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Abstract

Over the last two decades, variable-speed wind turbines (VSWTs) have gradually replaced
conventional generation. However, the variable and stochastic nature of wind speed may
lead to large frequency deviations, especially in isolated power systems with high wind
energy integration, where this integration causes a lack of inertia. This paper proposes
a hybrid hydro-wind-flywheel frequency control strategy for isolated power systems with
100% renewable energy generation, considering both variable wind and a generator trip-
ping. VSWTs and flywheels include a conventional inertial frequency control. The fre-
quency control strategy involves VSWTs rotational speed and State of Charge (SOC) of
flywheels variations that may affect the wear and tear of mechanical elements and reduce
the efficiency of the frequency control action. The hydro-power controller also tracks the
VSWTs’ rotational speed deviation and the flywheel SOC to modify the generated power
accordingly. This hybrid frequency strategy significantly reduces frequency excursions, the
rotational speed deviations of VSWTs and the SOC of flywheels. To reduce the hydro-
power plants’ wear, an additional control strategy is proposed by the authors and evaluated.
Results from a case study based on an isolated power system located in El Hierro (Canary
Islands, Spain) are included, and extensively discussed in the paper.

1 INTRODUCTION

Energy transition is the result of the depletion of fossil fuels, the
need to reduce greenhouse gas emissions, and the aim of most
countries of being energy-independent [1, 2]. Among the differ-
ent renewable energy sources (RES), wind power plants—and,
specially, variable speed wind turbines (VSWTs)—have become
a common resource in the generation mix of most developed
countries [3, 4]. However, VSWTs are connected through power
converters which electrically decouple them from the grid and,
subsequently, not directly contribute to the synchronous inertia
of the power system [5]. As conventional power plants are
replaced by VSWTs, the power system tends to stress in terms

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the

original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 The Authors. IET Renewable Power Generation published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology

of frequency stability and reliability due to the inertia reduction
[6]. In fact, power systems with low synchronous inertia are
related to a faster rate of change of frequency (RoCoF) and
larger frequency deviations [7]. As a consequence, a variety
of maximum instantaneous penetration limit for variable RES
(vRES)—which include VSWTs and PV power plants [8]—can
be found in the specific literature. For instance, Hewicker et al.
estimated an averaged production mix across Europe with 50%
RES in 2030 (of which 30% would come from vRES) [9]. The
Australian National Electricity Market expects to be operated
securely with up to 75% instantaneous penetration of vRES by
2025, if all recommended actions are fully taken [10]. Japanese
Policy targets penetration of RES aims to reach 22–24% of
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power production by 2030 [11]. Luo et al. affirm that the
selection of each specific operation mode is mainly based
on the forecasts of the power demand and renewable power
generation, being the expected renewable energy penetration
maximised in excess of 60% if sufficient renewable generation
units and storage capacities are installed [12]. Nevertheless,
most authors conclude that those conventional/synchronous
power plants that currently provide frequency control to the
grid (i.e. hydro-power, thermal, nuclear…), will suffer signif-
icantly from an increase of their wear as vRES increase their
integration into power systems [13–18].

To mitigate power quality, reliability, and operation issues due
to highly intermittent nature of vRES, a variety of energy stor-
age systems (ESSs) have been widely proposed and used in
power system [19]. Moreover, the use of kinetic energy directly
provided by wind turbines has been also explored [20–22].
Among the different ESSs, flywheels have some remarkable
benefits, such as fast response speed (≤10ms), high energy effi-
ciency (93–95%) and power density (1000–5000 W/L), low
maintenance, environment-friendly features, and long lifetime
[23]. In contrast to electro-chemical energy storage systems,
flywheels are ideal to utility-scale storage systems due to their
high power rating and quality, superior depth of discharge, and
number of lifetime charge cycles [24]. Delille et al. admit that
flywheels and batteries are also capable of providing similar
dynamic performance to ultra-capacitors [25]. Disadvantages
in comparison to ultra-capacitors are mainly focused on their
instantaneous output is not very high, since devices with per-
manent magnet are commonly used in the rotor to remove
the losses based on the magnetic coupling in the device [26,
27]. The most suitable applications of flywheels are focused on
high power for a short duration and frequent charge–discharge
cycles, such as hundreds of kW/10s of seconds [28]. Recent
technology progress focused on reducing the self-discharge and
performing ancillary services gives the flywheels the additional
possibility to be considered for frequency and voltage regulation
and support [29, 30]. Different contributions provide flywheel
energy storage systems (FESSs) control strategies to enhance
grid and transient stability [31–33], frequency regulation ser-
vices [34–37], and automatic generation control in multi-area
systems [38, 39]. Studies related to non-linear control of fly-
wheels can be also found in [40].

