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A B S T R A C  T

The wind energy penetration rate is being increased in majority of European countries. However, a high pe-netration rate could endanger the stability of power 
systems, particularly in small islands. Hydropower plays an important role in the regulation and control of isolated power systems with renewable sources, but it 
may not be able to maintain the frequency within grid requirements. This is the case of El Hierro power system (Canary archipelago), where a hybrid wind–pumped 
storage hydropower plant (PSHP) was committed to reduce the use of fossil fuels. Currently, frequency regulation is only provided by the PSHP and diesel 
generators. Therefore, it is proposed that variable-speed wind turbines (VSWTs) contribute to frequency regulation, thereby minimizing the need for fossil fuels. This 
study aims to conduct an analysis on the effect of the VSWT contribution to frequency regulation in the power system of El Hierro. It is based on classical control 
tools from a linearized mathematical model considering different VSWT regulation strategies. The eigenvalues, damping ratio, and participation factors of the state 
variables have been obtained. The more significant oscillation modes in the dynamic response of the system have been identified. According to this modal analysis, a 
methodology for the adjustment of the PSHP and VSWT controller gains is proposed. An improvement in the quality of frequency regulation while maintaining the El 
Hierro system frequency within grid requirements has been proved based on simulating different events related to wind speed or variations in the power demand, 
using a nonlinear model of the combined wind–hydro power plant.

1. Introduction

Wind-based generation systems have become sustainable and en-
vironmentally friendly options to supply power in isolated or off grid
locations [1]. In islands with isolated power systems, the development
of renewable energies is not only linked to the environmental problems
of fossil fuels. The costs of transporting these fuels to the places of
consumption are higher than in continental systems. Therefore, their
replacement by renewable resources can have a very positive economic
impact [2]. Some examples of high renewable potential islands are the
Aegean Islands [3], the archipelago of the Azores [4], and Canary Is-
lands [5] in Europe, and The Yong Shu Island in South China Sea [6].

The power system frequency regulation impact of renewable energy
sources depends mainly on its penetration rate and the system inertia
[7]. Therefore, the negative effects associated with renewable energy
sources, which are amplified in isolated systems may cause inad-
missible frequency deviations. Nevertheless, in islands with wind po-
tential, the increasing use of renewable energies has become the focus
of interest of numerous researchers during the past few years [8,9].

The vast majority of studies agree that the introduction of storage
systems is the most effective way of significantly increasing wind pe-
netration levels in power systems [10,11]. Focusing on the case of
isolated systems, [12–14] have shown that the long-term variability in
renewable energy can be managed well by combining wind and solar
farms with pumped storage hydropower plants (PSHPs), which are able
to compensate uncertainty in intermittent renewable resources. How-
ever, [11,15,16] proved that PSHPs need complementary technologies
in the short term (owing to its slowness caused by the water inertia),
which are capable of injecting or absorbing power over brief periods
that span a few seconds to avoid inadmissible frequency variations.

These rapid contributions to frequency regulations can be provided
by variable-speed wind turbines (VSWTs) [17]. Different approaches
can be found in the technical literature on the contributions of VSWTs
to support frequency regulation [18,19]. In general, VSWTs–Type III
and IV- provide negligible inertia because the rapid control of power
electronic converters maintains a practically constant output power
irrespective of changes in the frequency of the grid [20]. However, it is
possible to achieve short-term inertial responses from VSWTs by
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modifying their control loops [21–24]. According to this idea, Renuka
and Reji modelled a synthetic inertia of VSWTs in [25], underlining the
important improvement in the minimum frequency peak (nadir). Prof.
Gonzalez-Longat proposed different activation schemes for the syn-
thetic inertia on VSWTs based on full converters in [26] and established
practical limits for the gain of synthetic inertia control loop used in full-
converter VSWT generators in [27].

Primary and secondary frequency regulation can also be provided
by VSWTs. Certainly, a nonoptimal operation point is reached in the
VSWT power curve [28,29], thus causing a loss in the wind resource
harvesting and, as a consequence, incomings reduction. To mitigate this
weakness, Mauricio et al. [30] presented a new method for improving
the use of variable-speed wind energy conversion systems by modifying
the inertial control scheme through the addition of a proportional loop
that weights the frequency deviation. The inertial control loop and
inertial and proportional control loop proposed allow the release of the
stored fraction of kinetic energy in rotational masses to provide earlier
frequency support, thus taking advantage of the rapid response cap-
ability of electronic power converters. Both control strategies do not
need to have a regulation reserve, allowing a better use of wind re-
sources. According to these strategies, the authors in [31] analysed the
combined contribution to frequency regulation of a wind–hydro hybrid
power plant equipped with a PSHP and VSWT in the El Hierro isolated
system with 100% renewable generation, proposing a methodology
based on exhaustive searches to adjust the controllers for each of the
control strategies, obtaining successful results. The evaluation of the
results obtained only by simulations should be completed with an
analytical study of the dynamic model to analyse the intervention of the
new control strategies in the system response. This analytical study is
the main contribution of the present paper.

El Hierro is an island in the Canary archipelago which aims to be-
come 100% free from carbon dioxide emissions [8]. To achieve this
objective, a power hybrid wind–PSHP (W–PSHP) was committed in
June 2014 to minimize the utilization of fossil fuels [32]. However,
currently, VSWTs are not aimed at providing frequency regulation,

underutilizing the island wind potential.
Different modern studies analyse the dynamics of small disturbances

using classic control techniques, such as root locus plot, having been
successfully applied to obtain recommendations for proportional-in-
tegral (PI) derivative speed governor tuning [33,34]. A procedure based
on mathematical models of the controlled system is given in [35] for
designing speed and active power controllers for hydro turbine units
obtaining the controller parameters from closed-loop poles. An im-
provement in the system frequency owing to VSWTs equipped with
adequately controlled doubly fed induction machines is shown in [36]
through an eigenvalue analysis. In [37], the authors analysed different
aspects of small disturbance voltage stability from eigenvalues position,
studying the influence between the dynamic characteristics of the
system such as those of generators, controllers, and loads. Different
practical tuning criteria for the governor of hydropower plants
equipped with long conduits are proposed in [38–40] by using the pole
placement method. In [41], the authors presented a case study illus-
trating the effects of pressure pulsations due to vortex rope precession
on the draft tube of Francis turbines through a modal analysis combined
with frequency-domain and time-domain simulations.

