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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 threswan some
locations, the wind blows consistently and with sufficiemice to produce continuous
waves along the shoreline. Since ocean waves contain tadousrenergy potential,
different wave power devices have been designed to extnaat énergy. Typically,
these devices benefit from the surface motion of ocean wavésm pressure fluc-
tuations below the surface [5]-[7]. In this study, an osgitig water columns (OWC)
device [8], [9] is employed in order to extract the energytaf bcean waves into me-
chanical energy using a Wells turbine [10]-[12]. The medt@renergy harvested in
OWC's is determined by wave height, wave speed, waveleagthyater density [13],
[14]. However, the energy produced in these systems can®ird by means of the
turbine rotational speed control because the turbine spffedts the hydrodynamic
process of wave energy absorption [15]-[17].

The mechanism of the wave energy conversion systems fodawscillating move-
ment so the rotor velocity of the coupled electric generstoariable. These systems
should incorporate an AC-AC converter in order to generatelactric power of con-
stant voltage and frequency [18]. However in this configarathe converter should
manage all the generated power and this fact present sok® ke the cost of the
converters and the power lost in the conversion.

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

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

This kind of systems are habitually controlled using a vectmtrol scheme and
cascaded Pl-current and power loops [24]. However the neatidynamics and the
uncertainties presented in these systems suggest the asaak robust controller in
order to improve the system performance.

In this sense, one option is to consider the sliding moderobf8MC) because this
kind of controller presents a good performance against uleheo dynamics, insen-
sitivity to parameter variations, and an excellent ref@cto the external disturbances
[25]. Moreover, the SMC has been used in order to controlrsétgpes of induction
machines in the last decade and good results has been abj2@}€28].

This work presents a real time SMC scheme in order to imprbegegobwer gen-
eration of a DFIG implemented in a OWC wave power plants. Tiog@sed control
scheme regulates the turbine speed in order to track theedespeed that maximize
the power extraction from the Wells turbine because it ojzstheWells turbine effi-
ciency. This optimization of the Wells turbine efficiencyoigtained selecting the flow
coefficient value that maximizes the power generation. Meee this optimization
of the Wells turbine efficiency, that maximizes the poweregation, also avoids the



stalling phenomenon because the proposed control scheimé&ina the flow coeffi-
cient at the best efficiency point (bepglow the stalling point. There are several works
in the literature that regulates the turbine speed in oavoid the stalling behaviour
[29]-[31]. However in these works the turbine speed is not regulateddardo fol-
low a reference speed that follows the variation of the airfipeed in order to obtain
the best flow coefficient that maintains the system in the lespite variations of the
airflow speed.

The turbine speed is controlled by means of the rotor cuwéttie DFIG using
the sliding mode control theory. Regulating the turbineogd, the proposed control
scheme optimizes the flow coefficients in order to obtain th&imum power extrac-
tion in the wave power generation plant under system urioéga and wave power
variations.

In order to confirm that the designed controller meets th@gsed goals. First,
this controller for a DFIG used in a wave power generationfikavalidated using the
Matlab/Simulink software. In these simulations severaraging conditions are tested
and satisfactory results are obtained.

Next, the real performance of the proposed control scheraksisvalidated over
a real experimental platform based in a DFIG. The main coraptes of this control
platform are the dSPACE DS1103 Controller Board, the comaialnduction machine
Leroy Somer of 7.5 kW and the synchronous AC servo motor 190dinotor of
10.6 kW. The stator of the DFIG is directly connected to thid gnd the rotor of the
DFIG is also connected to the grid through the VFC. The shiatth@ DFIG and the
shaft of the synchronous AC servo motor are mechanicallpected so the AC servo
motor emulates the torque profiles that the Wells turbineegpetes as response to the
oscillations of the free surface in the OWC chamber. In thkisegimental platform
several real tests, employing different operating coodgj are carried out and the
obtained results are satisfying.

This paper is organized as follows: in Section 2 is preseatbdoretical modelling
of the OWC wave power plant that incorporates a Wells turbiive Section 3 the
design of the proposed sliding mode controller that optasithe power generation
and avoids the stalling phenomenon s presented. Secticgséipts the simulation and
the experimental results developed in the experiment#iopia that is also described
in this section. Finally, some concluding remarks are preskin Section 5.