According to the specific literature and to the best knowl-
edge of the authors, there is a few of contributions focused
on hybrid frequency control strategies considering the wear
of the elements under high renewable scenarios. The major-
ity of works point out aspects mostly related to the control
and sizing of fast responsive energy storage technologies for
frequency control services [41, 42]. Only a few contributions
discuss wear and tear on plant components from the supply-
side under high renewable integration [43], while recognising
potentially increased wear and tear issues associated with vRES
integration and, subsequently, dynamic frequency performance
degradation [44]. Under this framework, the present paper pro-
poses a hybrid hydro-wind–flywheel frequency control strategy
for isolated power systems with 100% renewable energy genera-
tion scenarios considering hydro-power plant’s and FESSs wear

FIGURE 1 Power system scheme: one-line diagram

reductions by maintaining minor frequency deviations. Both
variable wind and a generator tripping are considered as well.

The paper is structured as follows: Section 2 describes
the power system modelling, Section 3 presents the proposed
hybrid controller to reduce the hydro-power wear and minimise
frequency excursions, Section 4 provides detailed information
regarding different generation mix scenarios to evaluate the pro-
posed hybrid frequency control strategy, Section 5 compares the
proposed solution facing other frequency control strategies in
terms of frequency excursion parameters and wear of the ele-
ments, finally, Section 6 gives the conclusions.

2 DYNAMIC MODEL

To analyse the different hybrid control strategies in an isolated
power system, an aggregated inertial model is used to emulate
the grid frequency deviations, as proposed in [45]. This assump-
tion was used by authors in the El Hierro power system [46] and
by O’Sullivan et al. in the Irish power system modelling [47].

This isolated system, and consequently the model devel-
oped in Matlab Simulink [48], is composed of a hydro power
plant, a pump station equipped with variable speed pumps
(VSPs) and fixed speed pumps (FSPs), a wind power plant, a
FESS, the Automatic Generation Control (AGC), the equiva-
lent power system, and the power demand sensitive to frequency
deviations, see Figure 1. The transmission lines’ dynamics are
neglected, since their influence on the grid frequency evolution
is not significant [49]. The electromagnetic transients and elec-
tric machine dynamics are supposed to be much faster than the
other components of the model; subsequently, their influence
on the system’s dynamics can be also ignored [50].

Frequency excursions are caused by imbalances between
the power supplied by generator units and the power demand.
Generation units are supposed to include hydroelectric units
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(ph) and wind turbines (pw). The generated power can be
demanded by fixed speed pumps (pFSP ), variable speed pumps
(pVSP ), as well as the consumers (pD), which include the
under frequency load-shedding scheme. Consumer loads
sensitivity to frequency variations are modelled through
the Dnet parameter. Frequency variations are formulated in
Equation (1).

f
df

dt
=

1
2Hh

(ph + pw − pvsp − p fsp + p f − pD − Dnet Δ f ) ,

(1)
where the 2Hh term corresponds to the inertia constant of
the hydroelectric units operating at each moment. Both VSPs
and VSWTs, as well as the FESS, are connected to the grid
through frequency converters, and thus, they are unable to nat-
urally contribute to system frequency response [51]. Regarding
FSPs, their associated electrical machines are asynchronous;
consequently, their demanded power is clearly influenced by the
electrical machine slip and the grid frequency. In order to take
into account hydro-power plant and pump station hydraulic
response, authors suggest models previously developed in [48,
52] and satisfactorily used in [46, 53]. Each VSWT is modelled
considering the wind power model and both pitch and torque
Maximum Power Point Tracking (MPPT) control, as presented
in [54, 55]. For the rotor mechanical model, a one-mass rotor
model is assumed, according to the recommendation proposed
by Zhao and Nair [56] in cases in which the generator is
decoupled from the grid through a power converter. A load
shedding scheme is implemented in the model as, in an iso-
lated power system with a high penetration of RES, frequency
deviations may overpass thresholds associated with damage in
both generation and demand equipment. This load-shedding
scheme is based on the conventional Under Frequency Load
Shedding (UFLS) scheme [57]. The RoCoF is also added as a
complementary input.

A FESS model has been developed to be integrated with the
rest of the system and perform a full analysis of the proposed
hybrid frequency control. This model was previously used in
[46, 58] in power system analysis. The FESS consists of n units
of a flywheel energy storage system with the same electrical
and mechanical characteristics. These flywheels work simulta-
neously and under the same operating conditions, starting from
the same State Of Charge (SOC) and evolving in the same way.
The losses of each unit are modelled based on the lab results of
an industrial prototype. Mechanical losses of the flywheel, and
the electrical losses of a switched electrical machine and its asso-
ciated power electronics have been also considered for simula-
tions [59]. The FESS model is parameterized with an initial SOC
value. The input reference value is the required power, which is
provided by the frequency regulation strategy described in Sec-
tion 3. The output variables of the model are the instantaneous
power supplied, the state of charge, and the available energy.
The maximum electrical power capacity of the FESS depends
on the state of charge, that is, the rated power can be man-
aged at full charge condition (maximum speed) and the capacity
decreases mostly linearly to half of the rated power value when
the SOC is at 50%. In order to calculate this limit in the sup-

plied of stored electrical power, the efficiency of the flywheel is
assumed as an efficiency map dependent on the SOC and the
required power. In addition, a time delay in the power require-
ment is included in order to represent the dynamic response
time of the control system and associated power electron-
ics. The instantaneous evolution of the speed of the flywheel
depends on inertia, the power supplied, and the self-discharge,
which is a key parameter in this type of energy storage system.
Finally, the available energy and the SOC are calculated from
the speed value, which will be subsequently used as input by
the proposed frequency control strategy to generate the FESS
required power. It is then used by the FESS model as input.

