched on when
the voltage overcomes a certain threshold (i.e., 1500 V).
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Concerning the electric generator for the investigated wind turbine, the PMSG tech-
nology represents one of the most promising machines for wind generation to date due
to its self-excited nature, high efficiency and power factor [36]. Furthermore, the consid-
ered PMSG technology requires no gearbox system because of its low rotational speed, in
line with the wind turbine rotor blades. Therefore, no careful and regular maintenance
is required for this wind turbine topology, unlike the DFIG-based ones [37]. Therefore,
the PMSG generator with a full-scale B2B converter currently represents one of the most
attractive solutions [38]. Nevertheless, as major drawbacks, PMSG wind turbines require
high capital costs and are very complex in terms of construction and control strategy.

The instantaneous torque of the PMSG has been calculated within the model moving
from the wind speed profiles and according to the wind turbine power curve deduced
from [39], as detailed in the next sections. Furthermore, the grid-side output filter is used to
reduce the harmonic content of the voltage and current coming from GSC. Table 1 reports
the main parameters used for the PMSG implementation in the SPS model.

Table 1. PMSG parameters implemented for wind turbine modeling.

Parameters Value Measurement Unit

Stator phase resistance Rs 0.006 Ω

Inductances Ld, Lq 0.3 mH
Flux linkage Ψ 1.48 V.s

Inertia J 35,000 kg.m2

Viscous damping F 0.01 N.m.s
Pole pairs Np 48 -

Rated power Prated 2 MW

2.2. HESS Section

A Li-ion battery is implemented using a generic dynamic block from the SimPower-
Systems library. Equations (1) and (2), respectively, describe the charging and discharging
process. Figure 3 shows the battery equivalent circuit.

fdisch(Cout, i∗, i) = E0 − K · Cmax

Cmax − Cout · i∗ − K · Cmax

Cmax − Cout · Cmax + Eexp · e−
Cexp

Cout (1)

fch(Cout, i∗, i) = E0 − K · Cmax

Cmax + 0.1 · Cout · i∗ − K · Cmax

Cmax − Cout · Cout + Eexp · e−
Cexp

Cout (2)

where Cout represents the extracted capacity [Ah], Cmax is the maximum battery capacity
(Ah), Cexp corresponds to the battery capacity in the exponential zone (Ah), E0 is the
constant voltage (V), Eexp the exponential zone voltage (V) and K the polarization constant
[Ah−1]. Constant values, listed in Table 2, are set according to battery specifications or data
available in the literature.

Table 2. Li-ion battery parameters.

Parameter Value

Maximum capacity Cmax (Ah) 500
Exponential zone capacity Cexp (Ah) 26.5

Nominal voltage E0 (V) 450
Exponential zone capacity Eexp (V) 425

Polarization constant K [Ah−1] 0.00682
Internal resistance Rint (Ω) 0.0001



J. Mar. Sci. Eng. 2021, 9, 1413 6 of 13

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 6 of 13 
 

 

where 
outC  represents the extracted capacity [Ah], 

maxC  is the maximum battery capac-

ity (Ah), 
expC  corresponds to the battery capacity in the exponential zone (Ah), 0E  is 

the constant voltage (V), expE  the exponential zone voltage (V) and K the polarization 
constant [Ah−1]. Constant values, listed in Table 2, are set according to battery specifica-
tions or data available in the literature. 

 
Figure 3. Battery equivalent circuit. 

Table 2. Li-ion battery parameters. 