2. Modeling of the OWC Plant

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

The OWC system is composed of a fixed or floating hollow stmegtapen to the
sea below the water surface, that traps air above the ineessiurface. Wave action al-
ternately compresses and decompresses the trapped dirig/facced to flow through
a turbine that generates the rotational energy [Th]s turbine is connected to a gener-
ator by means of a gear box in order to produce the electneaby [32]. It should be
noted that the airflow in the chamber is bidirectional dejregdf the wave is hitting
or it is reflected. In this sense, to produce a continuousitggtional rotation of the
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Figure 1: OWC wave power system

electrical generator, the Wells turbine can be used in adagenerate the rotational
energy. The Wells turbine is a low-pressure air turbine, imatependent of the direc-
tion of the air flow, rotates continuously in one directiomof? Alan Arthur Wells of
Queen’s University Belfast designed this turbine in the [E&70s.

The power from the OWC available to a turbine is:
P = Ap - vga 1)

wherev, (m/s) is the airflow speed\p (Pa) is the pressure drop across the turbine,
(kg/m?) is the air density and (m?) is the area of the section of the turbine.

In the OWC system considered in this work, the turbogeneratwule is com-
posed by a Wells turbine mechanically connected to an ailecbDFIG by means of
a gearboxn order to increase the rotational speed and accordinglgdace the me-
chanical torque.

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

The VFC is composed of two four quadrant IGBT PWM convertaisally called
grid side converter (on the side of the grid) and rotor sideveater (on the side of the
rotor). These converters are back to back connected by noéari3C link capacitor.

It should be noted that in this configuration the power etattr converters only
need to handle a small portion of the nominal power (arourt$-39%) in order to
produce the electrical power in the grid, because only the fmower goes to the grid



through the VFC. The stator power goes directly to the grither€fore, the power
converters used in this configuration are smaller that teeepoonverters used in other
configurations. Therefore, the power losses and the powetrehic converters cost
are also smaller which is the main advantage of this configura

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

As it has been indicated previously, a Wells turbine haventmmsidered in this
work in order to extract the mechanical energy from the airfldhe Wells turbine
presents a robust and simple symmetrical blade design aneftine the Wells turbine
always turns in the same direction, regardless of the dinec¢h which the airflow
passes through the turbine. The equations used for the mgd#lthe turbine are
given by [32]:

Ap = Gk [2 4 (rw)?] @
T, = Cikr[v2+ (rw)?] 3)
T, = th—zadP (4)
k = pbné 5)
o = = (6)
rw
= wva (7)
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whereC,, is the power coefficient; is the torque coefficient, the generated torque is
T; (N m), ¢ is the flow coefficientk (kg/m) is a turbine constant,(m) is the turbine
radius,w (rad/s) is the turbine angular velocity, the blade spah {m), the blade
number isn, the blade chord i&(m), the rate of the flow ig (m?3/s), a (Mm?) is the area

of the section of the turbine and the efficiency of the turléng

The previous equations show that the torque and the powergead by the Wells
turbine can be calculated based on the torque coefficientlagower coefficient
respectively. Moreover, the characteristic curves of treld\turbine are composed
by the relationship between the torque coefficient and tirgepaoefficient versus the
flow coefficient.

Due to the characteristic dynamics of the Wells turbine, mtie velocity of the
airflow surpasses one critical value (that is related to tedd/Nurbine rotational ve-
locity), the performance of this turbine fall down draslig§32]. This effect is usually
called stalling phenomenon. The Wells turbine stalls whnenrelative angle between
the tangential speed of the turbine and the axial velocithefinput airflow is greater
than a value arounti®.



In Figure 2 can be observed the torque coefficient versusdheciefficient ¢ =
~=) for the Wells turbine used in this workThis Figure shows that the torque co-
efficient C; of the Wells turbine fall down drastically when the stallipgenomenon
appears. This Figure shows the characteristic curve forpangcular Wells turbine
and it depends on the parameters used in the turbine desaywevdr the characteris-
tic curves for other Wells turbines present the same behavio
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Figure 2: Torque coefficient versus Flow coefficient.