The aim of this study is to analyse the effect of the VSWT con-
tribution to frequency regulation in the isolated power system of El
Hierro Island with classical control tools. The study of a linearized
model is carried out for this hybrid wind–hydro power plant for each of
the strategies described above (inertial, proportional, and their com-
bination) by obtaining the eigenvalues, damping ratios, and participa-
tion factors of the state variables, identifying from the modal analysis
the oscillation modes that interfere with the dynamic behaviour of the
system. The influence of the PSHP and VSWT controller gains in varying
the participation of the state variables in the oscillation modes is ana-
lysed. According to the study of the damping ratio and the oscillation
modes, a methodology for the adjustment of the PSHP and VSWT
controller gains based on the eigen analysis is proposed. The modal
analysis and the proposed adjustment of the PSHP and VSWT controller
gains for each control strategy have been verified by realistic

Nomenclature

Ar Area swept by rotor blades [m2]
Cp Variable-speed wind turbine (VSWT) power coefficient
h Net head [p.u.]
hi Head at the end of the ith Π element of the penstock [p.u.]
H Wind turbine inertia constant [p.u.]
k Load self-regulation coefficient [p.u.]
Kdn Constant that weights the frequency variation in the VSWT
Kic Integral gain in proportional-integral (PI) blade pitch

angle compensation
Kip Integral gain in PI blade pitch angle control
Kiω Integral gain in PI VSWT speed control
Kpc Proportional gain in PI blade pitch angle compensation
Kpn Constant that weights the frequency deviation in the

VSWT
Kpp Proportional gain in PI blade pitch angle control
Kpω Proportional gain in PI VSWT speed control
MFD Mean frequency deviation
n Frequency [p.u.]
n0 Initial frequency [p.u.]
nref Reference frequency [p.u.]
nt Number of segments in which the penstock is divided
Pb Base power [MW]
pdem Power demand [p.u.]
ph Power supplied by PSHP [p.u.]
pn Power reference provided by VSWT proportional and in-

ertial control [p.u.]

pnc Power supplied by VSWT converter [p.u.]
pnc0 Initial power supplied by VSWT converter [p.u.]
Pwind Wind mechanical power [MW]
pwind Wind mechanical power [p.u.]
pω Power reference provided by VSWT speed control [p.u.]
q Flow through the turbine [p.u.]
qp Flow at the penstock [p.u.]
qp,i Flow at the end of the ith Π element of the penstock [p.u.]
r/2 Continuous head loss coefficient in the penstock [p.u.]
sw Wind speed [m/s]
Te Water elastic time (L/aw) [s]
Tm Mechanical starting time [s]
Tr Hydro governor dashpot time constant [s]
Ts Time constant in servo motor transfer function [s]
Tw Penstock water starting time [s]
z Nozzle opening [p.u.]
αij Cp curve coefficients
δ Hydro governor temporary speed droop
ζ Damping ratio
β VSWT blade pitch angle [°]
β0 VSWT initial blade pitch angle [°]
βmax VSWT maximum blade pitch angle [°]
λ Ratio of the rotor blade tip speed and wind speed
λi Eigenvalue associated with each state variable
ρ Air density: 1.225 kg/m3 [kg/m3]
ω VSWT rotational rotor speed [p.u.]
ωref Reference VSWT rotational rotor speed [p.u.]



3. Hybrid wind–hydro power plant model description

A PSHP and VSWT connected to an isolated system have been
modelled in MATLAB Simulink. In addition to the PSHP frequency
regulation, the possible contribution of the VSWT to frequency reg-
ulation will be analysed. Therefore, the simulation model will include
the dynamic behaviour of the PSHP and VSWT. The PSHP will operate
in generating mode during all simulations. Because the PSHP

electromagnetic transients and VSWT converter dynamics are supposed
to be very rapid compared with the other components of the model,
both will be neglected. Therefore, the VSWT inertia is thus uncoupled
from the electric system. Fig. 2 shows the block diagram of the hybrid
wind–hydro power plant and the power system.

3.1. Power system model description

As stated above, the PSHP is connected to an isolated system com-
prising intermittent energy sources and loads. Thus, the frequency dy-
namics described by Eq. (1) are the result of the imbalance between the
sum of the hydroelectric ph and wind converter generated power pnc
and the power demanded by the loads pdem [47].

= + − −T dn
dt n

p p p k n1 ( ) Δm h nc dem (1)

Inertial mechanical time refers only to PSHP. VSWTs are supposed
to be connected to the system through a frequency converter, and do
not contribute to the system inertia. The parameter k includes the load
frequency sensitivity and it is assumed that k=1, which corresponds to
a static load.

3.2. PSHP model description

3.2.1. Penstock
The transient flow in conduits is described by expressions of con-

servation of mass and momentum [48]. Because of the penstock length,
the water and pipe material elasticity cannot be neglected [39] and
different approaches can be found in specialised literature. In recent
years, some authors [45,49] had obtained good results with their hydro
power plant models using a lumped parameter approach.

