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ABSTRACT The generated power of Oscillating Water Columns (OWC) based on Wells turbines is limited
due to the stalling behavior. Therefore, this paper presents the modeling of an OWC and a rotational
speed control using a novel Fuzzy Gain Scheduled-Sliding Mode controller (FGS-SMC) for a stalling-free
operation. The proposed SMC-rotational speed control will regulate the turbo-generator angular velocity
to avoid the stalling behavior and increase the generated power. In an effort to reduce the fluctuations in
the generated power, Fuzzy Logic Supervisors (FLS) were designed to adaptively schedule the switching
gains of the SMC controller to reduce the chattering and improve its performance. A comparative study has
been carried out between the FGS-SMC, the SMC and uncontrolled OWC using irregular waves and real
measured waves. Results show the effectiveness of the proposed controls against the uncontrolled case and
the superior performance of FGS-SMC over the SMC ensuring power generation improvement.

INDEX TERMS Back-to-back converter, fuzzy gain scheduling (FGS), sliding mode control (SMC),
oscillating water column (OWC), power generation, stalling behavior, wave energy, wells turbine.

I. INTRODUCTION
Climate change, air pollution and energy security issues all
over the world require a massive and rapid transformation
of the world’s energy infrastructure toward a green, renew-
able energy with zero-emissions. This has been confirmed
after the release of the United Nations’ Intergovernmental
Panel on Climate Change’s (IPCC) three Special Reports in
the current Sixth Assessment Report (AR6) cycle [1]–[3].
Amongst the key finding of the reports were; the deserti-
fication, land degradation, GHG fluxes, rising seas, ocean
deoxygenation and melting glaciers but the most important
statement was in SR15 about the possibility to meet a 1.5◦C
target. SR15 shows by modelling that, in order to limit
global-warming at 1.5◦C, global-emissions of CO2 should
dropdown 45% less than 2010 level by 2030, till it reaches
‘net zero’ by 2050 [1]. The emission cutback by 2030 and
the related adjustments and difficulties were the center of
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attention in COP24 at Poland in December 2018 to help set
roadmaps for Europe and parties of the UNFCCC.

Such roadmaps evoked the role of the oceans as part of
the European efforts to implement the Paris Agreement on
Climate Change at the Oceans Action Day at COP22 in
Marrakesh where the Ocean Energy Forum charted a strategic
roadmap to building ocean energy for Europe, this roadmap
claims that 10% of Europe’s energy needs can be provided by
wave and tidal energy by 2050 [4]. It highlights the impor-
tance of R&D to accelerate testing and validation of sev-
eral ocean technologies to reach a commercial maturity and
ensure industrial roll-out [4]. Indeed wave and tidal energy
industry are likely to contribute the most to the European
energy in the near future [5], [6]. But since wave energy is
expected to possess a global-potential 30-times greater than
from tidal energy it has the uppermost exploitation potential
in European seas [6].

The wave energy industry is at an early development stage
when compared. And the fact that many Wave Energy Con-
verter (WEC) developers in different countries are at different
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stage of development there’s no common ground for the best
configuration, best PTO and best control strategies given the
difficulties of implementing. The majority of the available
industry-scale prototypes in seas possess the simplest control
strategies which results in low energy extraction [7]. This
signifies that the focal point of research, in following years,
have to shift from large-scale wave energy utilization toward
the difficulties of developing WECs and customized appli-
cations appropriate in favor of niche markets [8]. As stated
by the European Marine Energy Centre numerous countries
are implicated with projects that focuses on the progress of
the WEC industry such as ‘‘UK (26 projects), Norway (14),
Denmark (9), Spain (9), Ireland (7), Sweden (5), France (4),
Finland-Germany-Portugal (2), Greece (1)’’ [9], [10].

Amongst the WECs projects in Spain, we note NEREIDA
wave power plant in Mutriku which was installed by the
Basque Energy Agency (EVE) since 2011 and is the first
OWC establishment performing like a test-rig for technology
developers [11], [12], MARMOK-A-5 as the earliest oper-
ating grid-connected floating OWC which was developed in
Oceantec in Bilbao and then acquired by IDOM in 2016 [13],
WEP+ created in Wedge Global and had 5-years testing
in the PLOCAN test-facility of the Canary Islands [7] and
LifeDemoWave which is a project testing an unconnected
25kW prototype in the Galician-coast since 2018 [14].

