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Abstract

Due to the nonlinear dynamics and uncertainties usually present in wave energy
conversion systems, the efficiency of these devices can be enhanced employing a robust
control algorithms. Wave energy converters are constructed using electric generators of
variable velocity, like double feed induction generator (DFIG) since they may improve
the system efficiency to generate power when compared to fixed speed generators.
The main reason is that this generators with variable speed may adapt the speed of
the turbine in order to maintain the optimal flow coefficient values which improves the
efficiency of the Wells turbine. However, a suitable speed controller is required in these
systems first in order to avoid the stalling phenomenon and second in order to track the
optimal turbine reference velocity that optimizes the power generation.

In this paper a real time sliding mode control scheme for wave energy conversion
systems that incorporate a Wells turbine and a DFIG is proposed. The Lyapunov sta-
bility theory is used to analyse the stability of this control scheme under parameter
uncertainties and system disturbances. Next, the proposed control scheme is validated
first by means of some simulation examples using the Matlab/Simulink software and
second using a real-time experimental platform based on a dSPACE DS1103 control
board.

Keywords: Wave power; Wave energy converters; Sliding mode control; Real-time
control; DFIG (doubly-fed induction generator).

1. Introduction

Renewable energy sources (i.e. wind and solar energy) have acquired an increas-
ing interest in the last decade due to the harmful contamination effects caused by the
traditional sources of energy. Recently, the international community has also paid spe-
cial attention to wave energy, which could supply a considerable part of the electricity
demand of some countries [1]-[4].
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When the wind blows on the surface of the ocean it causes the waves. In some
locations, the wind blows consistently and with sufficient force to produce continuous
waves along the shoreline. Since ocean waves contain tremendous energy potential,
different wave power devices have been designed to extract their energy. Typically,
these devices benefit from the surface motion of ocean waves or from pressure fluc-
tuations below the surface [5]-[7]. In this study, an oscillating water columns (OWC)
device [8], [9] is employed in order to extract the energy of the ocean waves into me-
chanical energy using a Wells turbine [10]-[12]. The mechanical energy harvested in
OWC’s is determined by wave height, wave speed, wavelength,and water density [13],
[14]. However, the energy produced in these systems can be improved by means of the
turbine rotational speed control because the turbine speedaffects the hydrodynamic
process of wave energy absorption [15]-[17].

The mechanism of the wave energy conversion systems followsan oscillating move-
ment so the rotor velocity of the coupled electric generatoris variable. These systems
should incorporate an AC-AC converter in order to generate an electric power of con-
stant voltage and frequency [18]. However in this configuration the converter should
manage all the generated power and this fact present some lacks like the cost of the
converters and the power lost in the conversion.

On the other hand the generation system could incorporate the doubly fed induction
generator (DFIG) that is currently used by other power generation plants, for example
the wind turbine systems, because it allows a variable turbine speed operation [19],[20].

The stator of the DFIG is directly connected to the grid and the rotor of the DFIG is
connected to the grid using a variable frequency converter (VFC). The advantage of this
configuration is that in order to get the total control of the generator, the VFC only have
to manage a fraction of the nominal power, around 25%-30%. The VFC incorporates
one voltage source located on the side of the grid called grid-side converter (GSC)
and another voltage source located on the side of the rotor called rotor-side converter
(RSC). These voltage source converters are connected back-to-back through a capacitor
[21]-[23].

This kind of systems are habitually controlled using a vector control scheme and
cascaded PI-current and power loops [24]. However the nonlinear dynamics and the
uncertainties presented in these systems suggest the use ofa more robust controller in
order to improve the system performance.

In this sense, one option is to consider the sliding mode control (SMC) because this
kind of controller presents a good performance against unmodeled dynamics, insen-
sitivity to parameter variations, and an excellent rejection to the external disturbances
[25]. Moreover, the SMC has been used in order to control several types of induction
machines in the last decade and good results has been obtained [26]-[28].

This work presents a real time SMC scheme in order to improve the power gen-
eration of a DFIG implemented in a OWC wave power plants. The proposed control
scheme regulates the turbine speed in order to track the desired speed that maximize
the power extraction from the Wells turbine because it optimizes theWells turbine effi-
ciency. This optimization of the Wells turbine efficiency isobtained selecting the flow
coefficient value that maximizes the power generation. Moreover, this optimization
of the Wells turbine efficiency, that maximizes the power generation, also avoids the
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stalling phenomenon because the proposed control scheme maintains the flow coeffi-
cient at the best efficiency point (bep)below the stalling point. There are several works
in the literature that regulates the turbine speed in order to avoid the stalling behaviour
[29]-[31]. However in these works the turbine speed is not regulated in order to fol-
low a reference speed that follows the variation of the airflow speed in order to obtain
the best flow coefficient that maintains the system in the bep despite variations of the
airflow speed.