This approach, which has been used in this study, leads to a system
of ordinary differential equations that can be represented as a series of
consecutive Γ-shaped elements, where the conduit properties (inertia,
elasticity, and friction) are proportionally assigned to the segment
length. The ‘orientation’ and ‘configuration’ of the Γ-shaped elements
may vary according to the upstream and downstream boundary con-
ditions of the pipe. Eqs. (2) and (3) of the penstock dynamics are:

Fig. 1. El Hierro combined wind and PSHP layout.

simulations carried out using the completely nonlinear model.
This paper is organized as follows. In Section 2, the hybrid W–PSHP 

and El Hierro power system are described. The W–PSHP nonlinear 
dynamic model is presented in Section 3. Section 4 describes the sim-
plifications assumed for the modal analysis and the model linearization. 
The developed modal analysis, proposing a controller gains adjustment 
method, is presented in Section 5. In Section 6, some realistic events 
simulated to support the modal analysis and the controller gains ad-
justment method are presented. Finally, the main conclusions of this 
study are outlined.

2. Hybrid wind–hydro power plant and power system description

El Hierro is an island belonging to the Canary Islands archipelago, 
which was declared as a biosphere reserve by UNESCO. The island aims 
to become 100% free of greenhouse gas emissions [8]. The electrical 
capacity of the island is 37.8 MW, mainly distributed by diesel gen-
erators and a W–PSHP of 22.8 MW. The PSHP has 11.32 MW capacity 
and the five VSWTs ENERCON-E70 [42] provide the remaining power 
[43]. The maximum peak demand in 2016 was 7.7 MW, whereas the 
minimum was approximately 4 MW [44]. The VSWTs are not assigned 
to frequency regulation; therefore, as PSHP inertia and regulation ca-
pacity are insufficient to absorb power demand and wind power fluc-
tuations, the contribution of diesel generators is required for frequency 
regulation. It is expected that the percentage of demand supplied by 
renewable resources will be increased. In this context, it is assumed that 
the W–PSHP operates in isolation. The Gorona del Viento W–PSHP data 
used in the model and the layout shown in Fig. 1 have been extracted 
from [42,45,46].
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The number of segments nt determines the order of the system. For
this PSHP, authors in [39] demonstrated that simulations assuming a
lumped parameter approach with 10 segments match significantly with
simulations provided by the transfer function proposed in [50].

3.2.2. Turbine
Turbine is modelled considering the relation between the flow,

head, and nozzle opening [50]. The assumed generated torque corre-
sponds to ideal conditions in Pelton turbines, where the absolute fluid
speed is twice the runner peripheral speed for rated conditions [39].

The modelled hydropower plant has more than one identical unit; each
unit is supposed to operate in an identical manner at the same time.
Therefore, a single equivalent turbine has been considered in the re-
maining parts of this study.

3.2.3. PSHP governor
The proposed PSHP governor model, which is based on [47], is

formulated in Eq. (4). The main function of this governor is to control
the unit speed by monitoring the frequency error signal, modifying the
turbine nozzles, and regulating the water flow through the penstock.
The error signal is processed by a conventional PI controller. The limits
in the positions of the turbine nozzles and their rates of change are
considered in the model using a rate limiter and a saturation element.

∫= ⎡
⎣⎢

+ ⎤
⎦⎥

−z
δ δT

dt n nΔ 1 1 ( )
r

ref
(4)

Fig. 2. Block diagram of hybrid wind–hydro power plant and power system.

Fig. 3. Block diagram of pitch control model.



3.3. VSWT model description

3.3.1. Wind power model
The power extracted from the wind is modelled using the mathe-

matical function in Eq. (5) [51,52].

=P
ρ

A s C λ β
2

( , )wind r w p
3

(5)

The power coefficient Cp is a fourth order function of the turbine tip
speed ratio λ and the pitch angle β [52].

3.3.2. Blade pitch angle control
Fig. 3 shows the block diagram of the blade pitch angle control. This

control is a combination of a conventional pitch angle control and pitch
compensation. The conventional pitch angle control implements a PI
control that computes the difference between rotor and reference rotor
speeds [53]. Furthermore, the pitch angle control considers the com-
pensation through a different PI control that computes the difference
between the mechanical wind power and maximum rated power for
each wind speed [54].

It is expected that blade movements were smoothed if pitch control
is improved considering advanced techniques [55–57]. However, the
simplest controller was considered to make conclusions more general.
Blade pitch angle variations are slow enough to be decoupled from the
dynamic responses of other variables. In the literature, there is agree-
ment on the value of these gains. Therefore, gains proposed in [51,52]
have been assumed. Blade pitch angle control parameters are listed in
Table 1.

The reference speed ωref is usually 1.2 p.u. but it can be lower.
Speed reference is incorporated in the model by using a quadratic ex-
pression [51], which has been calibrated by considering the operational
curves provided by the manufacturer [42].

3.3.3. Mechanical model of rotor
The reduced order two-mass shaft model is the most appropriate for

transient stability analysis [58], however some manufacturers re-
commend the use of the simple one-mass shaft model in cases where the
power converter decouples the generator from the grid [59]. The VSWT
model includes the rotor inertial equation for the wind turbine rotor
(Eq. (6)) [51].

= −dω
dt H ω

p p1
2

1 ( )w nc (6)

3.3.4. VSWT inertial and proportional control loops
The regulating capacity of the VSWT will be used. In this study, the

VSWT control strategies proposed in [31] (inertial, proportional, and
their combination) are analysed. Owing to the existence of the wind
energy conversion system, the inertial and proportional control loops
add a power signal pΔ n to the power reference output to be tracked by
the converter (Eq. (7)) [30]:

= ⎡
⎣

+ ⎤
⎦

−p K K d
dt

n nΔ ( )n pn dn ref (7)

Kdn weights the RoCoF, while Kpn is a weighting constant of the
frequency deviation. When inertial or proportional control is executed
individually, the other controller is disabled by cancelling the corre-
sponding gains from Eq. (7). A methodology to adjust gain values will
be described in the following section.

3.3.5. VSWT rotor speed control
Because of VSWT contribution to frequency regulation through the

inertial and proportional control loops, a wind turbine rotor speed
control is required. This last control loop restores the VSWT rotor op-
timal speed after a frequency disturbance; otherwise, the VSWT will be
destabilized.