The most employed wave energy system is the Oscillating
Water Column (OWC). Many control strategies have been
proposed by researchers the last decade to control various
aspects of this type of system. Airflow control strategy has
been proposed to OWC converters to control the airflow rate
through the turbine which should be prevented from exceed-
ing the threshold beyond which severe internal aerodynamic
blade stalling reduces the power output. This is achieved by
using a throttle valve (in series) or a by-pass valve (in parallel)
as suggested by Falcão et al. [15]. This strategy have been
further implemented using various control approaches such as
the PID controllers used byAmundarain et al. [16], Fractional
order PID (FOPID) by Mishra et al. [17] and Optimization
algorithms by Mzoughi et al. [18], [19]. Another control
strategy proposed for this type ofWEC is the rotational speed
control, first proposed in 1994 [20] and developed by other
authors in 1999 [21], is the most commonly employed OWC
control scheme. Justino et al. proposed a rotational speed
control achieved by changing the electric torque through
the power conditioning equipment [21]. Then Falcão et al.
proposed this control to maximize the power while taking
into consideration the electrical efficiency dependence on the
load factor and of the constraint introduced by electrical rated
power as a threshold power level [22]. Later other authors
proposed control approaches for this strategy like the ANN-
based rotational speed control by Amundarain et al. which
allows to generate desired reference speed for the back-to-
back converter control scheme that governs the DFIG [23].
Also, a Maximum Power Pont Tracking (MPPT) based on
Wells turbine-based OWC has been proposed by Lekube
et al. to optimally vary the speed reference considering the

highest power [24]. And recently Mishra et al. investigated
numerous techniques for the rotational speed control strategy
including a FuzzyMPPT tracking based backstepping control
in [25], an MPPT optimization using PSO algorithm in [26]
and event-triggered backstepping controller (ET-BSC) and
event-triggered sliding mode controller (ET-SMC) in [27].

The research work discussed in this article studies the con-
trol of a Wells turbine-based OWC system for wave energy
conversion. The main hurdle with this type of PTO systems
is the reduced performance of the Wells turbine because of
the stalling behavior which limits the power output [28], [29].
The present article holds a dual objective: first, to suggest a
control strategy to evade the inevitable power restriction of
the stalling phenomenon and, second, to reduce the fluctua-
tions of the generated power by improving the performance
of the fixed gain SMC controller and reducing the chat-
tering phenomenon using intelligent design methodologies.
Therefore, a novel SMC-based rotational-speed control has
been presented to govern the back-to-back converter and
help adjust the angular velocity. The Fuzzy Gain Schedul-
ing (FGS) methodology has been proposed to improve the
performance of the basic rotational speed control scheme.
The concept uses Fuzzy Logic Systems (FLS) as supervisors
to adaptively change the gains in real-time.

The rest of the article has been outlined as follows;
A description of all the subsystems of the OWC system
and mathematical models are given in Section II. Section III
explains the proposed sliding mode rotational speed control
to evade the stalling phenomenon. To improve its perfor-
mance and reduce the chattering, the FGS technique has been
introduced to tune the gains in real-time. Section IV sets
a demonstrative study-case to examine the goodness of the
FGS-SMC-based rotational speed control with irregular and
real waves. Finally, Section V ends the article with conclud-
ing remarks.

II. MODEL STATEMENT
The OWC system under study consists of different parts
that have been modeled for numerical implementation and
control purposes. This section presents the modeling of all
the necessary element of the plant of Figure 1.

A. WAVE MODEL
The wave model can be defined by a regular sine waveform
by means of the Airy theory which neglects turbulences,
friction-losses and other energy-losses [30]. Figure 1 shows
the scheme of a wave, with SWL is the Still-Water-Level,
h is the water-depth, H is the wave-height. A is the wave-
amplitude and λ is the wavelength [31].
Thus, the surface elevation of the wave model can be

formulated as [15]:

z(x, t) = A sin (ωt−kxθ) =
H
2
sin (ωt−kxθ) (1)

where the horizontal coordinate x is directed with the direc-
tion of wave propagation, θ represents the angle between
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FIGURE 1. Scheme of a sea wave and an Oscillating-Water-Column [32].

the x-axis and the direction of the waves, and k is the wave
number defined as:

k = 2π
/
λ (2)

A real irregular wave can be simulated by the superposition
of N number of regular waves and described as follows [33]:

z(x, t) =
N∑
i=1

Ai sin(ωit − ki + θi) (3)

Ai =
√
2Si1ωi (4)

where N is the number of waves, Si is the Spectral density,
Ai is the amplitude of each wave component, λi is the wave-
length of each component, θi is a random phase angle between
0 and 2π , ωi is the angular frequency and ki is the wave
number of each wave component.