The turbine speed is controlled by means of the rotor currentof the DFIG using
the sliding mode control theory. Regulating the turbine velocity, the proposed control
scheme optimizes the flow coefficients in order to obtain the maximum power extrac-
tion in the wave power generation plant under system uncertainties and wave power
variations.

In order to confirm that the designed controller meets the proposed goals. First,
this controller for a DFIG used in a wave power generation plant is validated using the
Matlab/Simulink software. In these simulations several operating conditions are tested
and satisfactory results are obtained.

Next, the real performance of the proposed control scheme isalso validated over
a real experimental platform based in a DFIG. The main componentes of this control
platform are the dSPACE DS1103 Controller Board, the commercial induction machine
Leroy Somer of 7.5 kW and the synchronous AC servo motor 190U2Unimotor of
10.6 kW. The stator of the DFIG is directly connected to the grid and the rotor of the
DFIG is also connected to the grid through the VFC. The shaft of the DFIG and the
shaft of the synchronous AC servo motor are mechanically connected so the AC servo
motor emulates the torque profiles that the Wells turbine generates as response to the
oscillations of the free surface in the OWC chamber. In this experimental platform
several real tests, employing different operating conditions, are carried out and the
obtained results are satisfying.

This paper is organized as follows: in Section 2 is presenteda theoretical modelling
of the OWC wave power plant that incorporates a Wells turbine. In Section 3 the
design of the proposed sliding mode controller that optimizes the power generation
and avoids the stalling phenomenon is presented. Section 4 presents the simulation and
the experimental results developed in the experimental platform that is also described
in this section. Finally, some concluding remarks are presented in Section 5.

2. Modeling of the OWC Plant

The hydrodynamic energy of the waves can be transformed to anoscillating air
flow using the OWC device shown in Figure 1.

The OWC system is composed of a fixed or floating hollow structure, open to the
sea below the water surface, that traps air above the inner free-surface. Wave action al-
ternately compresses and decompresses the trapped air which is forced to flow through
a turbine that generates the rotational energy [16].This turbine is connected to a gener-
ator by means of a gear box in order to produce the electrical energy [32]. It should be
noted that the airflow in the chamber is bidirectional depending if the wave is hitting
or it is reflected. In this sense, to produce a continuous unidirectional rotation of the
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Figure 1: OWC wave power system

electrical generator, the Wells turbine can be used in orderto generate the rotational
energy. The Wells turbine is a low-pressure air turbine that, independent of the direc-
tion of the air flow, rotates continuously in one direction. Prof. Alan Arthur Wells of
Queen’s University Belfast designed this turbine in the late 1970s.

The power from the OWC available to a turbine is:

Pin = ∆p · vxa (1)

wherevx (m/s) is the airflow speed,∆p (Pa) is the pressure drop across the turbine,ρ
(kg/m3) is the air density anda (m2) is the area of the section of the turbine.

In the OWC system considered in this work, the turbogenerator module is com-
posed by a Wells turbine mechanically connected to an air-cooled DFIG by means of
a gearboxin order to increase the rotational speed and accordingly toreduce the me-
chanical torque.

The rotor circuit of the DFIG is connected to the grid througha VFC and the active
power flow between the rotor circuit and the grid must be controlled, both in magnitude
and in direction, in order to produce electrical active power to the utility grid at constant
frequency and voltage. Moreover, in this machine the rotor speed value can operate in
an extended range from subsynchronous speed to supersynchronous rotational speed.

The VFC is composed of two four quadrant IGBT PWM converters usually called
grid side converter (on the side of the grid) and rotor side converter (on the side of the
rotor). These converters are back to back connected by meansof a DC link capacitor.

It should be noted that in this configuration the power electronic converters only
need to handle a small portion of the nominal power (around 25%-30%) in order to
produce the electrical power in the grid, because only the rotor power goes to the grid

4



through the VFC. The stator power goes directly to the grid. Therefore, the power
converters used in this configuration are smaller that the power converters used in other
configurations. Therefore, the power losses and the power electronic converters cost
are also smaller which is the main advantage of this configuration.

In the OWC systems, the turbogeneratormay includean inertia wheel drive in or-
der to smooth the output power curve. This inertia wheel makes the system particularly
appropriate for the implementation of sliding mode controlschemes because the un-
desired chattering, that could appear in this kind of controllers, will be mechanically
absorbed by the inertia of the system.