This speed control, which controls the rotational speed by reg-
ulating the electromagnetic torque, aims to recover the optimal speed
once the frequency transient has subsided [60]. Actually, when the
wind speed is very low, the rotor speed is only controlled by changing
the generator torque while the blade pitch is constant. Authors are
aware of the existence of advanced maximum power point tracking
controllers based on modern control techniques [61]. However, it was
considered the simplest controller to make the conclusions more gen-
eral. Therefore, a PI controller obtains a power reference, Δpω (Eq. (8)),
based on the difference between the rotational speed and the optimal
rotational speed [30].

∫= ⎡⎣ + ⎤⎦ −p K K dt ω ωΔ ( )ω pω iω ref (8)

The total power supplied by the electronic converter (Eq. (9)) will
be the sum of the mechanical power initially produced by the wind and
both power increments that have been previously described. As the
converter internal dynamics is much faster than the processes studied in
this paper, the converter action is supposed to be instantaneous; the
power electronic controller is assumed to work ideally.

= + +p p p pΔ Δnc nc n ω
0 (9)

4. Linearized reduced order model

For control design purposes, a linearized model for small pertur-
bation analysis in the neighbourhood of an initial equilibrium operating
point is usually employed. However, considering that a linearized
model is not enough to perform a systematic analysis, the previously
described model will be simplified because some of the phenomena
included are negligible when small disturbances occur. The assumed
simplifications are described in the following sections.

4.1. Reduced order model

4.1.1. One-segment lumped parameter approach
In [39], the authors verified that the simplest one Π-shaped segment

model having one series branch and two shunt branches would be
sufficiently accurate to consider penstock elasticity effects. Therefore,
for analytic purposes, the penstock is modelled following this re-
commendation obtaining a second-order model, whose state variables
are q h{Δ , Δ }p .

4.1.2. VSWT model simplification
Assuming small perturbations in the neighbourhood of an initial

equilibrium operating point and a short-term framework, the mechan-
ical power from the wind can be considered constant [30,62]. Fur-
thermore, because of the slowness of blade pitch movements, these ones
have been neglected and the pitch angle position has been considered
static for analytic purposes.

4.2. Linearization

Some of the expressions that model the system described previously
are composed of nonlinear terms and are not suitable for the modal
analysis of the system. They are also not suitable for controller gains
tuning using linear methods. Therefore, a linearized model is proposed
for small perturbation analysis in the neighbourhood of an initial
equilibrium operating point.

Table 1
VSWT pitch control parameters.

Kpc 3 Kpp 150 βmax 27 Kpw 0.10

Kic 30 Kip 25 Ts 0.1 Kiω 0.010



5. Eigen analysis and controller tuning methodology

Based on the VSWT control loops described previously, three control
strategies are proposed in [31]. Inertial control strategy, which takes
the RoCoF as the control loop input (case ‘A’), proportional control
strategy, which takes the variation in frequency as the control loop
input (case ‘B’), and finally, inertial and proportional control strategy,
which takes both variations as the control loop input (case ‘C’). These
inertial and proportional control loops allow a fraction of the kinetic
energy stored in rotational masses to be released to provide earlier
frequency support, thereby taking advantage of the rapid response
capability associated with electronically controlled converters. These
control strategies can allow no regulation reserve, and thus, a better use
of the wind resource is achieved. A base case in which the VSWTs are
not assigned to contribute to frequency regulation is considered to
highlight system improvements owing to the VSWT contribution to
frequency regulation. In the cases in which the VSWTs do not provide
frequency regulation or it is provided through the inertial control loop,
the dynamic system is a fourth-order system because the state variables

ω pΔ Δ( , )ω are not active in the system. When the VSWTs provide pro-
portional frequency regulation (or inertial and proportional), the dy-
namic system is a sixth-order system.

The main problem caused by long conduits, studied in [39,40], is
the transmission of water elasticity oscillations to the generated power,
and thus to the system frequency in isolated systems. Therefore, the
oscillating modes that interfere with the dynamic behaviour of the
system are identified from the modal analysis, differentiating the
dominant variables of each oscillation mode. The influence of the PSHP
and VSWT controller gains in varying the participation of the state
variables in the oscillation modes is analysed. This can reduce the in-
fluence of water inertia and elasticity on the system frequency, pre-
venting the hydraulic oscillatory phenomena that are transmitted to the
electrical network. The study of small disturbance dynamics of the
linearized model is carried out for this hybrid wind–hydro power plant
for each of the strategies described above. The eigenvalues, damping
ratio, and participation factors of the state variables in the oscillation
modes are obtained. From the study of the damping ratio and oscilla-
tion modes, a method for tuning the PSHP and VSWT controller gains
based on the eigen analysis is proposed.

The modal analysis starts from the calculation of the state matrix
eigenvalues. The eigenvalues λ( )i are the main indicators of the dy-
namics and stability of the system. One of the classic tools that allow
analysing the dynamics of the system from the position of the poles is
the root locus, which will be used in the modal analysis. The partici-
pation factors are employed to measure the relative association be-
tween the ith state variable and the jth eigenvalue [63]. Three oscil-
lation modes can be found in this system:

• Oscillation mode I: Water elasticity mode, in which the state vari-
ables of the hydraulic system h q(Δ , Δ )p have the highest participa-
tion. In root locus figures, this mode is plotted in blue colour.

• Oscillation mode II: Electromechanical mode, in which the state
variables of the PSHP governor and the system frequency z n(Δ , Δ )
have the highest participation. In root locus figures, this mode is
plotted in red colour.

• Oscillation mode III: Aeromechanical mode, in which the state
variables of the VSWT ω p(Δ , Δ )ω have the highest participation. This
oscillation mode appears when the VSWTs are aimed at contributing
proportionally to frequency regulation (cases ‘B’ and ‘C’). In root
locus figures, this mode is plotted in green colour.