The most accepted theoretical wave spectra include the
Bretschneider spectrum for the fully developed waves, and
the JONSWAP spectrum for the limited developed waves.The
generalized JONSWAP spectrum is defined as [34]:

Si(ωi) = (1− 0.287 ln(γ ))
5ω4

p

16ω5H
2
s γ

αe−
5ω4p
4ω4 (5)

where α = exp
(
−
(ω−ωp)

2

2ω2
pσ

2

)
and σ =

{
0.07, if ω ≤ ωp
0.09, if ω > ωp

and Hs is the significant wave height and ωp is the peak
angular frequency. The peak shape parameter γ is chosen
between 1 and 5 depending on the actual wave conditions and
locations, for standard JONSWAP spectrum γ = 3.3 [34].

B. CAPTURE CHAMBER MODEL
The expression of the air volume inside the capture chamber
of an OWC is given in [31] as:

V (t) = Vc +
wcH
k

sin (klc/2) sin(ωt) (6)

where Vc, wc and lc are the capture chamber’s volume, inner
width and length, respectively.

From (6), the volume flow rate is described as [31]:

Q(t) = wccH sin
(
klc
2

)
cos(ωt) (7)

with c = wc/k .
The airflow velocity is described by exploiting (7) and

considering the geometry of the air chamber that yields [31]:

vx(t) =
Q(t)
S
=

8Acwc
πD2 sin

(
π lc
cTw

)
cos

(
2π
Tw

t
)

(8)

where D is the duct diameter.

C. WELLS TURBINE MODEL
The turbine Wells turbine is a self rectifying axial flow
type [35]. The turbine’s model is defined in [36] as:

dp = CaK
(
1
/
a
) [
v2x + (rωr )

2
]

(9)

K = ρlbn/2 (10)

Tt = rCtK
[
v2x + (rωr )

2
]

(11)

φ = vx (rωr )−1 (12)

Q = avx (13)

ηt = Ttωr (dpQ)−1 = Ct (Caφ)−1 (14)

with dp is the pressure-drop, Ca and Ct are the power and
torque coefficients, φ is the flow coefficient, Tt , ηt , K , r are
respectively the turbine’s torque, performance, constant and
mean radius, l, b, n are respectively the blade’s chord-length,
height and number, ωr is the rotational speed, a is the cross
sectional area and ρ is the air density.

Figures 2 and Figure 3 show the characteristic curves of the
Wells turbine under study. Figure 2 is the power coefficient
Ca against flow coefficient φ while Figure 3 is the torque
coefficient Ct against flow coefficient φ. These characteristic
curves allow computing the turbine torque and generated
power.

FIGURE 2. Power coefficient against flow coefficient [16].
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FIGURE 3. Torque coefficient against flow coefficient [16].

D. DOUBLY FED INDUCTION GENERATOR MODEL
The DFIG is modeled with the expressions defined in [37].
The stator and rotor voltages in d-q frame are defined as:

vds = Rsids +
dψds
dt
− ωsψqs

vqs = Rsiqs +
dψqs
dt
+ ωsψds

(15)


vdr = Rr idr +

dψdr
dt
− ωrψqr

vqr = Rr iqr +
dψqr
dt
+ ωrψdr

(16)

where Rs and Rr are the stator and rotor resistances, ωs and
ωr are the stator and rotor angular velocity, ids and iqs are the
d-q stator currents, idr and iqr are the d-q rotor currents.
The stator and rotor flux linkage described as:{

ψds = Lssids + Lmidr
ψqs = Lssiqs + Lmiqr

(17){
ψdr = Lrr idr + Lmids
ψqr = Lrr iqr + Lmiqs

(18)

with Lss, Lrr and Lm are the stator, rotor and magnetizing
inductances, respectively.

The DFIG’s electromagnetic torque expression is given by:

Te =
3
2
p
(
ψdsiqs − ψqsids

)
(19)

with p is the number of pair poles of the DFIG.
The interaction in the turbo-generator is described by:

J
p
dωr
dt
= Te − Tt (20)

with J is the system’s inertia.