As it has been indicated previously, a Wells turbine have been considered in this
work in order to extract the mechanical energy from the airflow. The Wells turbine
presents a robust and simple symmetrical blade design and therefore the Wells turbine
always turns in the same direction, regardless of the direction in which the airflow
passes through the turbine. The equations used for the modeling of the turbine are
given by [32]:

∆p = Ca k
1

a

[

v2x + (r w)2
]

(2)

Tt = Ct k r [v
2

x + (r w)2] (3)

Tt =
Ct r a

Ca

dP (4)

k = ρ b n
l

2
(5)

φ =
vx
rw

(6)

q = vx a (7)

η =
Tt w

q∆p
=

Ct

Ca · φ
(8)

whereCa is the power coefficient,Ct is the torque coefficient, the generated torque is
Tt (N m), φ is the flow coefficient,k (kg/m) is a turbine constant,r (m) is the turbine
radius,w (rad/s) is the turbine angular velocity, the blade span isb (m), the blade
number isn, the blade chord isl (m), the rate of the flow isq (m3/s),a (m2) is the area
of the section of the turbine and the efficiency of the turbineis η.

The previous equations show that the torque and the power generated by the Wells
turbine can be calculated based on the torque coefficient andthe power coefficient
respectively. Moreover, the characteristic curves of the Wells turbine are composed
by the relationship between the torque coefficient and the power coefficient versus the
flow coefficient.

Due to the characteristic dynamics of the Wells turbine, when the velocity of the
airflow surpasses one critical value (that is related to the Wells turbine rotational ve-
locity), the performance of this turbine fall down drastically [32]. This effect is usually
called stalling phenomenon. The Wells turbine stalls when the relative angle between
the tangential speed of the turbine and the axial velocity ofthe input airflow is greater
than a value around14◦.
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In Figure 2 can be observed the torque coefficient versus the flow coefficient (φ =
vx
rw

) for the Wells turbine used in this work.This Figure shows that the torque co-
efficientCt of the Wells turbine fall down drastically when the stallingphenomenon
appears. This Figure shows the characteristic curve for oneparticular Wells turbine
and it depends on the parameters used in the turbine design. However the characteris-
tic curves for other Wells turbines present the same behavior.
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Figure 2: Torque coefficient versus Flow coefficient.

Figure 2 shows that in the Wells turbine employed in the present paper the stalling
phenomenon appears when the flow coefficient reaches the value 0.3 (this value may
be different depending of the the Wells turbine characteristic curve). Therefore, from
this Figure it can be also concluded that for this Wells turbine a good flux coefficient
value isφbep = 0.29, because with this flux coefficient value the stalling behavior is
avoided and the value of the torque coefficientCt presents a local maximum.

It should be noted that, taking into account the oscillatorydynamics of the flow co-
efficient (due to the oscillatory movement of the air flow produced by the ocean waves)
the flow coefficient value is always oscillating from zero to one positive value, so the
optimum working zone for the flow coefficient is located between zero and the point
of the stalling behaviour. Additionally, from eqn.(6) it isdeduced that the flux coef-
ficient could be maintained more time at its optimum value by means of the turbine
velocity regulation, because when the airflow velocity increases/decreases we can in-
crease/decrease the turbine velocity in order to maintain the flux coefficient constant in
the valueφbep = 0.29. This turbine speed regulation, on the one hand improves the
torque coefficient (and therefore improves the power generation) and on the other hand
avoids the stalling behaviour.

Therefore, maximum power extraction from the ocean waves isobtained employing
the next command value for the turbine velocity:

w∗ =
vx

r · φbep
(9)
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3. The design of the Sliding Mode Controller

In the OWC generation system that incorporates a DFIG, the objective of the max-
imum power extraction is achieved by regulating the rotational speed of the Wells tur-
bine in order to avoid the stalling behaviour. In order to getthis objective, a SMC
scheme is proposed in order to regulate the rotor speed of theDFIG. The speed of the
DFIG is regulated by means of the quadrature component of therotor current.

In the model description it is explained that, the shaft speed of the OWC turbo-
generator should be adjusted so that the flow coefficientφ remains bounded in order
to extract the maximum power from the sea. In this case the maximum stalling free
torque coefficientCt can be obtained.

It should be noted that there is a unique generator speed reference value to satisfy
the condition of optimum flow coefficient value to get the maximum wave energy ex-
traction for a given pressure drop inputdP . This value can be calculated based on the
characteristic curve of the Wells turbine under consideration provided by the manufac-
turer. However, considering that all Wells turbines present a similar stalling behavior,
this operation may always be extended to other Wells turbines.