3 POWER-FREQUENCY CONTROL

Frequency control aims to minimise frequency variations due
to power imbalances. With this aim, generation units within
a power system must modify their power generation to pro-
vide the total demand and the system losses. The vast major-
ity of European countries assume a frequency control system
divided into two sequential actions: primary and secondary reg-
ulation. This frequency regulation can cause excessive stress on
the electro-mechanical equipment of the generation units, as
well as wear on the storage systems. For this reason, these clas-
sic controls are compared to the new proposed hybrid control
loops, which also aim to minimise both wear and tear equip-
ment.

In addition to the conventional frequency regulation pro-
vided by the generation units, frequency regulation can also be
controlled from the demand-side since the power consumed
by the pump station can be modified as needed. Therefore,
frequency deviations are initially mitigated by hydroelectric
units and VSPs according to the droop assigned to each unit.
Permanent frequency error caused by the action of the primary
frequency regulation is rectified by the secondary regulation,
which is coordinated by the AGC. The AGC continuously
sends increments of power reference to the hydroelectric
units and VSPs. The control schemes of hydroelectric units,
VSPs, VSWTs, and FESS are described in the following
sections.

3.1 Conventional frequency control

The VSP controller consists of a PID controller modifying
the power reference to be tracked by the power converter
according to frequency and power deviations with respect
to their references values, as indicated in Equation (2). This
controller also includes the power reference obtained from the
AGC, analogously to the hydroelectric units. On one hand,
the permanent frequency error is corrected because of the
action of both proportional and integral components of the
PID controller, according to [46]. On the other hand, as VSPs
are connected to the grid through a power converter, inertial
behaviour must be emulated by the derivative component of
the controller (synthetic inertia). In fact, VSP control action is
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limited by the converter power limits.

ΔpVSP =

[
Kp,VSP + Ki,VSP ∫ dt + Kd ,VSP

df

dt

](
f − fre f

)
. (2)

The steady grid frequency error resulting from the first con-
trol action (primary regulation) is managed by the AGC, which
determines the second correction action (secondary regulation).
In this power system, both hydro-power units and VSPs are
aimed to provide this ancillary service. This control action is
modelled in a similar way to [53].

3.2 Inertial frequency control

VSWTs also provide synthetic inertia. Inertial frequency regula-
tion adds an auxiliary signal, sensitive to frequency, to the refer-
ence power set-point in VSWTs, momentarily increasing wind
turbine output power at the expense of slowing down the rotor
speed. The joint inertial and proportional VSWT control strat-
egy proposed in [60] is assumed. As VSWTs are connected to
the system through a power converter, the PD control loop
adds a power signal Δpw, f to the power reference output to be
tracked by the converter (Equation (3)):

Δpw, f =

[
Kp,w f + Kd ,w f

df

dt

](
fre f − f

)
. (3)

The variation of power injected by the VSWTs into the grid
pw, f causes variations of the rotational speed. In addition, the
generator torque control lets the variation of the wind turbine
rotor speed following an MPPT strategy, for extracting as much
power as possible from the wind flux [61]. Therefore, the devi-
ation from the reference value of the rotational speed, 𝜔re f

[62], produced by VSWT inertial frequency regulation and the
changes in wind speed conditions are corrected as described in
expression (4) according to [55], which corresponds with a PI
controller whose power signal is also tracked by the power con-
verter.

Δpw,𝜔 = 𝜔

[
Kp,w𝜔 + Ki,w𝜔 ∫ dt

](
𝜔 − 𝜔re f

)
. (4)

Therefore, the total variation of power injected by VSWTs,
Δpw , corresponds to the sum of the increment of the
power due to the inertial control loop, Δpw, f , and the incre-
ment of power due to the rotational speed control loop,
Δpw,𝜔.

Figure 2 shows both PD and PI control loops of the VSWTs.
According to [53], VSWTs contribution both to primary or sec-
ondary regulation implies a reduction in wind power generation
due to reserve requirements. Nevertheless, these contributions
are not considered in this paper. Regarding FESS frequency
control, it consists of an inertial controller—see equation (5),
analogous to the controller implemented in VSWTs as shown
in Figure 3.