E. BACK-TO-BACK CONVERTER MODEL
The back-to-back converter holds a Grid Side
Converter (GSC) coupled to the grid and a Rotor Side Con-
verter (RSC) coupled to the rotor-windings [38].

The function of a rotor side converter is providing voltage
to the DFIG’s rotor-windings. Its purpose is to align the rotor

flux with the stator flux by controlling the rotor currents
to produce the desired torque. Thus it allows regulating the
voltages and generated power across the stator [39].

The stator active and reactive powers may be written as:

Ps = 3/
2
(
vdsids + vqsiqs

)
(21)

Qs = 3/
2
(
vqsids − vdsiqs

)
(22)

The grid voltages can be defined as:
vdg = Rgidg + Lg

didg
dt
− ωgLgiqg + udg

vqg = Rgiqg + Lg
diqg
dt
+ ωgLgidg + uqg

(23)

where Rg and Lg are the grid coupling resistance and induc-
tance, ωg is the grid’s angular frequency, idg and iqg are the
d-q grid currents and udg and uqg are the GSC voltages.

The active and reactive powers between the GSC and the
grid are defined as:

Pg = 3/
2
(
vdgidg + vqgiqg

)
(24)

Qg = 3/
2
(
vqgidg − vdgiqg

)
(25)

The energy saved in the capacitor is described in [40] as:

Wdc =

∫
Pdcdt =

1
2
Cv2dc (26)

withC , vdc,Wdc andPdc are the DC’link capacitance, voltage,
stored energy and power, respectively.

III. CONTROL STATEMENT
The Wells turbine’s stalling effect may be evaded by adjust-
ing the flow coefficient [18], [19]. By referring to equa-
tion (12), the flow coefficient φ may be adjusted by increas-
ing or decreasing the turbo-generator’s rotational speed.
Hence the proposed control intends to change the rotational
speed ωr to keep up with the airflow velocity vx in order
to maintain the coefficient φ below the threshold value. The
rotational speed control is accomplished through the control
of the AC-DC-AC converter linking the DFIG’s rotor to the
grid [39], [41]. Figure 4 presents the scheme of the proposed
control strategy.

Both sides of the back-to-back converter control differ-
ent features of the system. The grid-side converter regulates
the DC-bus voltage and reactive power, while the rotor-side
converter controls the active power and rotational speed.
Therfore for the GSC a conventional PI control scheme
has been considered which has been proven efficient in
many renewable applications. On the other hand for the
RSC due to the complexity of the OWC a nonlinear con-
trol method with quick convergence properties and a high
robustness against parameter variations and external distur-
bances has been sought, therefore the SMC control has been
considered.
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FIGURE 4. Back-to-back converter control for an OWC system.

A. GRID SIDE CONVERTER CONTROL
The vector control by the Voltage Oriented Control (VOC)
is employed for the GSC here the d-axis has been aligned
with the grid voltage vector [39]. This leads to vdg = vg and
vqg = 0. Hence, the grid active and reactive powers become:

Pg =
3
2
vdgidg

Qg = −
3
2
vdgiqg

(27)

Using the VOC the grid voltages expression become as:
vdg = Rgidg + Lg

didg
dt

1vdg︷ ︸︸ ︷
−ωgLgiqg+udg

0 = Rgiqg + Lg
diqg
dt

1vqg︷ ︸︸ ︷
+ωgLgidg+uqg

(28)

where 1vdg and 1vqg are the feed forward compensation
terms that will be added back to the control signals.

The DC-bus voltage and reactive power regulation is
achieved using the control scheme shown in Figure 5. The
scheme uses two rows of two PI controllers in series.

FIGURE 5. Control scheme for the Grid-Side Converter.

The outer loops use PI-controllers and take as reference
inputs the grid’s reactive powerQ∗g, frequently set to zero, and
the reference DC voltage V ∗DC = 800V in order to provide the
currents i∗dg and i∗qg. These currents are the reference inputs
of the inner loops. The inner loops produce the reference
voltages v′dg and v

′
qg that is compensated to attain v∗dg and v

∗
qg

required for the Pulse Width Modulation.
The inner current loopswere designed using the pole place-

mentmethod. By equating the denominator of the closed-loop

transfer function to the general form of a second-order system
the PI parameters are found as [42]:

KPig = 2ξωn −
Rg
Lg

TIig =
2ξ
ωn
−

Rg
ω2
nLg

(29)

where ξ is the damping coefficient and ωn is the natural
frequency of the desired closed-loop reference model.