In this sense, the control objective is similar to that used in other well established
DFIG applications like wind turbines in which the maximum power point tracking
control strategies are defined. In these systems, a trackingreference for the turbine
speed should be followed by the control system. In this case,the reference depends on
the maximum power variation with the rotational speed of theDFIG. This reference is
also different for each wind turbine depending of its aerodynamic design that provides
different power coefficient versus tip speed ratio characteristic curve [33].

The design of the SMC uses the knowledge of the turbogenerator dynamics, so the
turbogenerator dynamics should be calculated. The turbogenerator dynamics incorpo-
rate one mechanical part and other electrical part.

The next equation represents the mechanical part for the dynamic of the turbogen-
erator:

Jẇ +Bw = Tt − γTe (10)

whereTt is the torque generated in the turbine by the air flow producedby the waves,
B is the viscous friction coefficient,Te is the the generator torque,J is the inertia
moment,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 rotorwe.

As it is well known, the field oriented control (referring allexpressions to the stator
flux reference frame) can be used in order to simplify the electrical equations of the
DFIG. In the reference frame oriented in the stator flux, the d-axis is aligned with the
stator flux linkage vectorψs, and then,ψds=ψs andψqs=0. Then, the next relationships
are obtained [34]:

iqs = −
Lmiqr
Ls

(11)

ids =
Lm(ims − idr)

Ls

(12)
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ims =
vqs − rsiqs
wsLm

(13)

Te = −
3p

4

L2

mimsiqr
Ls

(14)

Qs =
3

2

wsL
2

mims(ims − idr)

Ls

(15)

vdr = rridr + σLr

diqr
dt

− swsσLriqr (16)

vqr = rriqr + σLr

diqr
dt

(17)

+sws

(

σLridr +
L2

mims

Ls

)

(18)

whereLs is the stator inductance,Lr is the rotor inductance andLm is the mutual
inductance;rr is the rotor resistance,rs is the stator resistance,ws is the synchronous
speed;we is the rotor speed of the generator; the slip frequency issws = ws − we; p

is the pole numbers andσ = 1−
L2

m

LsLr

.

It should be noted that the stator magnetizing current (ims) can be considered con-
stant because the influence of the stator resistance is smalland the stator is connected
to the grid [21]. Accordingly, the electromagnetic torque can be calculated as follows:

Te = −KT iqr (19)

where the torque constant valueKT is calculated below:

KT =
3p

4

L2

mims

Ls

(20)

Substituting equation (19) in equation (10) the next dynamic equation may be ob-
tained, where the uncertainty terms has also been included:

ẇ = −(c1 +△c1)w + (f +△f)− (c2 +△c2)iqs (21)

wherec1 = B
J

, c2 = γKT

J
, f = Tt

J
and the terms△c1, △c2 and△f represent the

uncertainties of the termsc1, c2 andf respectively.

Then, the dynamic equation (21) can be rewritten as:

ẇ = −c1w + f +−c2iqs +∆(t) (22)

where the uncertainty terms have been collected in the term∆:

∆(t) = −△c1w(t) +△f(t)−△c2 iqr(t) (23)

Now, in order to compensate for the above described uncertainties a sliding mode
control scheme is proposed.

The speed tracking error is defined as follows:

e(t) = w(t)− w∗(t) (24)
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wherew∗ is the command for the turbine speed in order to extract the maximum power
from the waves.

The previous equation can be derived with respect to time:

ė(t) = ẇ − ẇ∗ = −c1w(t) + f(t)− c2iqr(t)− ẇ∗(t) + ∆(t) (25)

Next, a SMC scheme is proposed in order to track the turbine speed command (that
provides the maximum wave power extraction) despite of the system uncertainties.

The sliding variableS(t) is defined as:

S(t) = e(t) +

∫ t

0

k e(τ) dτ (26)

wherek is a positive constant gain.

Next, the proposed sliding surface is:

S(t) = e(t) +

∫ t

0

k e(τ) dτ = 0 (27)

Finally, the speed controller based on the sliding mode is obtained:

i∗qr(t) =
1

c2
[k e + β sgn(S)− c1 w − ẇ∗ + f ] (28)

whereβ is the switching gain andsgn(·) is the sign function.

In order to achieve the tracking of the reference velocity, the next condition should
be fulfilled:

(C 1) The sliding gainβ of the controller must be selected greater than the system
uncertainties; that is,β > |∆(t)| for all time.

The closed loop stability of the proposed control scheme (based on the control
law presented in equation (28)) for the wave power plant thatmoves a DFIG (whose
dynamic is given in equation (21)) can be proved using the Lyapunov stability theory.

