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Abstract—Modern wave power generation plants are capable
to work in variable speed operations. These wave power gener-
ation plants are provided with adjustable speed generators, like
the double feed induction generator. One of the main advantage
of adjustable speed generators is that they improve the system
efficiency compared to fixed speed generators, because turbine
speed can be adjusted as a function of the flow coefficient to
maximize the output power. However these systems requires a
suitable speed controller in order to track the optimal turbine
reference speed. In this work, a sliding mode control for variable
speed wave power generation plants is proposed.

The stability analysis of the proposed controller is provided
under disturbances and parameter uncertainties by using the
Lyapunov stability theory. Finally simulated results show, on the
one hand that the proposed controller provides high-performance
dynamic characteristics, and on the other hand that this scheme
is robust with respect to the uncertainties that usually appear in
the real systems.

I. INTRODUCTION

Wave power is an abundant renewable source of electricity
by converting the kinetic energy of the waves into electricity.
The ocean is an enormous source of renewable energy with the
potential to satisfy an important percentage of the worldwide
electricity supply. In the last couple of years, there has been a
worldwide resurgent interest for wave energy, particularly in
Europe. Conversion of the wave resource alone could supply
a substantial part of electricity demand of several countries in
Europe, such as Ireland, U.K., Denmark, Portugal, Spain and
others. Worldwide, the estimated technically and economically
energy production potential for ocean wave energy is estimated
at about 100000 TWh/year. Today, there exist several ways
to obtain energy from the sea. In particular, the interest
of this work focuses on extracting energy from sea waves
by using oscillating water columns (OWC) to transform the
wave movement into pneumatic energy [1]-[3]. This pneumatic
energy can be converted into mechanical energy with the
use of a turbine [4]-[6], which, in turn, is used to move an
induction generator [7]-[9].

Many renewable power-generation plants, like wind turbine
systems and wave energy plants, incorporate a doubly fed
induction generator (DFIG) to allow variable rotor speed
operation. The DFIG is directly connected to the network
through the stator, while the rotor is connected to the grid
through a variable-frequency converter (VFC), which is only

required to handle a fraction (25%-30%) of the nominal power
to achieve total control of the generator. The VFC is composed
of two voltage-source converters: one on the side of the rotor
[rotor-side converter (RSC)] and the other one on the side
of the grid [grid-side converter (GSC)], connected back to
back through a capacitor [10]-[12]. This scheme allows power
tracking and independent control of some parameters of the
RSC and GSC.

This kind of systems are usually controlled using a vector
control scheme and cascaded PI-current and power loops.
Nevertheless, since the actual system parameters always differ
from those from the data sheet used for PI tuning, a fine tuning
over the real equipment is generally required to achieve an
adequate performance [13]. Moreover, some tuning methods
require a detailed modeling of the system, and it is well known
that, depending on the tuning method used, PI controllers may
present a considerable lack of robustness [14].

In this context, the most suitable option is to consider
some kind of robust control scheme as it is the case of
the sliding-mode control (SMC) initially developed by Utkin
[15] and successfully applied to diverse types of induction
machine drives [16]-[18]. SMC, allows to avoid the need
of an exact knowledge of the system parameters and offers
many desirable properties, such as good performance against
unmodeled dynamics, insensitivity to parameter variations, and
an excellent external disturbance rejection.

In this sense, considering that the real systems presents
some model uncertainties and taking into account the useful
robust properties that SMC can afford, this paper presents a
new SMC scheme in order to improve the power extraction in
OWC wave energy generation plants equipped with a DFIG.

The objective is to attain that the turbine speed tracks the
desired speed, that maximizes the power extraction from the
Wells turbine, in spite of system uncertainties. This is achieved
by regulating the rotor current of the DFIG using the sliding
mode control theory. In the design it is used a vector oriented
control theory in order to decouple the torque and the flux of
the induction machine. The proposed control scheme leads to
obtain the maximum power extraction from the different flow
coefficients that appear along time in a wave power generation
plants. Finally, a test of the proposed method based on a
OWC wave power generation plant equipped with a DFIG is



conducted using the Matlab/Simulink software. In this test,
several operating conditions are simulated and satisfactory
results are obtained.

II. OWC PLANT MODELING

The oscillating water column (OWC) is a device that
converts the hydraulic energy of the waves into an oscillating
air flow as it is shown in figure 1.