Figure 2 shows that in the Wells turbine employed in the pregaper the stalling
phenomenon appears when the flow coefficient reaches the 9a8uthis value may
be different depending of the the Wells turbine charadiercsurve). Therefore, from
this Figure it can be also concluded that for this Wells toebd good flux coefficient
value is¢y., = 0.29, because with this flux coefficient value the stalling bebais
avoided and the value of the torque coeffici€ptpresents a local maximum.

It should be noted that, taking into account the oscillattygamics of the flow co-
efficient (due to the oscillatory movement of the air flow puroed by the ocean waves)
the flow coefficient value is always oscillating from zero ttegositive value, so the
optimum working zone for the flow coefficient is located bedweero and the point
of the stalling behaviour. Additionally, from eqn.(6) it d&educed that the flux coef-
ficient could be maintained more time at its optimum value ®ans of the turbine
velocity regulation, because when the airflow velocity @ases/decreases we can in-
crease/decrease the turbine velocity in order to maintaifltix coefficient constant in
the valueg,., = 0.29. This turbine speed regulation, on the one hand improves the
torque coefficient (and therefore improves the power géeioeeand on the other hand
avoids the stalling behaviour.

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

wt = —= )
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3. Thedesign of the Sliding Mode Controller

In the OWC generation system that incorporates a DFIG, tlextbe of the max-
imum power extraction is achieved by regulating the rotalepeed of the Wells tur-
bine in order to avoid the stalling behaviour. In order to thg$ objective, a SMC
scheme is proposed in order to regulate the rotor speed &iFh@. The speed of the
DFIG is regulated by means of the quadrature component abtbe current.

In the model description it is explained that, the shaft gdpafthe OWC turbo-
generator should be adjusted so that the flow coefficler@mains bounded in order
to extract the maximum power from the sea. In this case theamrmar stalling free
torque coefficien; can be obtained.

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

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

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

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

Jw+ Bw =T — AT, (10)

whereT; is the torque generated in the turbine by the air flow prodineithe waves,
B is the viscous friction coefficient], is the the generator torqué, is the inertia
momentuw is the angular velocity of the turbine shaft and the geaorat= w,. /w is
the relation between the angular velocity of the turbindtshand the angular velocity
of the generator rotow,.

As it is well known, the field oriented control (referring akpressions to the stator
flux reference frame) can be used in order to simplify thetatsd equations of the
DFIG. In the reference frame oriented in the stator flux, thexis is aligned with the
stator flux linkage vectop;, and thenyq,=1s andiy,s=0. Then, the next relationships
are obtained [34]:

Lm' T
i = - (1)
Lm .ms —1 '
igs = % (12)
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where L, is the stator inductancd,, is the rotor inductance anf,, is the mutual
inductancer,. is the rotor resistance, is the stator resistancey is the synchronous
speedw, is the rotor speed of the generator; the slip frequenewis= w, — we; p
2
is the pole numbers and= 1 — ==
It should be noted that the stator magnetizing currgpt)can be considered con-
stant because the influence of the stator resistance is anththe stator is connected

to the grid [21]. Accordingly, the electromagnetic torqae de calculated as follows:

T, = —Krigr (19)
where the torque constant valéig- is calculated below:
3p L2 i
Kpr=—-12 20
=L (20)

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

w=—(c1+Acr)w+ (f+AF) = (ca + Dca)igs (22)

wherec; = 2, ¢, = 257 f = It and the terms\ci, Aco and A f represent the

uncertainties of the terms, ¢, and f respectively.
Then, the dynamic equation (21) can be rewritten as:

W= —ciw+ f+ —caigs + A(t) (22)
where the uncertainty terms have been collected in the ferm
At) = =Actw(t) + Af(t) — Aca ige(t) (23)

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

The speed tracking error is defined as follows:

e(t) = w(t) — w*(t) (24)



wherew* is the command for the turbine speed in order to extract thérmam power
from the waves.