The outer loops controllers were designed for the quadra-
ture current, in order to have a null reactive power hence the
reference current can be set to zero. For the DC-link voltage
using the pole placement, the parameters of the PI controller
are found as: {

Kpdc =
8/
3ξωnC

Tidc =
2ξ/
ωn

(30)

For design purposes, both parameters are chosen to ensure an
overshoot of 5% and since the outer loops generate the current
reference for the inner loops hence the inner loop must be
faster [42].

B. ROTOR SIDE SLIDING MODE ROTATIONAL SPEED
CONTROL
The Sliding Mode Control (SMC) has been successfully used
with DFIG to control and improve different aspects for a
better performance [43]–[45]. This side of the back-to-back
converter is used to control to control the rotational speed and
reactive power [46]. To quickly react and adjust the rotational
speed when strong wave occurs, a nonlinear controller with
quick convergence properties and high robustness against
parameter variations due to the nature of the waves has been
sought. Therefore the SMC has been considered and further
enhanced by FGS. Nevertheless, other control approaches
such as the backsteppoing control present a promising solu-
tion for stable power generation [25], [27]. Figure 6 presents
the proposed control strategy for the rotor-side converter with
SMC.

FIGURE 6. Sliding mode rotational speed control scheme for the RSC.

By implementing the Stator Flux Orientation (SFO) vector
control for the RSC scheme the d-axis is been aligned with
the stator flux vector and by assuming that the flux stable and
constant we find that ϕds = ϕs and ϕqs = 0 [39], [41]. Also,
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by assuming the stator resistors are very small to be neglected
the stator voltages become:{

vds = 0
vqs = vs = ωsϕs

(31)

After replacing expressions (17) and (18) in (16) the rotor
voltages becomes [46]:{

vdr = Rr idr + σLr
didr
dt − ωrψqr

vqr = Rr iqr + σLr
diqr
dt + ωrψdr

(32)

where σ = 1− L2m
/
LsLr is the dispersion coefficient.

Also, the electromagnetic torque equation (19) and reactive
power equation (22) become [46]:

Te = −
3
2
p
Lm
Ls
ψsiqr (33)

Qs =
3
2
vs

(
ψs

Ls
−
Lm
Ls
idr

)
(34)

By replacing equation (33) in expression (20) it yields:

dωr
dt
= −

p
J

(
3
2
p
Lm
Ls
ψsiqr + Tt + f ωr

)
(35)

Looking into equation (34) and equation (35) the rotational
speed and reactive power can be governed by idr and iqr .
Therefore, both switching functions ed and eq were specified
for the synthesis of the sliding mode controller by [46], [47]:ed = Q∗s − Qs

eq =
dω∗r
dt
−
dωr
dt

(36)

The switching functions are used to describe the sliding
surfaces (ed = 0 and eq = 0) by [47], [48]:{

Sd = ėd + λded
Sq = ėq + λqeq

(37)

where λd and λq chosen as real positive constants.
The sliding mode controllers have been synthesized to

attract the switching functions toward the corresponding
sliding-surface when in the transient state [47], [48]. Thus
idr and iqr tend towards their references. Therefore, these
switching functions as well as their time-derivatives should
meet the next attractive conditions [49]:{

ėded < 0
ėqeq < 0

(38)

Once the sliding surfaces are reached, the invariance condi-
tions of equation (39) have to be met in order to uphold these
switching functions at the sliding surfaces [47], [48]:{

ed = 0 and ėd = 0
eq = 0 and ėq = 0

(39)

The d-q reference voltages have to be computed to check
the attractive and invariance conditions. Hence, the reference
rotor voltages v∗dr and v

∗
qr has been described by:{

v∗dr = vattdr + v
eqv
dr

v∗qr = vattqr + v
eqv
qr

(40)

where vattdr and vattqr are the attractive voltages, and veqvdr and
veqvqr are the equivalent voltages computed from (39).
By substituting the rotor voltages (32) in the invariance

condition of equation (39) the equivalent voltages may be
defined as [46]:

ed = 0

ėd = 0

⇒


Qs = Q∗s
veqvdr = Rr idr − ωrψqr

−
2
3
LsLr
Lm

σ
vs
Q̇∗s

(41)


eq = 0

ėq = 0

⇒


ω̇r = ω̇

∗
r

veqvqr = ψqr + ωrψdr

+
2LsRr
3Lmpψs

(
J
p
ω̇∗r−f ω

∗
r − Tt

)
(42)

The attractive voltages are defined as [46], [49]:{
vattdr = Kd sgn (Sd )
vattqr = Kq sgn

(
Sq
) (43)

where Kd and Kq are real and positive constants.