Proof : The Lyapunov function candidate is defined as:

V (t) =
1

2
S(t)S(t) (29)

The time derivative of the previous Lyapunov function candidate is:

V̇ (t) = S(t)Ṡ(t)

=S · [ė+ ke]

=S · [−c1w + f − c2iqr − ẇ∗ +∆+ k e]

=S · [−c1w + f − (k e+ β sgn(S)− c1 w − ẇ∗ + f)− ẇ∗ +∆+ k e]

=S · [∆− β sgn(S)] (30)

=∆S − β|S| (31)

≤|∆||S| − β|S|

≤ 0 (32)

(33)
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It should be indicated that the eqns. (26), (25) and (28) and the condition(C 1) have
been employed in this proof.

Taking into account thatV (t) is clearly positive-definite,̇V (t) is negative definite
andV (t) tends to infinity asS(t) tends to infinity, the Lyapunov’s direct method can be
used to conclude that the equilibrium at the originS(t) = 0 is globally asymptotically
stable. ThereforeS(t) tends to zero as the time tends to infinity. Further, the trajectories
starting off the sliding surfaceS = 0 must reach the sliding surface in finite time and
then will remain on it. The behavior of this system on the sliding surface is habitually
calledsliding mode[25].

It should be noted that when the system reaches the sliding surface Eqn.(27), then
S(t) = Ṡ(t) = 0, and accordingly the tracking problem of this system presents an
equivalently dynamic behavior given by the following equation:

Ṡ(t) = 0 ⇒ ė(t) = −(k + a)e(t) (34)

Then, taking into account thatk > 0, it is clear that the tracking errore(t) converges
to zero exponentially.

It should be pointed out that the habitual motion in the sliding mode control con-
sists of two phases. First,reaching phasewhen the trajectories starting off the sliding
surfaceS = 0 move toward it and reach it in finite time. Secondsliding phasewhen
the system motion is confined to the sliding surface and then the system tracking er-
ror is equivalently represented by the reduced-order model(eqn.34). In this phase, the
tracking error tends to zero as the time tends to infinity.

Accordingly, the turbine speed of this wave power generation plant can be regu-
lated using he proposed sliding mode control in order to obtain the maximum ocean
wave power extraction by means of the Wells turbine considering that there are unmod-
elled dynamics and system uncertainties. This is because the turbine speed tracks the
reference speed value to obtain the optimum flow coefficient in order to maximise the
power extraction from the Wells turbine.

4. Experimental Results

The behaviour for sliding mode controller proposed in this paper is analysed in this
section.

Figure 3 shows the block diagram for the experimental platform that we have em-
ployed to develop the real time experimental validation, and in Figure 4 it can be ob-
served a photography for this platform.

The experimental platform has been designed and constructed using industrial com-
ponents. The main componentes of this experimental platform are the Real Time Con-
troller Board of dSPACE model DS1103 that is based on a floating point PowerPC
processor to 1 GHz. The DFIG is an industrial electric machine of 7.5 kW, 1447 rpm
developed by Leroy Somer whose paremeter are indicated in Table 1. The stator of
this DFIG is connected to the grid and the rotor is also connected to the grid but by
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Figure 3: Block diagram of the experimental platform

means of two voltage source inverters, developed by MONTELEC S.L., model NFS-
200-10 that are placed in a Back to Back configuration. The proposed control schemes
are programed using a PC with the software MatLab7/SimulinkR2007a and dsControl
3.2.1.

In this experimental platform, the mechanical torque profiles, produced by the
Wells turbine, are calculated using a Wells turbine model implemented in Simulink.
The parameters of the Wells turbine employed in the Simulinkmodel are presented
in Table 2. The dynamic of the Wells turbine can be obtained using the characteristic
curves of the turbine under study ([32], [35]). Accordingly, the torque, the power and
the efficiency produced by the wells turbine can be calculated based on the torque co-
efficient against the flow coefficient (Figure 2), the power coefficient against the flow
coefficient (Figure 5) and the efficiency against the flow coefficient (Figure 6).

The mechanical torque profiles are obtained from the Simulink model of the Wells
turbine and then generated in the real platform using a synchronous AC servo motor of
10.6 kW model 190U2 of Unimotor. The shaft of this AC servo motor is mechanically
coupled to the shaft of the DFIG in order to move the rotor of the DFIG. The servo

11



Figure 4: Photography of the experimental platform
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Figure 5: Power coefficient versus flow coefficient.

motor incremental encoder of 4096 square impulses per revolution are employed in
order to measure the rotor velocity using the frequency measurement method.

In order to protect the machine against over currents, the stator and the rotor cur-
rents are limited to their nominal values. All the sensors tomeasure the voltages, speed
and currents are adequately adapted in order to be connectedto the DS1103 Real Time
Controller Board.