FIGURE 2 VSWT modelling: Controllers detail

FIGURE 3 FESS modelling: Controller detail

ΔpFESS =

[
Kp,F + Kd ,F

df

dt

](
fre f − f

)
. (5)

3.3 Proposed hybrid controller

As previously mentioned in Section 3.2, both VSWTs and FESS
include an inertial frequency control. These controllers improve
the grid frequency excursions, but causes the rotational speed of
VSWTs and the SOC of FESSs to deviate from their reference
values. With regard to the VSWTs, the PI speed controller must
minimise the rotational speed error, reducing the effectiveness
of the frequency inertial control, together with an increase in
the VSWTs’ wear [63, 64]. On the other hand, FESS become
unloaded over time. In order to mitigate these issues, a new
frequency control strategy for hydro-power plants is proposed
in this work. Apart from the PI-controller used for primary
and secondary frequency regulations, two new control loops are
added to the hydro-power conventional governor. In this way,
VSTWs’ rotational speed error and FESS’ SOC are the two new
inputs, which are corrected by the constant gains Kp,𝜔,hyd and
Kp,soc,hyd , respectively, and added to the PI conventional control,
see Figure 4. Similar strategies were previously proposed in [65],
where a cooperation between hydro-power plants and FESSs
was analysed. In addition, the authors suggested an alternative
frequency strategy for PV power plants in [66], where the fre-
quency controller included the VSWTs’ rotational speed devia-
tion as an input; and a coordination between hydro-power and
VSWTs in [67].

The proposed hybrid frequency control scheme reduces sig-
nificantly the grid frequency excursions, simultaneously improv-
ing the PD inertial control effectiveness of both VSWTs and
FESS. However, this hybrid approach implies an increase in
the hydro-power generation units’ wear, which is measured
through the nozzle deviations [50]. Consequently, an additional
dead-band is added to the proposed hydro-power controller, as
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FIGURE 4 Proposed hybrid frequency controller

shown in Figure 4. This dead-band avoids hydro-power plant
to participate in frequency regulation, if the input is within a
specified range, and subsequently the hydro-power plant wear
is reduced. In addition, the dead-band also influences in the
input of the deviation of the frequency, the SOC of FESS and
the VSWTs rotational speed. Some suitable values of the fre-
quency limits of such dead-band are analysed and discussed in
Section 5.3.

4 CASE STUDY: GENERATION MIX
SCENARIOS

To evaluate the suitability and compare the proposed con-
troller, different scenarios are simulated to cover all the oper-
ating modes of the power system under study. In this case, it
is assumed that the supply-side of the isolated power system is
100% renewable.

Analogous to authors’ previous contributions [46, 68], the
proposed new hybrid control loop is evaluated considering
the real isolated power system placed in El Hierro, Canary
Islands (Spain). The island demand, which fluctuated between
7.7 MW and 2.1 MW in 2018, has been commonly covered by
diesel groups (11.2 MW rated power). However, this island is
a UNESCO (United Nations Educational, Scientific, and Cul-
tural Organisation) biosphere reserve since 2000, and thus, RES
integration has been then considered a priority target. In 2014,
’Gorona del Viento’ wind pumped storage power plant was
commissioned with five 2.3 MW ENERCON E-70 Type 4
VSWTs. The pumped storage power plant was equipped with
4 × 2.8 MW Pelton turbines, 6 × 0.5 MW FSPs, and 2 × 1.5
MW VSPs; further information can be found in [46]. The
renewable power supply-side has increased notability last years.
In [69], collected data from El Hierro power system showed

that wind speed ramps may address the loss of 1.6 MW (from
3.0 MW to 1.4 MW) in 5 s. These events involve the activation
of load shedding control actions, which is commonly used in
El Hierro under such frequency circumstances, especially using
FSPs. Nowadays, VSPs take also part in primary and secondary
frequency regulation. In this context, the proposed hybrid fre-
quency control scheme is assessed in this isolated power system
as case study.

For the definition of representative scenarios for analysis
purposes, a study of the power system demand is carried out,
thus recorded data are used [53]. The selected realistic scenarios
include various generation mixes that have taken place in El
Hierro power system, such as hydraulic short circuit, among
others [69]. It is well known that hydraulic short circuit is
necessary to give stability to the grid frequency in cases in
which wind penetration is very high, even though it is not an
operation mode appropriate from the point of view of the water
balance [70]. By considering that this work aims to analyse the
power system under conditions of 100% renewable generation,
generation mix scenarios in which there are diesel units under
operation have been omitted. A total of 22 scenarios (100%
renewable) proposed in [53] are then used in this work to
analyse the suitability of the proposed hybrid controller.

To evaluate the benefits of this hybrid controller, two differ-
ent contingencies are defined for each scenario, covering both
the ordinary and extraordinary operation of the power system,
respectively: (i) the fluctuation in the wind speed [68], and (ii) the
sudden loss of the generating unit injecting the highest value of
active power to the system, ’largest unit’ [57]. Since the model
includes the dynamic response of the VSWTs under wind speed
fluctuations, the main input variable to the system is the wind
speed (s𝜔), and thus, a suitable simulation of wind evolution is
crucial, particularly in the short-term. Due to the time frame
considered in this work (600 seconds), a hybrid model for the
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wind speed numerical generator proposed in [71] and satisfac-
torily used in [53] is assumed. This hybrid model is based on Van
der Hoven’s model [72] for the medium and long-term, and von
Karman’s turbulence model [73] for the short-term.