The previous equation can be derived with respect to time:
ét) =w —w" = —crw(t) + f(t) — caige(t) — w*(t) + A(t) (25)

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

The sliding variable5(t) is defined as:

S(t) =e(t) + /0 ke(r)dr (26)

wherek is a positive constant gain.
Next, the proposed sliding surface is:

t
S(t) = e(t) +/ ke(r)dr =0 (27)
0
Finally, the speed controller based on the sliding mode iained:

i (1) :Ci[ke+ﬁsgn(5)_c1w_w* +f] (28)

qr
2
whereg is the switching gain anebn(-) is the sign function.

In order to achieve the tracking of the reference veloditg,riext condition should
be fulfilled:

(C1) The sliding gaing of the controller must be selected greater than the system
uncertainties; that is > |A(¢)| for all time.

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

Proof : The Lyapunov function candidate is defined as:

V() = 5SS (29)
The time derivative of the previous Lyapunov function caladeé is:
V() = S6S(1)
=S5-[é+ ke]
=S [—aw+ f—coigr — W+ A+ ke
=S - [~aw+f—(ke+fsgn(S) —crw—w"+ f)—w" + A+ ke

=5 -[A — Bsgn(S)] (30)

—AS -S| (31)

<|A[lS| - BS]|

<0 (32)
(33)



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

Taking into account thal’ (¢) is clearly positive—definiteV(t) is negative definite
andV (t) tends to infinity asS(¢) tends to infinity, the Lyapunov’s direct method can be
used to conclude that the equilibrium at the ori§ift) = 0 is globally asymptotically
stable. Thereforg(t) tends to zero as the time tends to infinity. Further, thectajées
starting off the sliding surfacd = 0 must reach the sliding surface in finite time and
then will remain on it. The behavior of this system on theislidsurface is habitually
calledsliding modg25].

It should be noted that when the system reaches the slidifigcgUEqn.(27), then
S(t) = S(t) = 0, and accordingly the tracking problem of this system prisan
equivalently dynamic behavior given by the following eqoat

St)=0 = ¢&t)=—(k+a)e(t) (34)

Then, taking into account that> 0, itis clear that the tracking erreft) converges
to zero exponentially.

It should be pointed out that the habitual motion in the slidnode control con-
sists of two phases. Firggaching phasevhen the trajectories starting off the sliding
surfaceS = 0 move toward it and reach it in finite time. Secoslitling phasevhen
the system motion is confined to the sliding surface and thersystem tracking er-
ror is equivalently represented by the reduced-order m@dgl.34). In this phase, the
tracking error tends to zero as the time tends to infinity.

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

4. Experimental Results

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

Figure 3 shows the block diagram for the experimental ptatfthat we have em-
ployed to develop the real time experimental validatiord enFigure 4 it can be ob-
served a photography for this platform.

The experimental platform has been designed and congtrusteg industrial com-
ponents. The main componentes of this experimental ptatéoe the Real Time Con-
troller Board of dSPACE model DS1103 that is based on a flggtimint PowerPC
processor to 1 GHz. The DFIG is an industrial electric maeth7.5 kW, 1447 rpm
developed by Leroy Somer whose paremeter are indicatedtle Ta The stator of
this DFIG is connected to the grid and the rotor is also cotateto the grid but by
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Figure 3: Block diagram of the experimental platform
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means of two voltage source inverters, developed by MONTESH.., model NFS-
200-10 that are placed in a Back to Back configuration. Thpgsed control schemes
are programed using a PC with the software MatLab7/Simi&ipR07a and dsControl
3.2.1.

In this experimental platform, the mechanical torque pesfilproduced by the
Wells turbine, are calculated using a Wells turbine modgdl@mented in Simulink.
The parameters of the Wells turbine employed in the Simutiddel are presented
in Table 2. The dynamic of the Wells turbine can be obtaineédguthe characteristic
curves of the turbine under study ([32], [35]). Accordinghye torque, the power and
the efficiency produced by the wells turbine can be calcdlatsed on the torque co-
efficient against the flow coefficient (Figure 2), the poweefticient against the flow
coefficient (Figure 5) and the efficiency against the flow ficieint (Figure 6).