Parameter Value 

Maximum capacity maxC  (Ah) 500 

Exponential zone capacity expC  (Ah) 26.5 

Nominal voltage 0E  (V) 450 

Exponential zone capacity expE  (V) 425 

Polarization constant K [Ah−1] 0.00682 
Internal resistance Rint (Ω) 0.0001 

The HESS section is composed of a battery (depicted in Figure 4a) that has a capacity 
of 200 kWh and 600/200 kW as maximum dis-/charge power, coupled with a mechanical 
flywheel (Figure 4b) of 275 kW rated power and 21 kWh capacity. Sizing features are pro-
vided in [32]. The battery voltage during charge and discharge is adjusted by means of a 
bidirectional DC/DC buck/boost converter, whose efficiency of 0.95 is taken into account. 
It is emphasized that such efficiency is also considered for the DC/DC converter of the 
flywheel section. The buck/boost converter receives as input the power from/to the battery 
and the control signals determined through the Pulse Width Modulation (PWM) strategy. 
This is a modulation technique that generates variable-width pulses to represent the am-
plitude of an analog input signal [40]. The output switching transistor can modulate the 
analogic signal amplitude according to its on and off time periods. Indeed, the longer the 
transistor is on, the wider the signal amplitude is, and vice versa. The power output is 
determined by the high-level logic presented in detail in [32], ensuring both safety and 
control targets related to battery operation. 

As regards the flywheel, it is modeled as mechanical inertia directly connected to the 
shaft of the permanent magnet synchronous machine (PMSM). With the flywheel capacity 
set at 21 kWh and considering the operating angular speed in the range of 3500–8500 rpm, 
the corresponding inertia momentum is set at 224 kg∙m2 according to Equation (3). 

Figure 3. Battery equivalent circuit.

The HESS section is composed of a battery (depicted in Figure 4a) that has a capacity
of 200 kWh and 600/200 kW as maximum dis-/charge power, coupled with a mechanical
flywheel (Figure 4b) of 275 kW rated power and 21 kWh capacity. Sizing features are
provided in [32]. The battery voltage during charge and discharge is adjusted by means
of a bidirectional DC/DC buck/boost converter, whose efficiency of 0.95 is taken into
account. It is emphasized that such efficiency is also considered for the DC/DC converter
of the flywheel section. The buck/boost converter receives as input the power from/to the
battery and the control signals determined through the Pulse Width Modulation (PWM)
strategy. This is a modulation technique that generates variable-width pulses to represent
the amplitude of an analog input signal [40]. The output switching transistor can modulate
the analogic signal amplitude according to its on and off time periods. Indeed, the longer
the transistor is on, the wider the signal amplitude is, and vice versa. The power output
is determined by the high-level logic presented in detail in [32], ensuring both safety and
control targets related to battery operation.

As regards the flywheel, it is modeled as mechanical inertia directly connected to the
shaft of the permanent magnet synchronous machine (PMSM). With the flywheel capacity
set at 21 kWh and considering the operating angular speed in the range of 3500–8500 rpm,
the corresponding inertia momentum is set at 224 kg·m2 according to Equation (3).

E =
1
2
· J ·

(
ω2

max − ω2
min

)
(3)

where J is the inertia momentum [kg.m2]; and ωmin and ωmax respectively, are the min-
imum and maximum angular velocity [rad.s−1]. Specifically, ωmax = 890 rad.s−1 and
ωmin = 366 rad.s−1.

The flywheel subsystem block diagram is depicted in Figure 4b. It includes the
synchronous machine, the mechanical flywheel, the buck/boost converter and the related
control scheme. The PMSM, which is commonly employed for similar applications, is
implemented with a maximum power of 275 kW in reference to the torque vs. speed
characteristic curve. The flywheel power output, as for the battery, is imposed by the
high-level control logic and transmitted as input to the PMSM, which has an internal
torque control. The interface block is necessary to enable the interconnection between the
Simscape and SimPowerSystems blocks. The flywheel bidirectional buck/boost converter
regulates the power input and output of the electric machine through a PWM strategy.
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3. Definition of Different Scenarios

In the following, the investigated scenarios are defined and described. Specifically, two
different scenarios are identified. Moving from the annual wind power generation relative
to a 2 MW wind turbine, the vector has been processed and separated by day. A set of
different parameters, such as mean power, bandwidth, mean ramp and bandwidth-to-mean
power ratio, have been assessed for each day in order to select the most representative ones.
Subsequently, the gathered wind power profiles (with 1 s time step for 24 h) have been
extracted from the annual power vector and simulated in the Simulink environment (the
model is described in detail in [32]). The representative days have been selected according
to the aforementioned parameters on the basis of specific criteria:

- Day 1: maximum bandwidth;
- Day 2: maximum mean power;
- Day 3: maximum bandwidth-to-mean power ratio;
- Day 4: minimum bandwidth-to-mean power ratio;
- Day 5: maximum mean ramp.