The DS1103 Controller Board controls both inverters generating the SVPWM (space
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Figure 6: Efficiency versus flow coefficient

Stator Voltage 380 V
Rotor Voltage 190 V
Rated stator current 18 A
Rated rotor current 24 A
Rated speed 1447 r.p.m.@ 50 Hz
Rated torque 50 Nm
Stator resistance 0.325Ω
Rotor resistance 0.275Ω
Magnetizing inductance 0.0664 H
Stator leakage inductance 0.00264 H
Rotor leakage inductance 0.00372 H
Inertia moment 0.07 kg.m2

Table 1: Ratings and parameters of the DFIG (Leroy Somer).

n = 8
l = 0.38 m
a = 1.1763 m2

b = 0.4 m
k = 0.7079
r = 0.7285 m
Gear ratio = 5

Table 2: Wells turbine parameters.
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vector pulse width modulation) pulses. The sample period isdefined for the SVPWM
frequency of7 kHz, this is143 µs. The dead time for the inverters used in this study
is 1.5 µs and is controlled by software and hardware. The connectionsequence of
the DFIG to the grid begins with the charging of rotor and gridconverters DC bus.
Once this DC bus is charged and if the grid side reference system is oriented with the
grid voltage, then the grid side converter is connected through contactor K1 and the
regulation of DC bus to a fixed value begins.

The next two steps have to be taken into account before connecting the stator of
the DFIG to the grid. The first step is the encoder offset detection with respect to the
stator flux. The second step is the stator voltage synchronization with respect to the
grid voltage. The synchronization of the DFIG stator voltage with the grid voltage is
realized by measuring the grid side voltage and using a PLL (Phase Locked Loop).
Then, after the realization of these two steps the stator of the DFIG can be connected
to the grid using the contactor K2 and then the reactive and active power regulation can
begin.

4.1. Simulations and real platform validation

In order to avoid undesirable damages in the experimental platform, one simula-
tion model for the experimental platform has been designed and implemented in Mat-
lab/Simulink to test the controllers in advance. In this sense, the new controllers are
tested and tuned in advance using the simulation model and then these controllers are
implemented and adjusted in the experimental platform in order to show their real per-
formance.

In order to show that the real system and the simulation modelimplemented in Mat-
lab/Simulink are very close, the next experimental validation using the Matlab/Simulink
and the real experimental platform has been carried out.

In this experimental validation, the DFIG speed is maintained constant at 1432 rpm
with a reactive power of 0 VAR. It is supposed a scenario wherethe waves produce
a typical variation in the pressure drop given bydP = |1800 · sin(0.3t)| as shown in
Figure 7 during 25 seconds. The turbine flow coefficient obtained in this experimental
validation are shown in Figure 8 for the simulation case and in Figure 9 for the real
platform. As it can be observed these figures are very similar, so this validates the good
performance of the model for the OWC system that we have designed and implemented
in the MATLAB/Simulink software.

It should be noted that for this pressure drop condition the turbine flow coefficient
φ exceeds the limit value of 0.30, so the undesirable stallingbehaviour will appear in
the Wells turbine system. In this sense, Figure 10 for the simulation case and Figure
11 for the real platform, show a significant reduction in the torque coefficient due to
the turbine stalling behaviour. This reduction in the torque coefficient, due to the tur-
bine stalling behaviour, induces a strong reduction in the output power obtained in the
DFIG, as it can be observed in Figure 12 for the simulation case and in Figure 13 for the
real platform. These figures show the rotor power, the statorpower and the total power
obtained in the DFIG, that is the sum of the the rotor power andthe stator power. It
should be noted that the power value is negative because the electric machine is gener-
ating power. Finally, Figure 14 shows the efficiency of the Wells turbine under the flow
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Figure 7: Pressure drop dP used as input for the emulated Wells turbine in the simulation and in the real
platform
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Figure 8: Turbine flow coefficient for the simulation under constant turbine speed

coefficient show in Figure 9. This efficiency value is obtained using the characteristic
curve of the Wells turbine efficiency presented in Figure 6.

In order to avoid the problem of the turbine stalling behaviour caused by the high
value of the flow coefficient that exceeds the limit value of 0.30, the rotor speed of the
DFIG can be regulated in order to maintain the flux coefficientbelow the limit value
of 0.30 as it is shown in the next subsection. Moreover, in order to improve the power
generated by the Wells turbine the rotor speed can also be regulated in order to follow
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Figure 9: Turbine flow coefficient for the real platform underconstant turbine speed
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Figure 10: Turbine torque coefficient for the simulation under constant turbine speed

the reference value provided by eqn.(9) that optimizes the flow coefficient value and
accordingly improves the torque value and therefore increments the power generated.