The mechanical torque profiles are obtained from the Sirkulindel of the Wells
turbine and then generated in the real platform using a sgncus AC servo motor of
10.6 kW model 190U2 of Unimotor. The shaft of this AC servo arés mechanically
coupled to the shaft of the DFIG in order to move the rotor & BFIG. 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 perutenlare employed in
order to measure the rotor velocity using the frequency oreasent method.

In order to protect the machine against over currents, titersand the rotor cur-
rents are limited to their nominal values. All the sensomm&asure the voltages, speed
and currents are adequately adapted in order to be conrtedteelDS1103 Real Time
Controller Board.

The DS1103 Controller Board controls both inverters getiregghe SVPWM (space

12
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Figure 6: Efficiency versus flow coefficient

Stator \oltage 380V

Rotor Voltage 190V

Rated stator current 18 A

Rated rotor current 24 A

Rated speed 1447 r.p.m.@ 50 Hz
Rated torque 50 Nm

Stator resistance 0.32%

Rotor resistance 0.27%3

Magnetizing inductance  0.0664 H
Stator leakage inductance 0.00264 H
Rotor leakage inductance  0.00372H
Inertia moment 0.07 kg.m

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

8

0.38 m
1.1763 m
0.4m
0.7079
0.7285m
earratio = 5

n
l
a
b
k
r
G

Table 2: Wells turbine parameters.
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vector pulse width modulation) pulses. The sample periat:fed for the SVPWM
frequency of7 kHz, this is143 us. The dead time for the inverters used in this study
is 1.5 pus and is controlled by software and hardware. The connesgguence of
the DFIG to the grid begins with the charging of rotor and grahverters DC bus.
Once this DC bus is charged and if the grid side referencesys oriented with the
grid voltage, then the grid side converter is connecteduthinocontactor K1 and the
regulation of DC bus to a fixed value begins.

The next two steps have to be taken into account before ctingebe stator of
the DFIG to the grid. The first step is the encoder offset dieteavith respect to the
stator flux. The second step is the stator voltage synchatioiz with respect to the
grid voltage. The synchronization of the DFIG stator vodtagjth the grid voltage is
realized by measuring the grid side voltage and using a PlhagP Locked Loop).
Then, after the realization of these two steps the statdn@DtFIG can be connected
to the grid using the contactor K2 and then the reactive atigdeggower regulation can
begin.

4.1. Simulations and real platform validation

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

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

In this experimental validation, the DFIG speed is mairgdinonstant at 1432 rpm
with a reactive power of 0 VAR. It is supposed a scenario wlleeewaves produce
a typical variation in the pressure drop givendy = |1800 - sin(0.3t)| as shown in
Figure 7 during 25 seconds. The turbine flow coefficient atatdiin this experimental
validation are shown in Figure 8 for the simulation case anBigure 9 for the real
platform. As it can be observed these figures are very sipsitethis validates the good
performance of the model for the OWC system that we have dedignd implemented
in the MATLAB/Simulink software.

It should be noted that for this pressure drop condition tinkine flow coefficient
¢ exceeds the limit value of 0.30, so the undesirable stabigtgaviour will appear in
the Wells turbine system. In this sense, Figure 10 for thaikition case and Figure
11 for the real platform, show a significant reduction in thigtie coefficient due to
the turbine stalling behaviour. This reduction in the ta@qoefficient, due to the tur-
bine stalling behaviour, induces a strong reduction in tlpuat power obtained in the
DFIG, as it can be observed in Figure 12 for the simulatioe easl in Figure 13 for the
real platform. These figures show the rotor power, the sfadarer and the total power
obtained in the DFIG, that is the sum of the the rotor power thedstator power. It
should be noted that the power value is negative becauséeittei@machine is gener-
ating power. Finally, Figure 14 shows the efficiency of thdlg\Meirbine under the flow
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Figure 7: Pressure drop dP used as input for the emulateds Webiine in the simulation and in the real
platform
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Figure 8: Turbine flow coefficient for the simulation undenstant turbine speed

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

In order to avoid the problem of the turbine stalling behavicaused by the high
value of the flow coefficient that exceeds the limit value &) the rotor speed of the
DFIG can be regulated in order to maintain the flux coefficteglow the limit value
of 0.30 as it is shown in the next subsection. Moreover, ireotd improve the power
generated by the Wells turbine the rotor speed can also léated in order to follow
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Figure 10: Turbine torque coefficient for the simulation endonstant turbine speed

the reference value provided by eqn.(9) that optimizes the floefficient value and
accordingly improves the torque value and therefore inerg@mthe power generated.