5 RESULTS

The hybrid frequency control strategy proposed in Section 3.3
is evaluated and compared to other three strategies previously
presented in the specific literature:

∙ Base control: grid frequency is only controlled by hydro-
power plants and the VSPs, both including primary and sec-
ondary regulation. This is the current real power-frequency
control of the case study under analysis (El Hierro, Spain).

∙ Inertial control: grid frequency is controlled by hydro-
power plants and VSPs with primary and secondary controls,
and by FESS and VSWTs with the inertial control.

∙ Hybrid control: grid frequency is controlled by hydro-
power plants and VSPs with primary and secondary controls,
and by FESS and VSWTs with the inertial control, including
the hybrid control (rotational speed of VSWTs and SOC of
FESS are sent to the hydro-power plant, see Figure 4).

∙ Hybrid control with dead-band: grid frequency is
controlled by hydro-power plants and VSPs with primary and
secondary controls, and by FESS and VSWTs with the iner-
tial control, including the hybrid control (rotational speed of
VSWTs and SOC of FESS are sent to the hydro-power plant,
see Figure 4) and the dead-band.

First of all, the frequency excursions under wind speed variation
and the loss of the largest power plant are studied under the four
power-frequency control strategies. The time-frame under anal-
ysis is 10 min (600 s). The wear of the different elements is then
determined. Finally, an analysis of the dead-band limits is car-
ried out to determine which is the most suitable value to reduce
the hydro-power plants’ wear. At the same time, frequency devi-
ations, rotational speed of VSWTs, and SOC of FESS are not
very aggravated.

5.1 Comparison of frequency control
strategies

The four strategies are here analysed with the 22 generation
mix scenarios presented in Section 4. A dead-band value of 100
mHz is selected for the hybrid control with dead-band.
Section 5.3 analyses and justifies that the optimum values for
the dead-band should range in between 50 and 100 mHz.
According to the conclusions extracted from that section, the
results would be slightly different depending on the selected
dead-band value. However, this variability does not affect to the
analysis developed in the present section, as the main character-
istics regarding the parameters under consideration would be
similar independently of the chosen dead-band value (as long
as it is within that specified range). Two different situations are

considered: (i) variable wind speed; and (ii) constant wind speed
and the loss of the largest power plant.

5.1.1 Variable wind speed

The power output change from VSWTs due to wind speed vari-
ation can cause continuous frequency fluctuations, especially in
isolated power systems [74]. The parameters taken into account
to compare the different frequency control strategies are:

∙ Average frequency deviation (Δ f )
∙ Minimum frequency value (NADIR)
∙ Worst rate of change of frequency (RoCoF)
∙ Average hydro-power generation units’ wear (Δz)
∙ Number of cycles/h of FESS (cycles/h)
∙ Average state of charge deviation of FESSs (ΔSOC )
∙ Average rotational speed deviation of VSWTs (Δ𝜔)

Figure 5 shows the frequency deviation parameters under
analysis considering the 22 generation mix scenarios (Δ f ,
NADIR and RoCoF) as box-whisker plots. According to the
results, the frequency deviation values improve as more ele-
ments are included in the control strategy, as was predictable.
In fact, the base control provides the worst results in terms
of Δ f , NADIR, and RoCoF. When flywheels and VSWTs are
included with the inertial control, frequency response
improves. However, the hybrid control, in which the hydro-
power plant takes into account theΔ𝜔 andΔSOC , gives the best
results among the four strategies. The hybrid control with
dead-band also provides a significant improvement to the
base control and inertial control, but slightly wors-
ens the results in contrast to the hybrid control. Indeed,
NADIR and RoCoF are similar for both hybrid control and
hybrid control with dead-band, but Δ f is increased.
As an example of results for a specific generation mix sce-
nario, Figure 6 depicts the graphical results of schedule num-
ber 20 in terms of frequency and active powers’: hydro-power,
wind, and flywheels. As can be seen, and in line with the
results previously discussed, the maximum and minimum val-
ues of grid frequency are obtained for the base control,
but they are improved when VSWTs and FESS contribute to
frequency control. Both hybrid controls—hybrid control
and hybrid control with dead-band—provide severe
improvements and, actually, similar responses are obtained
for them.

The other parameters can be seen in Figure 7. With regard
to the Δz , the best results are provided by the inertial
control, and the worst by the hybrid control. These
results are coherent with the different frequency control strate-
gies: in the inertial control, hydro-power generation
units only give primary and secondary frequency control, but
as VSWTs and FESS are also participating with their inertial
response, hydro-power regulation is reduced in comparison
to the base control. On the contrary, with the hybrid
control, an additional effort must be provided by hydro-
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FIGURE 5 Box-whisker plots for frequency deviations under variable wind speed. (a) Average frequency deviation. (b) NADIR. (c) RoCoF.