Moreover, the damping ratio ξ( )i of the corresponding oscillation
mode can be obtained from the state matrix. Analyses involve damping
ratios corresponding to different eigenvalues in the system for each
strategy. The smallest damping ratio is selected as the main indicator of
the system stability [64]. Therefore, the tuning criterion is based on
obtaining the VSWT and PSHP controller gains that provide the higher
smallest damping ratio. Two wind speeds have been compared to
analyse their influence on the behaviour of the system. The electric
demand is the same in both cases, so PSHP operating point will be
adjusted to cover this power demand taking into account the different
power supplied by the VSWT.

5.1. Base case: frequency regulation provided by PSHP

A base case in which the frequency regulation is only provided by
the PSHP is considered to highlight in the following sections the system
improvement owing to the VSWT contribution to frequency regulation.
Fig. 4 shows the system’s smallest damping ratio as a function of PSHP
controller gains δ T( , )r when the VSWTs do not contribute to frequency
regulation, for a constant speed of 10m/s and 20m/s. The white line
corresponds to the null damping ratio, dividing the unstable region
coloured in dark blue. The PSHP controller gains that correspond to the

(a) (b)
Fig. 4. Smallest damping ratio when VSWTs do not provide frequency regulation being sw=10m/s (a) and sw=20m/s (b).

The linearized model of a hydraulic turbine can be written assuming 
linear variations of flow and torque respect to net head, rotational 
speed and wicket gate position. Friction losses in the penstock have also 
been linearized.



Fig. 8 shows the root locus, which is plotted by fixing the PSHP

controller gains and varying the gain of the inertial control loop. The
instability region (positive real half plane) has been shaded grey. The
controller gains obtaining the smallest damping ratio are marked with
an asterisk. The poles corresponding to the base case are marked with
diamonds. The displacement of the poles in the plane can be observed:
the pole of the electromechanical mode moves towards the negative
real half plane, whereas the pole of the water elasticity mode moves
towards the opposite direction. However, owing to the increase in the
real part of the pole associated with the electromechanical mode, the
system behaviour is improved. It is noteworthy that with these PSHP
controller gains, the system would be unstable if the VSWTs did not
provide frequency regulation (Kdn=0) because of having the pole
corresponding to the water elasticity mode in the positive real half
plane. Furthermore, it is confirmed that a practical limit in the inertial

Table 2
PSHP controller gains and participation factors when VSWTs do not provide frequency regulation.

sw
(m/s)

PSHP gains λi ζi Participation factors Oscillation mode

δ Tr qΔ p hΔ zΔ nΔ ωΔ pΔ ω

10 0.6 1.7 −0.113 ± j0.592 0.187 0.244 0.357 0.225 0.174 – – I
−0.085 ± j0.481 0.173 0.114 0.253 0.343 0.290 – – II

20 0.6 1.4 −0.102 ± j0.600 0.168 0.233 0.334 0.236 0.197 – – I
−0.081 ± j0.528 0.152 0.142 0.264 0.318 0.276 – – II

Fig. 5. Root locus plot when VSWTs do not contribute to frequency regulation
(sw=20m/s). System poles corresponding to the proposed tuning are marked
with an asterisk.

Fig. 6. Participation factors of dominant variables into electromechanical mode
evolution due to VSWT inertial frequency regulation. Blue lines represent
constant wind speed of 20m/s scenario while red lines represent 10m/s sce-
nario. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this article.)

maximum smallest damping ratio are marked with an asterisk for both 
speed regimes.

Table 2 lists the PSHP controller gains, eigenvalues, damping ratios, 
and participation factors applying the proposed criterion when fre-
quency regulation is provided only by the PSHP for wind speeds of 
10 m/s and 20 m/s. Although the sum of the variables’ participation 
factors does not reach the minimum value of 0.8 established in [63], 
two oscillation modes are identified corresponding respectively to 
elastic phenomena oscillations and PSHP governor oscillations, that is, 
the isolated system frequency. Both oscillation modes are very strongly 
interrelated, which may cause the elastic water mode oscillations to be 
transmitted to the electrical system.

To analyse the influence of the PSHP governor gains in the system 
dynamics, the root locus plot when parameter δ is varied assuming no 
VSWT contribution to frequency regulation is shown in Fig. 5. The in-
stability region (positive real half plane) has been shaded grey. The 
poles corresponding to the tuning used are marked with an asterisk. As 
can be observed, the criterion based on obtaining the maximum smal-
lest damping ratio tends towards the double complex pole criteria 
proposed in [39]. Owing to the proximity of the poles, the damping 
ratios of both oscillation modes are similar.

5.2. Case ‘A’: inertial VSWT contribution to frequency regulation

Owing to the frequency requirements (50 Hz ± 0.15 Hz) estab-
lished by the Spanish transmission system operator (TSO) for isolated 
systems [65], the electromechanical oscillation, in which the system 
frequency is one of the dominant state variables, is controlled. To verify 
if the inertial regulation of the VSWT decreases the participation of the 
hydraulic variables in the electromechanical mode, the evolution of 
participation factors of the dominant state variables into that mode due 
to VSWT inertial contribution to frequency regulation are shown in 
Fig. 6. The participation factor of the variables (Δ , Δz n) in the elec-
tromechanical mode, increases as the VSWT synthetic inertia increases, 
decreasing the participation of the water elasticity mode dominant 
variables. When the inertial contribution is null (Kdn = 0), the elec-
tromechanical oscillation mode is strongly influenced by the dominant
variables of the water elasticity mode (Δ , Δh qp) with the oscillation of 
this mode being transmitted to the power system. The water elasticity 
mode has a higher participation factor in cases when the wind speed is 
low than in cases when the wind speed is high. This is because the PSHP 
operating point is higher in the first than in the second case because the 
power supplied by the VSWT is lower. Please note that the power de-
mand is assumed to be constant.