According to the results presented in [32], there was an 80% power ramp reduction
towards the grid for the selected days due to the SPSA power management strategy.
Furthermore, SPSA strongly reduced the power solicitations of the Li-ion battery thanks
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to the flywheel peak-shaving function operating towards the latter. Therefore, among the
selected days, the most stressful conditions have been extracted. Specifically:

(1) Maximum instantaneous power ramp (defined in kW.s−1) step-up variation, i.e.,
215 kW.s−1 from 700 kW to 915 kW, which corresponds to a wind speed increase from
7.5 m.s−1 to 8.2 m.s−1 according to the wind turbine characteristic curve;

(2) Maximum instantaneous power ramp step-down variation, i.e., 500 kW.s−1 from
1900 kW to 1400 kW, which corresponds to a wind speed decrease from 14.1 m.s−1 to
10.1 m.s−1 according to the wind turbine characteristic curve.

These power variations are applied to WEC as an instantaneous power step-up and
down, respectively, to investigate the most severe operating conditions. Instead, battery
and flywheel powers, as well as the power exchanged with the grid, are instantaneously
computed according to the SPSA management strategy.

Furthermore, the identified scenarios have been simulated both in the case of HESS
integration directly connected to the DC-link of the B2B converter and in the case of HESS
absence to compare system behavior in terms of frequency response at the PCC. The chosen
time step for the simulations has been set equal to 10−5 s. This value has been set in
order to obtain a good resolution on pulse generation and guarantee accurate results, as
indicated in [41]. Furthermore, the simulation time has been fixed at 12 s with the aim of
guaranteeing a wide temporal interval to assess the settling time of the parameters indicated
below without burdening the computing time. Regarding HESS’s initial conditions, the
Li-ion battery state of charge is fixed at 50% at the beginning of simulations, whereas the
flywheel speed is set at 6000 rpm.

4. Analysis and Discussion of Results

Relevant to the research work shown in [32], the focus of this paper is the electric
performance enhancement introduced by HESS during stressful conditions relating to
sudden changes in wind generation at the PCC, in terms of:

- Active power injected into the grid;
- Frequency of the three-phase voltage waveform.

Indeed, such aspects inherent to HESS coupling to WTGs can strongly increase grid
safety and stability.

Figure 5 illustrates the active power exchanges at the PCC in the cases of presence
and absence of the considered HESS, respectively, for the step-up and step-down scenarios.
Specifically, HESS allows the strong reduction in the power ramp when the wind power
variation occurs for both the studied cases.

Concerning the response in terms of voltage waveform frequency at the PCC, the two
simulated scenarios emphasize the benefits introduced by HESS connection to the WTG.
Indeed, as illustrated in Figure 6, the frequency of the three-phase voltage waves is strongly
reduced as regards the transient time, although the peak value is higher in both cases. In any
case, for both considered scenarios, voltage waveform frequency variations are very close
to the nominal value (i.e., set at 50 Hz) and within limits imposed by IEEE requirements
for WTG continuous operation (i.e., 47–52 Hz), as indicated in [42]. Consequently, the
significant reduction in the transient time is considered as the main outcome.

Table 3 lists the main results obtained from the simulated cases. Specifically, it can be
noted how the active power variation, calculated with reference to the active power value
at the PCC before the wind power step application, is greatly reduced thanks to HESS
integration with respect to the case of storage absence. As a matter of fact, when the wind
power step is applied, HESS allows the reduction in the active power variation down to
about 3.1% and 4.8% for step-up and step-down scenarios, respectively. The corresponding
values obtained for the no-storage case are of almost one order of magnitude greater,
exceeding 30% and 42%, respectively.
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Table 3. Main simulation results.