FIGURE 6 Grid frequency and active power of hydro-power units, VSWTs, and FESSs

power units as they consider the Δ𝜔 and ΔSOC . The advantage
of the dead-band’s included in the hybrid control with

dead-band is related to Δz , reducing the nozzle deviations and
giving similar values to those of the base control, as was

detailed and explained in Section 5.3. Considering the FESS,
both number of cycles/h and ΔSOC in the base control
are null, as FESS do not contribute to frequency control in
such strategy. Among the three other strategies, inertial
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FIGURE 7 Box-whisker plots for Δz , number of cycles/h of FESSs, ΔSOC , and Δ𝜔. (a) Average nozzle deviation. (b) FESSs cycles/h. (c) Average state of
charge deviation of FESSs. (d) Average rotational speed deviation

FIGURE 8 State of charge of FESSs, nozzle position of hydro-power plants, and rotational speed deviation of VSWTs

control causes the FESSs to have the highest number of
cycles/h and maximum ΔSOC . However, these values are
in line with those data provided by the manufacturers [75].
The ΔSOC is due to the progressive discharge of the FESS

when they provide the inertial control, as depicted in Figure 8.
In contrast, both the hybrid control and the hybrid
control with dead-band provide similar results, and the
SOC does not deviate so much as in the inertial control.
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FIGURE 9 Box-whisker plots for frequency deviations after the loss of the largest power generator. (a) NADIR. (b) RoCoF.

Finally, the rotational speed deviation of VSWTs in the base
control is just due to the wind speed evolution. In line
with the FESS, the inertial control causes the Δ𝜔 to
have the maximum variations, whereas the hybrid control
and the hybrid control with dead-band reduce such
deviations to similar values to the base control. Figure 8
depicts the graphical results for these parameters for the sched-
ule number 20, in a similar way to Figure 6. As can be seen,
results previously detailed and explained are verified within the
simulation.

5.1.2 Loss of the largest power generator

The loss of the largest power generation unit is the most severe
contingency in terms of frequency deviation, and it can cause
load-shedding and even black-outs [76]. In this case, the param-
eters taken into account to compare the different frequency
control strategies are:

∙ Minimum frequency value (NADIR)
∙ Worst rate of change of frequency (RoCoF)
∙ Number of schedules in which load shedding is activated (LS

schedules)
∙ Number of load-shedding steps (LS steps)
∙ Power shed due to load-shedding (Pshed )

NADIR and RoCoF are depicted in Figure 9. In line with
the results presented in Section 5.1.1, the base control
provides the worst frequency response, with the minimum
values of NADIR and RoCoF. The inertial contribution of
both VSWTs and FESS improves those values. NADIR is
specially improved with the hybrid control, whereas the
inertial control improves the most the RoCoF values.
Table 1 shows the load-shedding results. In more than 40%
of the schedules (9/22) the load-shedding is activated with
the base control, with one or two steps, and an averaged
power shed of 0.93 MW. These schedules (numbers 1–8 and
11 in Table 2 of [53]) correspond with low wind power sce-
narios. VSPs and FSPs are not connected and thus, both
FSPs mechanical inertia and VSPs synthetic inertia do not
contribute to the grid frequency response. The inertial
control improves 7 of the 9 schedules previously mentioned,

TABLE 1 Load-shedding

Strategy LS schedules LS steps Pshed (MW)

Base 9 1 & 2 0.93

Inertial 5 1 & 2 0.86

Hybrid 3 1 0.75

Hybrid & DB 3 1 0.75

decreasing the total amount of load to be shed (average power
of 0.86 MW) and reducing the load-shedding activation up to
23% (5/22). With the two hybrid controls (hybrid control
and hybrid control with dead-band), the same load-
shedding results are obtained: the load shedding is improved
in the 9 schedules and in only 13% of the schedules it was
activated (schedules 3, 4, and 8 in Table 2 of [53] with both
hybrid controls), with just one step, and an averaged power
shed of 0.75 MW. These schedules correspond to high power
demand scenarios. One of the schedules (number 2) in which
load-shedding is totally avoided by using the hybrid controls
is depicted in Figure 10. The load shedding reduction is a
consequence of the substantial mitigation of the grid fre-
quency deviations, with both hybrid controls. These low fre-
quency excursions also address a minor hydro-power additional
generation.

5.2 Wear of elements

As was introduced in Section 1, it is commonly accepted that
some elements’ wear increase as vRES replaces conventional
power plants. To verify this affirmation, we have analysed the
relationship between the Δz (which represents the wear of the
hydro-power plants) and the number of cycles/h of FESS, with
the wind integration in the 22 generation mix scenarios pre-
sented in Section 4. The base control, hybrid control,
and hybrid control with dead-band are analysed for the
Δz , whereas for the number of cycles/h of FESS, the base
control is not considered (as in that control FESS are not
participating in the frequency regulation), but the inertial
control. The results for the 22 generation mix scenarios are
depicted in Figure 11. Note that there are 10 different initial
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FIGURE 10 Graphical results (grid frequency, power demand, and power supplied by the hydro units, VSWTs and FESS) with the outage of the ’largest
generation unit’

FIGURE 11 Wear of elements. (a) Average nozzle deviation. (b) Number of cycles/h of FESSs.