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

4.2. DFIG speed control

In this section the speed regulation performance for theotgenerator using the
proposed sliding mode field oriented control scheme undelemmcertainties is tested
in the real platform. The case of study considers a scendrarevthe waves produce
a typical variation in the pressure drop givenddy = |1800 - sin(0.3¢)| as it is shown
in Figure 7. In this case the rotor speed of the DFIG is colgdah order to follow the
speed reference given by equation (9) so as to maintain tkedlefficient at its opti-
mum value ., = 0.29) in order to maximizes the torque value and below the limit
value of¢ = 0.30 in order to avoid the stalling. In this test the imposed rieaqtower
in the DFIG control is 0 VAR. According to the emulated Wellstine parameters and
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Figure 14: Efficiency of the Wells turbine under constanbiie speed

with the given pressure drop, the speed reference for th&D&lget the maximum
power is shown in Figure 15. This Figure also shows the resg¢dpbtained using the
proposed sliding controller in the real platform. In Figui® it can be observed that
the proposed controller provides a good behaviour becags®a speed tracking is
obtained under system uncertainties. The values for thedsgiing controller are,
B = 40, k = 31. These parameters are experimentally tuned, taking irdouat the
influence of these parameters in the controller performaftibe 8 parameter should
be selected bigger than the system uncertainties, but itldhi® noted that when 3
increases the control effort also increases which is uralasi. An increase in param-
eter k gives an increase in the position error convergenealie system reaches the
sliding surface5(t) = 0, but this also increases the control effort which is undésé.
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Figure 15: DFIG real and speed reference faifa= |1800 sin(0.3t)| using the proposed SMC.

In this experimental validation the same pressure dropatiari given bydP =
|1800 - sin(0.3t)| that was employed in the previous test is used. Howeverjsrtéist
the proposed sliding mode controller is employed in ordeetulate the rotor speed
of the DFIG. The flow coefficient obtained in this case is shawigure 16.
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Figure 16: Flow coefficient using the proposed SMC

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

Figure 18 shows the efficiency of the Wells turbine under e ftoefficient show
in Figure 16. Comparing figures 14 and 18 it is observed theagfficiency of the Wells
turbine is greatly improved using the proposed sliding mzatgrol for the tracking of
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the optimum turbine reference speed, because in this caseptimum value for the
flow coefficient, and therefore the optimum value for the tergoefficient, is main-
tained during most of the time.
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Figure 18: Efficiency of the Wells turbine using the propoS&dC
Figure 19 shows the power generated in the DFIG. This Fighosvs the rotor
power, the stator power and the total power obtained in thiSDRn this Figure it can

be observed that the rotor power is changing the polaritgralicg to the DFIG speed.
When the speed is higher than the synchronous speed, theeigalegative indicating
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that energy is obtained from the waves and returned to tlik @0, in that moment
the total power is higher than the stator power. On the othadhwhen the machine
performs below the synchronous speed the stator powerliehtgan the total power
because the rotor is getting energy from the grid. The obthintal 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 regggctAs it can be
observed in these figures, the quality of the current ingeizt® the grid is quite good.
It should be noted that although there are large variationthé power, due to the
variations in the pressure drop, these variations are digadinslow compared with
the current control dynamic of the DFIG. Therefore, desipiteing great variations in
power and speed that produce large variations in the cytrentuality 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 twoedéht reactive power
references, 0 VAR and 5 kVAR that changes at tim®4.5s as it is shown in Figure 23.
As it can be observed, in the transition between both reaptwers, the active power
has a fast transition due to the controlled speed, so a gdwal/lmeir between reactive
power variations is obtained using this sliding mode cdlgrolt should be noted that
when a DFIG is controlled, active and reactive powers aralatgd. It is important to
show that variations in the active power are independent fite reactive power and
vice versa. Figures 22 and 23 show that despite the vargatibthe active power (P)
and the reactive power (Q) both are correctly regulatedawitiinterfering with each
other.