To prove that the controlled system with SMC control law
in (40) along the direct component is asymptotically stable,
we choose a Lyapunov function candidate [50], [51] as:

Wd (t) =
1
2
Sd (t).Sd (t) (44)

The time derivative of the Lyapunov function (44) is then:

Ẇd (t) = Sd (t).Ṡd (t) = (ëd (t) + λd ėd (t)) (45)

By calculating the time derivatives of (36) we obtain:
ėd = Q̇∗s −

3
2
VsLm
σLsLr

(
V ∗dr − Rr idr + ωrψdr

)
ëd = Q̈∗s −

3
2
VsLm
σLsLr

(
V̇ ∗dr − Rr i̇dr +

d(ωrψdr )
dt

) (46)

When substituting (41) and (43) in (46) we obtain:
ėd = −

3
2
VsLm
σLsLr

(Kd sgn(Sd ))

ëd = −
3
2
VsLm
σLsLr

(
Kd d

dt (sgn(Sd ))
) (47)

Hence equation (45) can be rewritten as:

Ẇ = Sd .
[
−3
2
VsLmKd
σLsLr

(
d (sgn(Sd ))

dt
+ λd sgn(Sd )

)]
= −

3
2
VsLm
σLsLr

Kd

(
d
dt
|Sd | + λd |Sd |

)
45858 VOLUME 8, 2020
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= −
3
2
VsLm
σLsLr

Kd

(
Sd + λd
|Sd |

)
= −

3
2
VsLm
σLsLr

Kd

(
Sd + λd
|Sd |

)
< 0 , (λd > |Sd |) (48)

Similarly to the d-axis, the following Lyapunov function
has been chosen for the quadrature component:

Wq(t) =
1
2
Sq(t).Sq(t) (49)

The time derivative of the Lyapunov function (49) is then:

Ẇq(t) = Sq(t).Ṡq(t) =
(
ëq(t) + λd ėq(t)

)
(50)

By calculating the time derivatives of (36) we obtain:

ėq = ω̈∗r −
p
J

[
3pψsLm
2RrLs

(
V̇ eqv
qr + V̇ att

qr − ψ̈dr

−
d
dt
(ωrψdr )

)
+ Ṫt + f ω̇∗r

]
ëq =

dω̈∗r
dt
−
p
J

[
3pψsLm
2RrLs

(
V̈ eqv
qr + V̈ att

qr

−
dψ̈dr
dt
−

d2

dt2
(ωrψdr )

)
+ Ṫt + f ω̇∗r

]
(51)

By substituting (42), (43) and (51) in (50 we get:

Ẇq

= Sq.

[
−3
2
p2ψsLmKq
JRrLs

(
d2
(
sgn(Sq)

)
dt2

+ λq
d
(
sgn(Sq)

)
dt

)]

= −
3
2
p2ψsLm
JRrLs

Kq

(
Sq + λq∣∣Sq∣∣

)

= −
3
2
p2ψsLm
JRrLs

Kq

(
Sq + λq∣∣Sq∣∣

)
< 0 ,

(
λq >

∣∣Sq∣∣) (52)

From equation (48) and (52) it can be stated that under the
conditions λd > |Sd | and λq >

∣∣Sq∣∣, that Ẇd (t) and Ẇq(t)
are negative definite functions. Also, Wd (t) and Wq(t) are
positive definite functions, and, when Sd (t) and Sq(t) tend to
infinity,Wd (t) andWq(t) tend to infinity. Consequently, it can
be concluded that the equilibrium at the origin Sd (t) = 0 and
Sq(t) = 0 are globally asymptotically stable by means of the
stability theory of Lyapunov.

The reference rotational speed ωr will be generated thanks
to a Maximum Power Point Tracking (MPPT) algorithm of a
Wells turbine-based OWC. The designed OWC-based MPPT
integrates the characteristic curve of Figure 3 in order to evade
the stalling behavior [18]. Hence according to the incoming
waves, the OWC-based MPPT will provide the optimal rota-
tional speed reference for every wave amplitude as illustrates
in Figure 7.
To confirm the evasion of the stalling phenomenon, anal-

ogous simulations have been carried out to monitor the
changes of the flow coefficient versus the rotational speed.
The obtained rotational speeds presented in Figure 8 indicate
that the optimal speeds correspond to the ones where the flow
coefficients are exactly below the threshold value 0.3 this
validates the maximum extracted turbine torque in Figure 8.