Fig. 1. OWC wave power system

The upper part of the OWC chamber has the power take off
system, consisting of the turbine and the generator, connected
through a gear box. The Wells turbine which was invented
by Prof. A. A. Wells in the mid-1970s has been extensively
researched over the last 30 years. This turbine converts the
bidirectional air flow into mechanical energy, in the form of
unidirectional shaft power used in turn to move the rotor of
the generator.

Wave motion and wave-energy absorption compose a time-
varying oscillatory phenomena. In order to establish an ad-
equate wave model, it is necessary to take into account the
spectrum of the wave climate at hand, which indicates the
amount of wave energy as a function of the wave frequency.
This representative spectrum of the wave climate is locally
obtained by an offshore wave rider buoy in deep water,
measuring a wide range of oceanographic parameters, such
as the wave height, period, and direction.

The mathematical description of periodic progressive waves
is complicated. Some authors have recommended ranges of
application of the various wave theories. Therefore, a number
of regular wave theories have been developed to describe
the water particle kinematics associated with ocean waves of
varying degrees of complexity. These would include linear
or Airy wave theory, Stokes second-order and other higher
order theories, and stream-function and conoidal wave the-
ories, among others. Fortunately, the earliest (and simplest)

description, attributed to Airy in 1845, is sufficiently accurate
for many engineering purposes [19].

Linear wave theory describes ocean waves as simple sinu-
soidal waves. The part of the wave profile with the maximum
elevation above the mean water level or still water level (SWL)
is called the wave crest, and the part of the wave profile with
the lowest depression is the wave trough. The wavelength
(λ) of a regular wave at any depth is the horizontal distance
between successive points of equal amplitude and phase (for
example from crest to crest, or trough to trough), and the wave
height (H) is defined as the total distance from the trough to
the crest.

The wavelength (λ) is defined according to the linear theory
by:

λ =
gT 2

w

2π
tanh(2πh/λ) (1)

where g is the gravitational constant, Tw is the wave period
and h is the water depth.

Surfaces waves can be classified according to the ratio of
the wavelength (λ) to the water depth (h) as follows:

1) Deep water: h/λ > 0.25.
2) Transitional water: 0.25 ≥ h/λ > 0.05.
3) Shallow water: 0.05 ≥ h/λ.

A wave resource is typically described in terms of power
per meter of wavefront and this power can be computed by
multiplying the wave energy density by the wavefront velocity.

Pw =
ρgH2λ

16Tw

[
1 +

4πh/λ

sinh(4πh/λ)

]
(W/m) (2)

where Pw is the incident wave power per meter of wavefront,
ρ is the seawater density and H is the wave height.

NEREIDA MOWC is a project involving the integration
of an OWC system with Wells turbines in the new rockfill
breakwater at the harbor in Mutriku on the Basque coast in
Spain. The breakwater is located in h = 7m SWL. The
average height of waves in the Cantabrian coast is about
H = 2m with a roughly period of Tw = 10 s [20]. Therefore,
according to these data, in this work for the study of waves,
the linear wave theory has been used for transitional water.

The power available from the airflow in the OWCs chamber
is:

Pin =

(
dP +

ρv2x
2

)
vxa (3)

where a is the area of turbine duct, vx(m/s) is the airflow
speed and dP (Pa) is the pressure drop across the turbine.

The OWC energy equations are similar to those used for
wind turbines. The airflow kinetic energy term ρv3xa/2 is
common to wind turbine analysis, whereas the air pressure
term dPvxa is unique to this application and is due to the
OWC chamber. From Eqn.(3), it can be seen that the size of
the duct (a) and therefore the airflow through the duct, that
can be regulated by the modulation valve, plays a significant
role in an OWC system.



In the facility of Mutriku, the turbines (shown in figure 2)
are vertically mounted directly above the collector chambers,
so minimizing the height of the plant room was highly desir-
able to minimize the length of the turbogeneration assembly.
In this sense, the turbogenerator module is relatively small:
2.83 m high by a maximum width of 1.25 m, with a weight
of approximately 1200 kg [20].

Fig. 2. Turbogenerator modules in Mutriku facility

The turbogenerator module is composed by two five-blade
Wells turbines that turn together, connected to an air-cooled
DFIG. In this kind of induction machines, widely employed
in diverse generation applications, the stator circuit is directly
connected to the grid while the rotor winding is connected
via slip rings to a variable frequency converter (VFC). In
order to produce electrical active power at constant voltage
and frequency to the utility grid, over a wide operation range
(from subsynchronous to supersynchronous speed), the active
power flow between the rotor circuit and the grid must be
controlled both in magnitude and in direction. Therefore, the
VFC consists of two four-quadrant IGBT PWM converters
(rotor-side converter and grid-side converter) connected back-
to-back by a dc-link capacitor [23], [24].