Finally it can be observed that the results obtained in the simulation case and in
the real platform are very similar, showing that the simulation model approximates
accurately the real platform. Therefore, these results demonstrates that the simulation
model will be very useful in order to adjust in advance the controllers that will be
implemented in the real platform.
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Figure 11: Turbine torque coefficient for the real platform under constant turbine speed
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Figure 12: DFIG generated power for the simulation under constant turbine speed

4.2. DFIG speed control

In this section the speed regulation performance for the turbo generator using the
proposed sliding mode field oriented control scheme under model uncertainties is tested
in the real platform. The case of study considers a scenario where the waves produce
a typical variation in the pressure drop given bydP = |1800 · sin(0.3t)| as it is shown
in Figure 7. In this case the rotor speed of the DFIG is controlled in order to follow the
speed reference given by equation (9) so as to maintain the flux coefficient at its opti-
mum value (φbep = 0.29) in order to maximizes the torque value and below the limit
value ofφ = 0.30 in order to avoid the stalling. In this test the imposed reactive power
in the DFIG control is 0 VAR. According to the emulated Wells turbine parameters and
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Figure 13: DFIG generated power for the real platform under constant turbine speed
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Figure 14: Efficiency of the Wells turbine under constant turbine speed

with the given pressure drop, the speed reference for the DFIG to get the maximum
power is shown in Figure 15. This Figure also shows the real speed obtained using the
proposed sliding controller in the real platform. In Figure15 it can be observed that
the proposed controller provides a good behaviour because agood speed tracking is
obtained under system uncertainties. The values for the speed sliding controller are,
β = 40, k = 31. These parameters are experimentally tuned, taking into account the
influence of these parameters in the controller performance. Theβ parameter should
be selected bigger than the system uncertainties, but it should be noted that when ß
increases the control effort also increases which is undesirable. An increase in param-
eter k gives an increase in the position error convergence when the system reaches the
sliding surfaceS(t) = 0, but this also increases the control effort which is undesirable.
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Figure 15: DFIG real and speed reference for adP = |1800 sin(0.3t)| using the proposed SMC.

In this experimental validation the same pressure drop variation given bydP =
|1800 · sin(0.3t)| that was employed in the previous test is used. However, in this test
the proposed sliding mode controller is employed in order toregulate the rotor speed
of the DFIG. The flow coefficient obtained in this case is shownin Figure 16.
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Figure 16: Flow coefficient using the proposed SMC

In this Figure it can be observed that the flow coefficient is maintained most of the
time at its optimum value (φbep = 0.29) in order to maximizes the torque value and also
below the limit value of 0.30 in order to avoid the turbine stalling behaviour. Moreover,
in this case, the turbine speed regulation allows to maintain the torque coefficient at its
maximum value below the stalling point over a wide range of time, as it is shown in
Figure 17, so in this case the maximum wave power generation is obtained.

Figure 18 shows the efficiency of the Wells turbine under the flow coefficient show
in Figure 16. Comparing figures 14 and 18 it is observed that the efficiency of the Wells
turbine is greatly improved using the proposed sliding modecontrol for the tracking of
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Figure 17: Torque coefficient using the proposed SMC

the optimum turbine reference speed, because in this case the optimum value for the
flow coefficient, and therefore the optimum value for the torque coefficient, is main-
tained during most of the time.
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Figure 18: Efficiency of the Wells turbine using the proposedSMC

Figure 19 shows the power generated in the DFIG. This Figure shows the rotor
power, the stator power and the total power obtained in the DFIG. In this Figure it can
be observed that the rotor power is changing the polarity according to the DFIG speed.
When the speed is higher than the synchronous speed, the value is negative indicating

20



that energy is obtained from the waves and returned to the grid. So, in that moment
the total power is higher than the stator power. On the other hand, when the machine
performs below the synchronous speed the stator power is higher than the total power
because the rotor is getting energy from the grid. The obtained total average power is
5000 W with peaks of 8000 W.
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Figure 19: DFIG generated power using the proposed SMC

Figures 20 and 21 shows the rotor and stator currents respectively. As it can be
observed in these figures, the quality of the current injected into the grid is quite good.
It should be noted that although there are large variations in the power, due to the
variations in the pressure drop, these variations are dynamically slow compared with
the current control dynamic of the DFIG. Therefore, despitehaving great variations in
power and speed that produce large variations in the current, the quality of the wave in
the current injected into the grid is good at all times.