wind power values from the 22 total generation mix scenar-
ios. Consequently, such scenario results with the same initial
wind power value have been aggregated into the average val-
ues. For the hydro-power plants (Figure 11a), an increase in the
Δz is gotten in all cases as the wind power increases. In fact,
a logarithmic relationship represents such dependence between
Pw and Δz , with 0.83 ≤ R2 ≤ 0.93. Among the three control
strategies, the base control gives the least wear, whereas
the hybrid control has the highest. The hybrid control

with dead-band gives an intermediate Δz , as it could be
expected. This fact is due to the dead-band slightly alleviates the
hydro-power generation units participation in frequency con-
trol. For three of them, a severe increase is gotten between 0 and
2 MW of wind power, but then such increase is alleviated. With

regard to the number of cycles/h of FESS, it also increases as
the wind power increases, refer to Figure 11b. Also a logarithmic
relationship represents such dependence between Pw and num-
ber of cycles/h of FESSs, with 0.77 ≤ R2 ≤ 0.87. In this case,
the inertial control is the most demanding strategy for
the FESS, whereas the hybrid control is the least; as in the
case of the Δz , the hybrid control with dead-band lays
in between. In this case, an important increase is gotten between
0 and 4 MW of wind power, but then the increase is slower.
Authors would like to emphasise that the relationship between
the wear (both for hydro-power plants and FESS) with the wind
power integration is logarithmic, not linear. Consequently, the
different elements’ wear will substantially increase for low wind
integration (or, in general, vRES integration), but this increase
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FIGURE 12 Dead-band values: relationships. (a) Average frequency deviation, hydro’s wear and dead-band. (b) Average rotational speed deviation, cycles per
hour and dead-band.

stabilises as the integration of vRES is higher. This means that
doubling the integration of vRES does not imply to double the
wear, as it is not a linear relationship.

5.3 Analysis of the dead-band value

As can be seen in Figure 4, and presented in Section 3.3, a dead-
band is included in the hybrid hydro-wind-flywheel frequency
control strategy. Five different values of the dead-band are con-
sidered in this study (0, ±50, ±100, ±150, and ±200 mHz), to
determine the average frequency deviation (Δ f ), nozzle devia-
tions (Δz), rotational speed deviation of VSWTs (Δ𝜔), and the
cycles per hour of the FESS (FESS cycles/h). In this way, it is
possible to see how the dead-band affects the different param-
eters under analysis. They are depicted in Figure 12. It can be
seen that the minimum values ofΔ f ,Δ𝜔 and the FESS’ number
of cycles/h correspond to a dead-band of 0 mHz (i.e. there is
no dead-band), which is the hybrid control between hydro-
wind-flywheels. However, this hybrid strategy causes the Δz of
the hydro-power plant to be the maximum value. Consequently,
to try to mitigate the hydro-power plants’ wear, a different value
from 0 should be used in the dead-band. By increasing the dead-
band limit from 0 to 200 mHz:

∙ Δ f increases nearly a 70% (from 0.1902 Hz to 0.3228 Hz)
∙ Δz reduces more than 20% (from 0.0309 pu to 0.0243 pu)
∙ Δ𝜔 increases around 14% (from 0.0125 pu to 0.0142 pu)
∙ Number of cycles/h of FESS increases nearly a 60% (1.4174

cycles/h to 2.2160 cycles/h)

Consequently, by increasing the value of the dead-band, the
hydro-power plants’ wear is reduced, but the average frequency
deviations, rotational speed of VSWTs, and number of cycles
per hour increase accordingly. With this, it is possible to get
an idea of how much it can be saved on some parameters by
getting worse the rest of them. To determine which value to
use in the present study, authors have considered the Δz of the
base control (when neither VSWTs nor FESS participate in
grid frequency control). Such value is Δz = 0.0283, as shown

in black dashed line in Figure 12. Therefore, comparing the Δz

values of Figure 12 to the Δzbase of the base control, the
optimum value of the dead-band limit is in between ±50 and
±100 mHz, as shaded in Figure 12. Within this range, a sim-
ilar Δz ≈ Δzbase is obtained for hydro-power generating units
(+1% at 50 mHz and −5% at 100 mHz), comparing to the
Δzbase value. At the same time, Δ f , Δ𝜔, and the number of
cycles per hour of FESSs does not increase excessively in com-
parison to not including a dead-band (+34%, +7%, and +30%
for the 100 mHz dead-band value, respectively). Note that these
increases are related to the hybrid control, not the base
control. According to these results, if a lower value for the
dead-band had been chosen in Section 5.1, all the parameters
related to frequency (Δ f , NADIR, and RoCoF), together with
Δ𝜔 and the number of cycles per hour of FESS, would have
gotten better results (closer to the hybrid control), whereas
Δz would have been worse. By this means, and selecting the
100 mHz dead-band, the results provided in Section 5.1 are
the best in terms of Δz , and the ’worst’ in terms of Δ f , Δ𝜔,
and FESS cycles per hour. A multi-criteria analysis including
economic aspects related to the wear of the elements and the
grid frequency regulation should be developed as a future work
to properly determine the optimum value of the dead-band in
each case.