The main advantage of this design is that the power elec-
tronic converters only need to handle a fraction about (25%-
30%) of the nominal power so that the losses in the power
converter are small compared to other kinds of designs, with
the consequent cost reduction in the necessary electronics. The
turbogenerator module also includes an inertia wheel drive
in order to smooth the output power curve. This property
makes the system particularly appropriate for the use of SMC
schemes since the undesired chattering inherent to this kind of
controllers may be mechanically absorbed by the system. In
addition, the turbogenerator set, which, in Mutriku, is mounted
vertically, presents airflow control valves so that the chamber
can be isolated if necessary. These valves are electrically
activated with gravity closing so that, if the power grid fails,
the valves close automatically. The valves may also be used
for airflow control purposes.

As it has been indicated, Wells fixed-pitch turbines have
been employed. This kind of turbine has a robust and simple

symmetrical blade design, which means that it always rotates
in the same direction, regardless of the direction of the airflow
through the turbine, so that no device is needed to rectify the
airflow. The equations used for the modeling of the turbine
are given by [21]:

dP = Ca k
1

a

[
x2x + (r w)2

]
(4)

Tt = Ct k r [v
2
x + (r w)2] (5)

Tt =
Ct r a

Ca
dP (6)

k = ρ b n
l

2
(7)

ϕ =
vx
rw

(8)

q = vx a (9)

η =
Tt w

q dP
(10)

where Tt(Nm) is the torque generated by the Wells turbine,
ϕ is the flow coefficient, Ca is the power coefficient, Ct is the
torque coefficient, k(Kg m) is a turbine constant, r(m) is the
turbine radius, vx(m/s) is the air flow velocity, w(rad/s) is
the turbine angular velocity, b(m) is the blade height, n is the
number of blades, l(m) is the blade chord length, q(m3/s) is
the flow rate, a(m2) is the turbine cross-sectional area and η
is the turbine efficiency.

As it may be observed in the previous equations in this type
of turbine the power and torque developed by the turbine can
be computed based on the power coefficient and the torque
coefficient respectively, whose relationship against the flow
coefficient composes the characteristic curves of the Wells
turbine under study.

The performance of the Wells turbine is limited by the onset
of the stalling phenomenon on the turbine blades, because
when the airflow velocity exceeds a critical value (that depends
on the turbine rotational speed), the Wells turbine efficiency
drops drastically. Therefore, the maximum power that can be
extracted by the Wells turbine is limited by its stalling behav-
ior. A turbine blade stalls when the relative angle between the
tangential speed of the turbine and the axial velocity of the
input airflow exceeds a value about 14◦ [21].

When the stalling phenomenon occurs, the torque coefficient
Ct drops drastically, and therefore the torque generated by
the turbine is greatly reduced. Figure 3 shows the torque
coefficient versus flow coefficient (ϕ = vx

rw ) for a typical Wells
turbine, even though it should be noted that the values for the
turbine torque coefficient will depend on the design parameters
of the Wells turbine.

From figure 3, it may be observed that when the flow
coefficient increases and approaches ϕ = 0.3 (this value may
change depending of the characteristic curve of each turbine),
then appears the so-called stalling behaviour in the turbine.
In this figure it can also be observed that the optimal value
for the flux coefficient could be ϕopt = 0.29, because at this
point the maximum Ct value is obtained, avoiding the stalling
behavior.
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Fig. 3. Torque coefficient versus Flow coefficient.

Then, the value for the optimal turbine speed command that
generates the maximum wave power extraction is determined
by:

w∗ =
vx

r · ϕopt
(11)

III. SLIDING MODE CONTROLLER DESIGN

In the DFIG-based OWC generation system, the maximum
power objective is achieved by regulating the rotational speed
of the Wells turbine in order to avoid the stalling behaviour.
In the proposed SMC scheme the speed is regulated by means
of the generator rotor current control.