FIGURE 7. Extractable torque against rotational speed for different wave
amplitudes [18].

FIGURE 8. Flow coefficient against rotational speed for different wave
amplitudes [18].

C. FUZZY GAIN SCHEDULING OF SLIDING MODE
ROTATIONAL SPEED CONTROL
Although SMC controllers are robust against uncertainties
and structural changes of the system, their performance may
be hindered with the chattering phenomenon which occures
when the system state reaches the sliding phase and a high
frequency chattering behavior starts forming around the slid-
ing surfaces [52]–[54]. This is due to the fact that the control
laws of equation (43) contain the discontinous sign function.
Moreover the intensity of this chattering is relative to the
control gains Kd and Kq of the sign functions. In this context,
a designmethodology has been proposed and used to enhance
the performance of fixed-gain SMC controller. The concept
uses the fuzzy gain scheduling approach to adaptively adjust
the gains in real-time. Furthermore, the discontinus sign func-
tion has been replaced by the continuous sat function.

The idea of Fuzzy Gain Scheduling was first introduced
by Zhen-Yu Zhao et al. in 1993 [55] for PID controller.
Ever since, several industries adopted this tuning techniqu
like renewable energy applications [56]–[58]. The concept of
Fuzzy Gain Scheduling has also been introduced and used for
applications with Backstepping control [59], [60] and Sliding
Mode Control [61]–[63].

The aim is to tune the gains of the proposed rotational
speed sliding mode controller λd , λq, Kd and Kq using a
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Fuzzy Logic Supervisor (FLS) based on fuzzy rules and
reasoning. Thus the gains will not be constant values; instead,
they change depending on the state’s changes. This is due
to the fact that if the state trajectories drift away of the
sliding surfaces and with a high speed, an increase in the
control gains is needed to decrease the chattering. But if
the state trajectories reach the sliding surfaces with a high
speed then a decrease in the gains is required to decrease the
chattering [61]. The aforementioned analysis shows that the
gains Kd and Kq can be chosen from the sliding surfaces and
their time derivatives. Since the sliding surfaces Sd and Sq
depend on the tracking errors and the control gains λd and
λq then these gains could be chosen using FLS as well to
help converge the states of the system to the sliding surfaces
smoothly and faster.

The suggested Fuzzy Gain Scheduled-Sliding Mode rota-
tional speed control scheme for an OWC system is illustrated
in Figure 9. Two fuzzy supervisors FLS1 and FLS2 were
used to tune the gains λd and λq in real-time. The input to
the superivsors are the reactive power and rotational speed
errors and their derivatives. The obtained gains serve as the
inputs to compute the sliding surfaces Sd and Sq. Another two
fuzzy supervisorsFLS3 andFLS4were used to tune the gains
Kd and Kq in real-time. The input to FLS3 and FLS4 are the
sliding surfaces Sd and Sq and their derivatives.

FIGURE 9. Fuzzy gain scheduled sliding mode rotational speed control
scheme for OWC.

All four FLS uses a fuzzy inference systemwith two inputs
and one output gain as shown in Figure 9. The controllers
gains λd , λq, Kd and Kq will supposedly be in the pre-

defined intervals
[
λmin
d , λmax

d

]
,
[
λmin
q , λmax

q

]
,
[
Kmin
d ,Kmax

d

]
and

[
Kmin
q ,Kmax

q

]
, respectively. These intervals were deter-

mined using the error-trail method on the SMC controller.
Numerous simulations were carried out to determine the
max and min values of the control variables by respecting
the aforementioned invariance, attractive and asymptotical
conditions.

To calculate the SMC controller parameters thewell known
normalization method has been used which is given in [55] as
follows:

Y ′ =
(
Y − Ymin

)/(
Ymax

− Ymin
)

(53)

where Y is λd , λq, Kd or Kq and Y ′ is the fuzzy output
acquired from the fuzzy rules that are described of the type
IF-THEN as:

if (X is Aiand
.

X is Bi) then (Y ′ is Ci) (54)

where Ai, Bi and Ci are the fuzzy sets with i = 1, 2, . . . ,m, X
is ed , eq, Sd or Sq and Y ′ is the fuzzy output λ′d , λ

′
q, K

′
d or K

′
q.