6 CONCLUSION

Grid control and operation should include an active role for
wind energy due to its relevant integration into current power
systems. With this aim, this paper proposes a hybrid hydro-
wind–flywheel frequency control strategy for isolated power
systems with 100% renewable energy generation mix scenar-
ios, conducted to reduce hydro-power plant’s, VSWTs and FESS
wear, maintaining minor grid frequency excursions. VSWTs and
flywheels include a conventional inertial frequency control. In
addition to the frequency deviation, the hydro-power controller
also tracks the VSWTs’ rotational speed deviation and the SOC
of the flywheels to modify the generated power accordingly.
In this way, a grid frequency excursion dead-band is included
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to avoid excessive hydro-power plant participation in grid fre-
quency regulation. Hybrid frequency controls provide consider-
ably lower frequency excursions under wind speed oscillations
and loss of the largest generation plant in comparison to previ-
ous frequency controllers. In fact, the averaged frequency devi-
ations are reduced by around 50% with the proposed hybrid
controller when wind speed fluctuations are simulated. Load-
shedding are also significantly reduced (from 40% to 13% of the
generation mix scenarios) with the proposed hybrid controller
when the loss of the largest power generator is considered for
simulation. A dead-band analysis has been carried out to opti-
mise this value according to frequency excursions, hydro-power
generation units’ wear, wind turbine rotational speed devia-
tions, and flywheel cycles per hour. A trade-off among these
four parameters is achieved with dead-band values between±50
and ±100 mHz. From the results, this dead-band reduces the
wear of hydro power plant components at a cost of increas-
ing the number of flywheel cycles per hour. The increment of
cycles does not compromise the FESS remaining lifetime. A
detailed multi-criteria analysis should be developed as a future
work, including economic aspects related to the wear of the ele-
ments and the grid frequency regulation. Additionally, a com-
bined hybrid frequency control considering other renewables,
such as PV power plants, is currently a field of interest by the
authors for potential future works.

ACKNOWLEDGEMENTS

The work presented in this paper was partially funded
by the ’Consejería de Ciencia, Universidad e Innovación’
of Comunidad de Madrid (Spain) under the project ’Siz-
ing and control of flywheel energy storage power plants
in isolated power systems with high renewable penetra-
tion’ of the ’Convenio plurianual entre la Comunidad
de Madrid y la Universidad Politécnica de Madrid (Ref.
APOYO-JOVENES-SU3JLM-61-6XFZ49)’. The work was
also partially supported by the Council of Communities of
Castilla-La Mancha, Spain (Ref. SBPLY/19/180501/000287)
and the European Union FEDER. In addition, PhD Ana
Fernández-Guillamón would like to thank Spanish SEPE (Span-
ish National Unemployment System) for its funding support.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

NOMENCLATURE

AGC Automatic generation control
ESS Energy storage system

FESS Flywheel energy storage system
FSP Fixed speed pump

MPPT Maximum power point tracking
NADIR Minimum frequency value

PD Proportional derivative
PI Proportional integral

PID Proportional integral derivative
RES Renewable energy sources

RoCoF Rate of change of frequency
SOC State of charge

UFLS Under frequency load shedding
UNESCO United Nations Educational, Scientific, and Cul-

tural Organisation
VSP Variable speed pump

vRES Variable renewable energy sources
VSWT Variable speed wind turbine

𝜔 Rotational speed of VSWTs
𝜔re f Reference rotational speed of VSWTs

Δ f Average frequency deviation
ΔpFESS Variation of active power of FESS
Δpw Variation of active power of VSWTs

Δpw, f Variation of active power of VSWTs provided vy
VSWTs inertial control loop

Δpw,𝜔 Power reference provided by VSWTs speed con-
trol loop

Δ𝜔 Average rotational speed deviation of VSWTs
Δz Average hydro-power generation units’ wear

ΔSOC Average state of charge deviation of FESS
f Frequency [Hz]

fre f Reference frequency [1 p.u.]
ph Power generated by hydroelectric units [p.u.]
pw Power generated by VSWTs [p.u.]
pD Power consumed by consumers [p.u.]

pFSP Power consumed by FSPs [p.u.]
pVSP Power consumed by VSPs [p.u.]

sw Wind speed [m/s]
Dnet Load sensitive parameter to frequency deviations

Hh Inertia constant of hydro-electric units [s]
Kd ,F Derivative constant of FESS

Kd ,VSP Derivative constant of VSPs
Kd ,w f Derivative constant of VSWTs
Ki,w𝜔 Integral constant of VSWTs speed control loop

Ki,VSP Integral constant of VSPs
Kp,w𝜔,hyd Proportional constant of the hybrid control

between 𝜔 and hydro-electric units
Kp,VSP Proportional constant of VSPs
Kp,w f Proportional constant of VSWTs
Kp,𝜔 Proportional constant of VSWTs speed control

loop
Kp,F Proportional constant of FESS

Kp,soc,hyd Proportional constant of the hybrid control
between SOC and hydro-electric units

Pflyw Flywheels active power [MW]
Phyd Hydro-electric active power [MW]

Pwind VSWTs active power [MW]
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