As it has been indicated in the model description, in order
to extract the maximum power from the sea, the shaft speed
of the OWC turbogenerator must be adjusted so that the
flow coefficient ϕ remains bounded, yielding to a maximum
stalling free torque coefficient Ct. That is, for a given pressure
drop input dP , there is a unique generator speed required
and, therefore, a power reference to satisfy the condition of
maximum wave energy extraction. This is achieved based on
a characteristic curve provided by the manufacturer for the
Wells turbine that is used, but this approach may always be
extended to other Wells turbines, since all of them present a
similar stalling behavior as a function of the torque versus
flow coefficient.

In this way, the procedure is similar to that used to de-
fine maximum-power-point-tracking strategies in other well-
established DFIG applications, where the control system en-
forces to follow a tracking characteristic curve of the turbine
that depends on the maximum power variation with the
rotational speed of the DFIG which is also predefined for
each turbine from its aerodynamic power coefficient versus
tip speed ratio characteristic curve [22].

The design of the SMC requires to take into account
the dynamics of the turbogenerator module. The mechanical
dynamic equation for the turbogenerator may be written as:

Jẇ +Bw = Tt − γTe (12)

where J is the inertia moment B is the viscous friction
coefficient, Tt is the torque generated in the turbine by the air
flow produced by the waves, Te is the the generator torque, w
is the angular velocity of the turbine shaft and the gear ratio
γ = we/w is the relation between the angular velocity of the

turbine shaft w and the angular velocity of the generator rotor
we.

The electrical equations of the DFIG can be simplified using
the field-oriented-control; that is, referring all expressions to
the stator-flux reference frame. In the stator-flux oriented
reference frame, the d-axis is aligned with the stator flux
linkage vector ψs, and then, ψds=ψs and ψqs=0 . This yields
the following relationships [23]:

iqs = −Lmiqr
Ls

(13)

ids =
Lm(ims − idr)

Ls
(14)

ims =
vqs − rsiqs
wsLm

(15)

Te = −3p

4

L2
mimsiqr
Ls

(16)

Qs =
3

2

wsL
2
mims(ims − idr)

Ls
(17)

vdr = rridr + σLr
diqr
dt

− swsσLriqr (18)

vqr = rriqr + σLr
diqr
dt

(19)

+sws

(
σLridr +

L2
mims

Ls

)
(20)

where ws is the rotational speed of the synchronous reference
frame, sws = ws−we is the slip frequency, we is the generator
rotor speed, Ls, Lr, and Lm are the stator inductance, rotor
inductance and mutual inductances, respectively, σ = 1− L2

m

LsLr

and p is the pole numbers.

Since the stator is connected to the grid, and the influence
of the stator resistance is small, the stator magnetizing current
(ims) can be considered constant [23]. Therefore, the electro-
magnetic torque can be defined as follows:

Te = −KT iqr (21)

where KT is a torque constant, and is defined as follows:

KT =
3p

4

L2
mims

Ls
(22)

From equations (12) and (21), and taken into account the
uncertainties the following dynamic equation may be written:

ẇ = −(a+△a)w + (f +△f)− (b+△b)iqs (23)

where a = B
J , b = γKT

J , f = Tm

J and the terms △a, △b
and △f represents the uncertainties of the terms a, b and f
respectively.

Let us define define the speed tracking error as follows:

e(t) = w(t)− w∗(t) (24)

where w∗ is the turbine speed command that provides the
maximum wave power extraction.



Taking the derivative of the previous equation with respect
to time yields:

ė(t) = ẇ − ẇ∗ = −a e(t) + u(t) + d(t) (25)

where the signal u(t) collects the known terms:

u(t) = f(t)− b iqr(t)− aw∗(t)− ẇ∗(t) (26)

and the signal d(t) contains the uncertainty terms:

d(t) = −△aw(t) +△f(t)−△b iqr(t) (27)

To compensate the system uncertainties a SMC scheme is
proposed. The sliding variable S(t) is defined as:

S(t) = e(t) +

∫ t

0

(k + a)e(τ) dτ (28)

where k is a constant gain.

Then, the sliding surface is defined as:

S(t) = e(t) +

∫ t

0

(a+ k)e(τ) dτ = 0 (29)

Finally, sliding mode speed controller is designed as:

u(t) = −k e(t)− β sgn(S) (30)

where β is the switching gain and sgn(·) is the sign function.

In order to obtain the speed trajectory tracking, the follow-
ing assumptions should be formulated:
(A 1) The gain k must be chosen so that the term (k + a)

is strictly positive, therefore the constant k should be
k > −a.