According to [31], adjusting the PSHP and VSWT regulators’ joint 
gains is recommended. Fig. 7 shows the system’s smallest damping ratio 
of case ‘A’, for a constant speed of 10 m/s and 20 m/s, in relation to the 
three adjustable gains. The continuous lines correspond to Kdn values 
that provide the higher smallest damping ratio for each pair of values 
( ,δ Tr). The white line corresponds to the null damping ratio, dividing 
the unstable region coloured in dark blue. The new PSHP and VSWT 
controller gains, which correspond to the maximum smallest damping 
ratio, are marked with an asterisk for both speed regimes.



contribution of VSWT exists, as it is stated in [27] because the poles
tend to the real half plane. This is the reason that the proposed values
for the VSWT inertial control loop gains for interconnected systems are
not suitable in isolated systems. The value proposed in [30] (Kdn= 15)
applied in an isolated system, as the case studied, caused the real part of
the eigenvalues to be positive, destabilizing the system as demonstrated
in [31] with different simulations.

Table 3 lists the PSHP and VSWT controller gains, eigenvalues,
damping ratios, and participation factors by applying the proposed
criterion when the VSWTs provide inertial frequency regulation for
wind speeds of 10m/s and 20m/s. The participation factors have been
modified, decreasing the presence of variables associated with the

water elasticity in the electromechanical mode, thus preventing the
hydraulic oscillations to be transmitted to the power system.

5.3. Case ‘B’: proportional VSWT contribution to frequency regulation

When the VSWTs provide frequency regulation through a propor-
tional control loop, the aeromechanical oscillation mode appears (now
the dynamic system is a sixth-order system). Fig. 9 shows the evolution
of the participation of the dominant state variables into the electro-
mechanical mode. As can be observed, the participation factor of the
variables z n(Δ , Δ ) in the electromechanical mode, increases as the
VSWT proportional contribution rises, reaching a maximum for Kpn

values between 1.5 and 2—independently of the wind speed—de-
creasing the participation of the water elasticity dominant variables.
This is because the positive participation variation rate of the aero-
mechanical dominant variables into the electromechanical mode is
higher than the negative variation rate of the participation of the water
elasticity dominant values.

In this case, the water elasticity mode also has a higher participation
factor in cases when the wind speed is low than in cases when the wind
speed is high.

Following the recommendations and the methodology described
previously, Fig. 10 shows the system’s smallest damping ratio for case
‘B’. The white line corresponds to the null damping ratio, dividing the
unstable region coloured in dark blue. The new PSHP and VSWT con-
troller gains, which correspond to the maximum smallest damping
ratio, are marked with an asterisk for both wind speed regimes. The
values of the PSHP governor gains are significantly different from those
obtained in the base case.

Fig. 11 shows the root locus when the VSWTs provide frequency
regulation through a proportional control loop having obtained the
PSHP and VSWT controller gains jointly. The instability region (positive

Fig. 7. Smallest damping ratio when VSWTs provide frequency regulation through an inertial control loop being sw=10m/s (a) and sw=20m/s (b).

Fig. 8. Root locus plot when VSWTs contribute to frequency regulation with
proportional control loop (sw=20m/s).

Table 3
PSHP controller gains and participation factors when VSWTs provide inertial frequency regulation (case ‘A’).

sw
(m/s)

PSHP gains VSWT gains λi ζi Participation factors Oscillation mode

δ Tr Kdn qΔ p hΔ zΔ nΔ ωΔ pΔ ω

10 0.4 1.8 2.8 −0.106 ± j0.595 0.175 0.253 0.368 0.217 0.162 – – I
−0.087 ± j0.470 0.182 0.102 0.239 0.353 0.296 – – II

20 0.4 1.4 3.2 −0.107 ± j0.616 0.171 0.257 0.349 0.216 0.178 – – I
−0.066 ± j0.508 0.129 0.121 0.245 0.334 0.290 – – II



real half plane) has been shaded grey. The electromechanical mode
poles tend to the negative real values, whereas the water elasticity
mode poles tend to the positive real values as the proportional gain is
increased. In this case, the aeromechanical mode appears. With this
VSWT regulation strategy, the poles of the two dominant oscillation
modes, water elasticity and electromechanical mode, move to the real
negative half plane, stabilizing the system. With these PSHP controller
gains, the system would be unstable if the VSWTs did not provide fre-
quency regulation because of having the electromechanical mode pole
corresponding to Kpn=0 in the positive real half plane. Because the
poles corresponding to the base case tuning have been displaced to the
left in the water elasticity and electromechanical modes, it is expected
that a better dynamic behaviour can be attained with the proportional
control strategy than with the inertial strategy.

Table 4 lists the PSHP and VSWT controller gains, eigenvalues,
damping ratios, and participation factors by applying the proposed
criterion when the VSWTs provide proportional frequency regulation
for wind speeds of 10m/s and 20m/s.

The participation factors have been modified as when the VSWTs
contribute to frequency regulation through the inertial control loop.
The presence of the variables associated with the water elasticity mode
in the electromechanical mode has decreased, preventing the hydraulic
oscillations to be transmitted to the power system. It is also observed
that the dominant variables of modes I and II do not influence the
dynamics of the aeromechanical mode.

5.4. Case ‘C’: inertial and proportional VSWT contribution to frequency
regulation

As with the cases described above, Fig. 12 shows the system’s
smallest damping ratio for case ‘C’. The dashed lines correspond to Kpn

values and the dotted lines correspond to Kdn, which provide jointly the

maximum damping ratio for each pair of values δ T( , )r . The unstable
region is coloured in dark blue. Owing to the large number of controller
gains involved in the system, the root locus technique is not effective.

Table 5 lists the PSHP and VSWT controller gains, eigenvalues,
damping ratios, and participation factors by applying the proposed
criterion when the VSWTs provide inertial and proportional frequency
regulation for wind speeds of 10m/s and 20m/s. Because of the pro-
portional contribution, the values of the PSHP governor gains are sig-
nificantly different from those obtained in the base case, as with case
‘B’. The tendency observed in the previous cases is confirmed because
the smallest damping ratio increases. Therefore, this control strategy is
expected to be the most effective one to control the frequency.