Transient Time (s) Frequency Amplitude
(Hz)

Active Power Variation
(kW)

Active Power Variation
(%)

Case HESS No Storage HESS No Storage HESS No Storage HESS No Storage

Step Up 0.26 2.52 0.02 0.0012 26.12 211.85 3.06 30.49
Step down 0.25 5.79 0.05 0.01 79.32 555.79 4.83 42.35

Furthermore, the voltage waveform frequencies in all the investigated cases have
been assessed in terms of amplitude, as reported in Table 3. In the analyzed topology, the
frequency of the generator is completely decoupled from the grid frequency. The intro-
duction of the HESS in the DC-link causes a higher amplitude with respect to the storage
absence because it perturbs the DC-link with power injection. Nevertheless, the values
never exceed the frequency limits for WTG continuous operation as already discussed
above. Table 3 also reports the results in terms of the transient times, computed considering
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a settling time threshold value of 10%, associated with the voltage waveform frequencies.
The strong reduction in the frequency transient time in the case of HESS implementation
down to 0.26 s for the wind power step-up and 0.251 s for the step-down is evident. Such
values are greatly lower than the corresponding outcomes of the simulations performed for
the WTG directly connected to the grid without the HESS. Specifically, for the no-storage
configuration 2.52 s and 5.79 s, respectively, duration is determined for the step-up and
the step-down cases, demonstrating that the frequency of the voltage waveform stabilizes
more quickly thanks to HESS’s presence.

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 10 of 13 
 

 

 
(a) 

 
(b) 

Figure 6. Frequency of the voltage waveform at the PCC concerning HESS integration (blue line) 
and absence of storage (red line) in case of (a) step-up scenario and (b) step-down scenario. 

Table 3 lists the main results obtained from the simulated cases. Specifically, it can be 
noted how the active power variation, calculated with reference to the active power value 
at the PCC before the wind power step application, is greatly reduced thanks to HESS 
integration with respect to the case of storage absence. As a matter of fact, when the wind 
power step is applied, HESS allows the reduction in the active power variation down to 
about 3.1% and 4.8% for step-up and step-down scenarios, respectively. The correspond-
ing values obtained for the no-storage case are of almost one order of magnitude greater, 
exceeding 30% and 42%, respectively. 

Furthermore, the voltage waveform frequencies in all the investigated cases have 
been assessed in terms of amplitude, as reported in Table 3. In the analyzed topology, the 

Figure 6. Frequency of the voltage waveform at the PCC concerning HESS integration (blue line) and
absence of storage (red line) in case of (a) step-up scenario and (b) step-down scenario.



J. Mar. Sci. Eng. 2021, 9, 1413 11 of 13

5. Conclusions

In this paper, a PMSG wind turbine connected to the grid by means of a full-scale
B2B converter has been assessed in terms of electric performances at the PCC, comparing
the integration of a hybrid energy storage system connected to the DC-link with the case
of storage absence. Specifically, this study aimed to investigate, through a comparative
analysis between the scenario of storage integration and storage absence, the beneficial
effects in terms of voltage waveform frequency and active power behavior at the PCC
introduced by HESS under specific stressful production conditions. Moreover, the results
demonstrate the outcomes of our previous paper regarding the HESS application to a WEC
with a proper power management strategy based on SPSA, with the purpose of smoothing
the power oscillations sent to the grid.

As the main outcomes of this work, HESS integration allows a reduction in the active
power variation when the wind power step is applied at about 3% and 4.8%, respectively,
for step-up and step-down scenarios in relation to more than 30% and 42% concerning the
no-storage case. Furthermore, HESS coupling to the DC-link of the B2B converter is able to
reduce the transient time of the voltage waveform at the PCC up to 89.7% in the case of a
wind turbine power generation increase and to 95.7% in the scenario of a sudden power
generation reduction.

Hence, in this research, it is demonstrated that HESS integration in offshore WECs can
strongly reduce fluctuating behavior of such renewable sources, injecting a smoother power
into the main grid while also increasing the electric performance at the PCC, contributing
significantly to the massive penetration of renewables in the coming years. Future activities
will be focused on the assessment of HESS integration into wind turbines in abnormal
conditions, such as voltage swells, sags, faults and interruptions. This is to prove the
effective benefits introduced by the battery flywheel storage system to guarantee grid
stability and improve its dynamic response.
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