(A 2) The gain β must be chosen so that β ≥ |d(t)| for all
time. Note that this condition only implies that the
uncertainties of the system are bounded magnitudes.

Theorem 1: Consider the turbogenerator system given by
equation (23). Then the control law (30) leads the turbine
speed w(t), so that the speed tracking error e(t) = w(t) −
w∗(t) tends to zero as the time tends to infinity.

The proof of this theorem is carried out using the Lyapunov
stability theory.

Proof : Define the Lyapunov function candidate:

V (t) =
1

2
S(t)S(t) (31)

Its time derivative is calculated as:

V̇ (t) = S(t)Ṡ(t)

=S · [ė+ (k + a)e]

=S · [(−a e+ u+ d) + (k e+ a e)]

=S · [u+ d+ k e]

=S · [−k e− β sgn(S) + d+ k e]

=S · [d− β sgn(S)]

≤−(β − |d|)|S|
≤0 (32)

It should be noted that the eqns. (28), (25) and (30) and the
assumption (A 2) have been used in the proof.

Using the Lyapunov’s direct method, since V (t) is clearly
positive-definite, V̇ (t) is negative definite and V (t) tends to
infinity as S(t) tends to infinity, then the equilibrium at the
origin S(t) = 0 is globally asymptotically stable. Therefore
S(t) tends to zero as the time tends to infinity. Moreover, all
trajectories starting off the sliding surface S = 0 must reach
it in finite time and then will remain on this surface. This
system’s behavior once on the sliding surface is usually called
sliding mode [15].

When the sliding mode occurs on the sliding surface (29),
then S(t) = Ṡ(t) = 0, and therefore the dynamic behavior
of the tracking problem (25) is equivalently governed by the
following equation:

Ṡ(t) = 0 ⇒ ė(t) = −(k + a)e(t) (33)

Then, under assumption (A 1), the tracking error e(t) con-
verges to zero exponentially.

It should be noted that, a typical motion under sliding mode
control consists of a reaching phase during which trajectories
starting off the sliding surface S = 0 move toward it and
reach it in finite time, followed by sliding phase during which
the motion will be confined to this surface and the system
tracking error will be represented by the reduced-order model
(eqn. 33), where the tracking error tends to zero.

Finally, the torque current command, i∗qr(t), can be obtained
from equations (26) and (30):

i∗qr(t) =
1

b
[k e+ β sgn(S)− aw∗ − ẇ∗ + f ] (34)

Therefore, the proposed variable structure speed control
resolves the turbine speed tracking problem for this wave
power generation plant in the presence of system uncertainties
and let us obtain the maximum wave power extraction.

IV. SIMULATION RESULTS

In this section the speed regulation performance for the
turbogenerator using the proposed sliding mode field oriented
control scheme under model uncertainties is studied. The
objective of this regulation is to maximize the wave power
extraction, in order to obtain the maximum electrical power. In
this sense, the turbine speed must follows the optimal turbine
speed command. This case study considers a scenario where
the waves produce a typical variation in the pressure drop
given by dP = |8000 sin(t)|.

This pressure drop generates stalling behavior, when no
speed control is applied to the turbine, as it may be observed in
Fig.4. This is because when the airflow velocity increases, the
flow coefficient also increases and exceeds the critical value
of 0.3. In contrast, the proposed SMC scheme for the turbine
speed, reduces the flow coefficient value and avoids the stalling
behavior, as shown in Fig.5. In this case, the flow coefficient
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Fig. 4. Power Generated for uncontrolled case.
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Fig. 5. Power Generated for SMC case.

remains bounded with a maximum value of 0.29 and does
not exceed the stalling threshold value of 0.3. As it can be
observed in these figures, the controlled case extract more
power from the waves, because the power average value is
4.1 · 104 (SMC) versus 0.6 · 104 (uncontrolled).

V. CONCLUSIONS

This paper has proposed a new SMC scheme for OWC
wave power generation plants. Due to the nature of the
SMC, this control is robust under uncertainties caused by
parametrical errors or system disturbances. The closed-loop
stability of the presented design has been proved through
the Lyapunov stability theory, and the controller has been
successfully validated by means of simulation examples. As a
result, it can be concluded that the proposed SMC-based vector
control strategy, applied for maximum power generation pur-
poses, provides a high-performance dynamic response, which
is insensitive to parameter uncertainties and disturbances of
the system, improving the power extraction for a Wells turbine
based wave power generation plant.
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