Figure 22 shows the rotor, stator and total power for two different reactive power
references, 0 VAR and 5 kVAR that changes at timet=14.5s as it is shown in Figure 23.
As it can be observed, in the transition between both reactive powers, the active power
has a fast transition due to the controlled speed, so a good behaviour between reactive
power variations is obtained using this sliding mode controller. It should be noted that
when a DFIG is controlled, active and reactive powers are regulated. It is important to
show that variations in the active power are independent from the reactive power and
vice versa. Figures 22 and 23 show that despite the variations of the active power (P)
and the reactive power (Q) both are correctly regulated without interfering with each
other.

Figure 24 and Figure 25 show the speed regulation performance, for a PI controller
and the proposed sliding mode controller respectively, if asudden change in the pres-
sure drop goes fromdP = |1800 · sin(0.3t)| to dP = |1520 · sin(0.3t)| when the DFIG
speed is at its maximum value.

The sliding mode controller response, shown in Figure 25, gives a better behaviour
compared with the PI controller response shown in Figure 24 because the SMC con-
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Figure 20: DFIG rotor currents using the proposed SMC
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Figure 21: DFIG stator currents using the proposed SMC

troller presents a better reference tracking. Obviously, the overshoot presented in the
the PI control case can be reduced but at the cost of a slower response.

Next, the ability of the method to control a real power plant is tested using JON-
SWAP (Joint North Sea Wave Project) spectra ([37]) that defines the distribution of
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Figure 22: DFIG generated power in a reactive power step using the proposed SMC
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Figure 23: Reactive power step using the proposed SMC

wave energy density among different wave frequencies on theNorth Sea. This spectra
is shown in Figure 26.

Figure 27 shows the mechanical torque produced for the Wellsturbine under pre-
sume drop of Figure 26 and the torque in the DFIG, that is reduced due to the gear ratio
between the turbine and the DFIG.

Figure 28 shows the reference and the real DFIG speed that is obtained using the
proposed SMC control in order to improve the flow coefficient and also in order to
avoid the stalling.

The flow coefficient for this spectra is presented in Figure 29. In this figure it can
be observed that the flow coefficient is maintained at the optimum value ofφbep = 0.29
a lot of the time and also that the stalling is avoided.

Figure 30 shows the Wells turbine efficiency and, as it can be observed, thanks to
the flow coefficient optimization the Wells turbine efficiency is improved because the
efficiency value is maintained in the maximum point during more time.

Finally, Figure 31 shows the power generated in the DFIG. This figure shows the
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Figure 24: Speed regulation in a PI controller after a suddenchange in the pressure drop.
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Figure 25: Speed regulation in the proposed SMC controller after a sudden change in the pressure drop.

rotor power, the stator power, the total power, and the average power.

5. Conclusions

This paper proposes a SMC scheme for wave power generation plants. As it is
well known, the sliding mode control is robust under uncertainties caused by system
disturbances and modelling errors. The proposed control method maximizes the power
extraction for wave power plants using a Wells turbine because the controller regulates
the Wells turbine velocity in order to operate in the maximumpower efficiency. In this
sense, the control of the turbine velocity provides an optimum flow coefficient value
for the Wells turbine that produces an optimum torque coefficient and accordingly the
maximum wave energy extraction is obtained.

On the other hand, this speed regulation is also used to avoidthe stalling behaviour
in the Wells turbine dynamics, because the flow coefficient can be maintained below
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Figure 26: Pressure drop obtained according to the JONSWAP spectra.
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Figure 27: Torque produced for the Wells turbine and DFIG torque for the given JONSWAP spectra.

the critical value.
In this work, the Lyapunov stability theory is employed in order to demonstrate

the closed-loop stability of the proposed design. Then, this control scheme has been
successfully validated by means of some simulation examples. The simulation re-
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Figure 28: Reference and real DFIG speed for the given JONSWAP spectra.
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Figure 29: Flow coefficient for the given JONSWAP spectra.

sults show that the proposed SMC strategy presents a good regulation of the turbine
speed and thanks to this control scheme the optimum value forthe flow coefficient is
achieved. As a result of this optimum value for the flow coefficient, the Wells turbine
can extract the maximum mechanical power from the waves and therefore the maxi-
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Figure 30: Efficiency for the given JONSWAP spectra.

0 10 20 30 40 50 60 70 80 90 100
−10000

−8000

−6000

−4000

−2000

0

2000

t (s)

D
F

IG
 p

ow
er

 (
W

)

 

 

Average
Power

Stator
Rotor
Total

Figure 31: DFIG Stator, rotor, total and average power for the given JONSWAP spectra.

mum electrical power can be also generated.
Finally, some real tests in a new control platform that has been designed and con-

structed have been carried out. These tests have been shown that the proposed control
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scheme presents a good performance in the real system, because a good tracking for
the reference velocity is obtained under system uncertainties. Then the proposed real
time SMC improves the Wells turbine efficiency in an OWC system.
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