Figure 24 and Figure 25 show the speed regulation perforeydmica Pl controller
and the proposed sliding mode controller respectivelysfidden change in the pres-
sure drop goes fromP = |1800 -sin(0.3t)| to dP = |1520-sin(0.3¢)| when the DFIG
speed is at its maximum value.

The sliding mode controller response, shown in Figure 2&ga better behaviour
compared with the PI controller response shown in Figuregzhbse the SMC con-
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Figure 21: DFIG stator currents using the proposed SMC

troller presents a better reference tracking. Obvioubly,dvershoot presented in the
the PI control case can be reduced but at the cost of a sloggomse.

Next, the ability of the method to control a real power plantdasted using JON-
SWAP (Joint North Sea Wave Project) spectra ([37]) that @sfitne distribution of

22



2000

—-2000r

—4000r

DFIG power (W)

—6000F

—-8000 1 Total

Stator
-10000 ‘ ‘ ‘ Rotor
0 5 10 15 20 25

t(s)

Figure 22: DFIG generated power in a reactive power steubia proposed SMC

6000 T T T T

5000/ M
3

4000F : 1
S
";’ 3000+
o
o
'<12) 20001
g
o 10001
24

—— Ref.
~1000 : : : : €
0 5 10 15 20 25

t(s)

Figure 23: Reactive power step using the proposed SMC

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

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

Figure 28 shows the reference and the real DFIG speed thatamed using the
proposed SMC control in order to improve the flow coefficiend @lso in order to
avoid the stalling.

The flow coefficient for this spectra is presented in FigurelB&his figure it can
be observed that the flow coefficient is maintained at thenaoti value oy, = 0.29
a lot of the time and also that the stalling is avoided.

Figure 30 shows the Wells turbine efficiency and, as it canliseived, thanks to
the flow coefficient optimization the Wells turbine efficigris improved because the
efficiency value is maintained in the maximum point duringreniime.

Finally, Figure 31 shows the power generated in the DFIGs Tigure shows the
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Figure 25: Speed regulation in the proposed SMC controfter a sudden change in the pressure drop.

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

5. Conclusions

This paper proposes a SMC scheme for wave power generatomsplAs it is
well known, the sliding mode control is robust under undaties caused by system
disturbances and modelling errors. The proposed contrifiedenaximizes the power
extraction for wave power plants using a Wells turbine beeahe controller regulates
the Wells turbine velocity in order to operate in the maximuower efficiency. In this
sense, the control of the turbine velocity provides an optinflow coefficient value
for the Wells turbine that produces an optimum torque cdefiicand accordingly the
maximum wave energy extraction is obtained.

On the other hand, this speed regulation is also used to #weistalling behaviour
in the Wells turbine dynamics, because the flow coefficientlwa maintained below
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Figure 27: Torque produced for the Wells turbine and DFI@uerfor the given JONSWAP spectra.

the critical value.

In this work, the Lyapunov stability theory is employed irder to demonstrate
the closed-loop stability of the proposed design. Thers, ¢tointrol scheme has been
successfully validated by means of some simulation exasnplene simulation re-
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Figure 29: Flow coefficient for the given JONSWAP spectra.
sults show that the proposed SMC strategy presents a goathtieg of the turbine
speed and thanks to this control scheme the optimum valuidditow coefficient is

achieved. As a result of this optimum value for the flow coédfit, the Wells turbine
can extract the maximum mechanical power from the waves leer@fore the maxi-
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Figure 31: DFIG Stator, rotor, total and average power ferglven JONSWAP spectra.

mum electrical power can be also generated.
Finally, some real tests in a new control platform that haenbdesigned and con-
structed have been carried out. These tests have been shatthe proposed control
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scheme presents a good performance in the real system,dgegagood tracking for
the reference velocity is obtained under system unceigsinThen the proposed real
time SMC improves the Wells turbine efficiency in an OWC syste
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