The participation factors have been modified, preventing the

Fig. 9. Participation factors of dominant variables
into electromechanical mode evolution due to
VSWT proportional frequency regulation. Blue lines
represent simulations assuming constant wind
speed of 20m/s while red lines are for 10m/s. (For
interpretation of the references to colour in this
figure caption, the reader is referred to the web
version of this article.)

(a) (b)
Fig. 10. Smallest damping ratio when VSWTs provide frequency regulation through a proportional control loop being sw=10m/s (a) and sw=20m/s (b).

Fig. 11. Root locus plot when VSWTs contribute to frequency regulation with
proportional control loop (sw=20m/s).



hydraulic oscillations to be transmitted to the power system owing to
the decrease of the presence of variables associated with the water
elasticity mode in the electromechanical mode. Because of the very
high participation factors of the dominant variables of the aero-
mechanical mode into its own oscillation mode, it can be concluded
that the dominant variables of modes I and II do not influence the
dynamics of the aeromechanical mode.

As a summary of the modal analysis developed and the controller-
tuning criterion proposed, the evolution of the minimum damping ratio
(orange lines) and the participation of the water elasticity mode
dominant variables into the electromechanical mode (blue lines) are
shown in Fig. 13. The reduction in participation of the water elasticity
mode dominant variables is verified including the increase in the
minimum damping ratio owing to the hybrid control strategies and the
proposed tuning of PSHP and VSWT controllers.

The modal analysis developed, as well as the PSHP and VSWT
controller tuning criterion proposed, are based on the simplified linear
model. Therefore, both must be contrasted by simulations in a com-
pletely nonlinear model.

6. Simulations and results

To check the suitability of controller tuning, Jones et al. [66] sug-
gested that it is enough to simulate a step, a ramp, and a random signal.
In accordance to this methodology, three different events related to
renewable source generation were simulated in [40]. Therefore, a load
step, a wind speed ramp, and a real wind speed fluctuation [31], as-
sumed as realistic events, have been simulated in the completely non-
linear model. To reinforce the results obtained from these simulations, a
group of 100 synthetic wind speed fluctuations have been obtained

from the real wind speed signal which have been also simulated.
However, these results cannot be compared to the current experimental
data, and it seems reasonable to expect a fairly good agreement because
a similar model has been used in [47] for Dinorwig power plant, where
the simulation results were sufficiently accurate compared to field
measurements.

Cases ‘A’, ‘B’, and ‘C’ have been compared with the base case (fre-
quency control provided only by PSHP) to highlight the variation of
each parameter mentioned previously.

Figs. 14 and 15 show the dynamic response comparison between the
base case and the different cases of VSWT contributions to frequency
regulation (‘A’, ‘B’, and ‘C’), when a 5% power demand step is imposed,
considering constant wind speeds of 10m/s and 20m/s, respectively. A
12 s period oscillation is observed in the frequency response, corre-
sponding to the oscillation period of the water hammer effect existing in
the penstock. The proposed control strategies do not eliminate these
oscillations, but dampen them, decreasing the oscillation amplitude and
settling time. It can be verified that, regardless of the wind speed, the
contribution of the VSWT to the frequency regulation is beneficial to
the system, as it increases the value of the nadir. This confirms the
observations made through the modal analysis. In addition, the VSWT
contribution moderates the PSHP mechanical equipment movements.

When a wind speed ramp takes place and frequency regulation is
only provided by the PSHP, as listed in Table 6, the frequency attains
values outside the limits established by the TSO (50 Hz ± 0.15 Hz)
[65]. In addition, the mean frequency deviation (MFD) calculated based
on Eq. (10), nadir, maximum frequency peak, and nozzle movement
values are improved supposing a small increase in the movements of the
VSWT blades.

Table 4
PSHP controller gains and participation factors when VSWTs provide proportional frequency regulation (case ‘B’).

sw
(m/s)

PSHP gains VSWT gains λi ζi Participation factors Oscillation mode

δ Tr Kpn qΔ p hΔ zΔ nΔ ωΔ pΔ ω

10 1.0 0.8 1.4 −0.126 ± j0.604 0.204 0.252 0.352 0.219 0.170 0.001 0.006 I
−0.132 ± j0.509 0.251 0.113 0.237 0.350 0.286 0.002 0.012 II
−0.020 ± j0.054 0.347 0.000 0.001 0.033 0.001 0.476 0.489 III

20 1.8 0.4 1.6 −0.121 ± j0.662 0.180 0.307 0.361 0.174 0.153 0.001 0.004 I
−0.103 ± j0.499 0.202 0.127 0.230 0.335 0.291 0.002 0.015 II
−0.020 ± j0.053 0.353 0.000 0.001 0.034 0.001 0.476 0.488 III

Fig. 12. Smallest damping ratio when VSWTs provide frequency regulation through inertial and proportional control loops being sw=10m/s (a) and sw=20m/s
(b).
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The frequency comparison from the simulation of wind speed fluc-
tuations between the base case and VSWT contribution cases ‘A’, ‘B’,
and ‘C’ is shown in Fig. 16. It is observed that the frequency oscillations
caused by wind speed fluctuations are clearly minimized, particularly
when considering control strategies in which the inertial controls A and
C are enabled. Moreover, the simulation results are summarized in

Table 7, listing for each strategy the wind energy generated, MFD,
nadir, maximum frequency peak, nozzle movements per second, and
blade angle movements per second.

In Table 8, the averages of the results obtained simulating the group
of synthetic wind speed fluctuations are listed.

As observed in Tables 7 and 8, results obtained from the real wind
speed fluctuation simulation and the averages of the results obtained by
simulating the group of synthetic wind speed fluctuations match sig-
nificantly. Furthermore, the MFD, nadir, maximum frequency peak, and

Table 5
PSHP controller gains and participation factors when VSWTs provide inertial and proportional frequency regulation (case ‘C’).

sw
(m/s)

PSHP gains VSWT gains λi ζi Participation factors Oscillation mode

δ Tr Kdn Kpn qΔ p hΔ zΔ nΔ ωΔ pΔ ω

10 1.2 0.4 2.8 3.4 −0.155 ± j0.611 0.246 0.240 0.323 0.235 0.192 0.001 0.009 I
−0.138 ± j0.525 0.254 0.133 0.214 0.351 0.284 0.002 0.016 II
−0.020 ± j0.055 0.342 0.000 0.002 0.047 0.001 0.466 0.484 III

20 2 0.2 3.2 3.8 −0.143 ± j0.623 0.224 0.233 0.303 0.244 0.209 0.001 0.010 I
−0.127 ± j0.561 0.221 0.136 0.217 0.351 0.279 0.002 0.015 II
−0.020 ± j0.054 0.347 0.000 0.001 0.044 0.002 0.469 0.484 III

sw=20 m/ssw=10 m/s

Fig. 13. Evolution of the participation factor of the water elasticity mode dominant variables in the electromechanical oscillation mode and system minimum
damping ratio.

Fig. 14. Comparison of dynamic response of the system between the base case and cases ‘A’, ‘B’, and ‘C’ of hybrid contribution to frequency regulation and by
considering a sudden power demand variation and a constant wind speed of 10m/s.



nozzle movement values are improved in all cases owing to the VSWT
contribution to frequency regulation, with a negligible loss of wind
energy (less than 0.35%). In both simulations, assuming variations in
wind speed, it is verified that for the proposed cases, the VSWT con-
tribution to frequency regulation results in a significant improvement in
the MFD, nadir, and maximum peak of frequency. As to the mechanical

parts, an important reduction in the movements of the turbine nozzle
(more than 85% in cases ‘A’ and ‘C’) takes place, thereby increasing its
remaining lifetime. These reductions in movements suppose an as-
sumable increase (less than 10%) in the movements of the VSWT
blades. It can be observed that emulation of inertia improves the
minimum frequency peaks as well as the MFD better than proportional
control. Notwithstanding the above, the vast majority of these in-
dicators reach an even better value when proportional control acts to-
gether with inertial control.

7. Conclusions

In this study, a modal analysis on the contribution to frequency
regulation of a hybrid wind–hydro power plant was performed for the
El Hierro isolated power system. The hybrid wind–hydro power plant
committed in El Hierro was modelled in Matlab Simulink with enough
detail to obtain comparable results with experimental models. From the
mathematical model, certain realistic hypotheses have been assumed to
simplify and linearize it, with the aim of undertaking the modal ana-
lysis. The oscillation modes that interfere with the dynamic behaviour
of the system were identified from the state matrix by obtaining the
eigenvalues and participation factors, identifying also the variables on
which these modes depend. Three control strategies were analysed,
comparing them with the cases in which the VSWTs do not provide
frequency regulation.

As significant contributions of this study, it has been proved ana-
lytically from the position of the system poles that VSWT controller

Fig. 15. Comparison of dynamic response of the system between the base case and cases ‘A’, ‘B’, and ‘C’ of hybrid contribution to frequency regulation and by
considering a sudden power demand variation and a constant wind speed of 20m/s.

Table 6
Simulation results with a wind speed ramp.

Case MFD Nadir Max. Frequency peak ∫ z t|Δ |/ ∫ β t|Δ |/

Hz Δ Hz Δ Hz Δ 10−5 p.u./s Δ °/s Δ

base 0.0504 49.8744 50.3515 14.029 0.7268
‘A’ 0.0056 −88.89% 49.9996 0.25% 50.0224 −0.65% 2.0266 −85.55% 0.7334 0.91%
‘B’ 0.0188 −62.70% 49.9798 0.21% 50.1387 −0.42% 5.2422 −62.63% 0.7276 0.11%
‘C’ 0.0072 −85.71% 50.0000 0.25% 50.0194 −0.66% 3.6044 −74.31% 0.7311 0.59%

Fig. 16. System frequency comparison between base case and cases ‘A’, ‘B’, and
‘C’ during wind speed fluctuations. Frequency limits required by the TSO are
marked in dashed line.



gains recommended for interconnected systems are not adequate for
isolated systems. Also, a tuning criterion based on the smallest damping
ratio has been proposed to unlink the hydraulic state variables from the
electromechanical oscillation mode, preventing the hydraulic oscilla-
tions to be transmitted to the system frequency. Control strategies and
tuning criterion extracted from this study have been evaluated by si-
mulating different events related to fluctuations in wind speed or var-
iations in power demand. As a general conclusion, it is worth noting the
feasibility of operating the island power system without the diesel
generators when there are sufficient wind potentials owing to the VSWT
contribution to frequency regulation, supplying demand and main-
taining the system frequency within the limits established by the TSO.
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base 2.6707 0.0216 49.8511 50.1675 57.514 0.0796
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Table 8
Average results using 100 synthetic signals of wind speed.

Case Wind energy MFD Nadir Maximum frequency peak ∫ z t|Δ |/ ∫ β t|Δ |/

MWh Δ Hz Δ Hz Δ Hz Δ 10−5 p.u./s Δ °/s Δ

base 2.6914 0.0284 49.8217 50.2087 32.439 0.0660
‘A’ 2.6912 −0.007% 0.0014 −95.07% 49.9883 0.33% 50.0110 −0.39% 3.2747 −89.91% 0.0688 4.242%
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‘C’ 2.6913 −0.004% 0.0012 −95.78% 49.9891 0.33% 50.0077 −0.40% 3.3132 −89.78% 0.0688 4.242%

Table 7
Simulation results using a fluctuation of wind speed.
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