The membership functions of the inputs ej and ėj of the
fuzzy supervisors FLS1 and FLS2 are defined by the fuzzy
sets Ai and Bi that are described with the membership func-
tions of Figure 10. On the other hand the membership func-
tions of the inputs Sj and

.

Sj of the fuzzy supervisors FLS3
and FLS4 are defined by the fuzzy sets Ai and Bi that are
described with the membership functions of Figure 11 where
i = 1, 2, . . . ,m and j ∈ {d, q}.
The membership functions employed for the input vari-

ables were the triangular and trapezoidal types. The linguistic
levels are Negative-Big (NB), Negative (N), Zero (Z), Posi-
tive (P), and Positive-Big (PB).

FIGURE 10. Membership functions for inputs ej and
.

ej in FLS1 and FLS2.

FIGURE 11. Membership functions for inputs Sj and
.

Sj in FLS3 and FLS4.

The membership functions for the output variables λ′d , λ
′
q,

K ′d and K ′q are described with the fuzzy set Ci, which is
described with the functions of Figure 12.

The membership functions employed for the output vari-
ables were the triangular and trapezoidal types as well and
since the gains λd , λq, Kd and Kq should be positive the
linguistic levels are Zero (Z), Positive-Small (PS), Positive-
Medium (PM), Positive (P), and Positive-Big (PB).

FIGURE 12. Membership functions for outputs in FLS1 to FLS4.
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Hence the grade of the membership functions µAi and µBi
for FLS1 and FLS2 inputs are:



µNB (X) =


1 if X≤−3/2(
−
1/2−X

)
if X∈

(
−
3/2,−

1/2
)

0 if X≥−1/2

µN (X) =


0 if X≤−3/2(
−
X/2−

3/4
)

if X∈
(
−
3/2,−

1/2
]

−2X if X∈
(
−
1/2,0

)
0 if X≥0

µZ (X) =


0 if X≤−1/2
(2X+1) if X∈(−1/2,0]
(1−2X) if X∈

(
0,1/2

)
0 if X≥1/2

µP (X) =


0 if X≤0

2X if X∈(0,1/2](
3/2−X

)
if X∈

(
1/2,

3/2
)

0 if X≥3/2

µPB (X) =


0 if X≤1/2(
X−1/2

)
if X∈(1/2,

3/2]

1 if X≥3/2

(55)

where X is the inputs ed , eq,
.
ed or

.
eq.

And the grade of the membership functions µAi and µBi
for FLS3 and FLS4 inputs are defined as:



µNB (X) =


1 if X≤−15/2(
−
1/2−

X/5
)

if X∈
(
−
15/2,−

5/2
)

0 if X≥−5/2

µN (X) =


0 if X≤−15/2(
2X/5+

3/2
)

if X∈
(
−
15/2,−

5/2
]

(
2X/5

)
if X∈

(
−
5/2,0

)
0 if X≥0

µZ (X) =


0 if X≤−5/2(
2X/5+1

)
if X∈(−5/2,0](

1−2X/5
)

if X∈
(
0,5/2

)
0 if X≥5/2

µP (X) =


0 if X≤0

2X/5 if X∈(0,5/2](
3/2−

X/5
)

if X∈
(
5/2,

15/2
)

0 if X≥15/2

µPB (X) =


0 if X≤5/2(
2X/5−

1/2
)

if X∈(5/2,
15/2]

1 if X≥15/2

(56)

where X is the inputs Sd , Sq, Ṡd or Ṡq.

FIGURE 13. Fuzzy surfaces for λ′

d and λ′
q gains.

And the grade of the membership function µCi for all
supervisors FLS1 to FLS4 is defined as:

µNB (X) =


1 if X≤−3/4
(−4X−2) if X∈

(
−
3/4,−

1/2
)

0 if X≥−1/2

µN (X) =


0 if X≤−3/4
(4X+3) if X∈

(
−
3/4,−

1/2
]

−2X if X∈
(
−
1/2,0

)
0 if X≥0

µZ (X) =


0 if X≤−1/2
(2X+1) if X∈

(
−
1/2,0

]
(1−2X) if X∈

(
0,1/2

)
0 if X≥1/2

µP (X) =


0 if X≤0

2X if X∈
(
0,1/2

]
(3−4X) if X∈

(
1/2,

3/4
)

0 if X≥3/4

µPB (X) =


0 if X≤1/2
(4X−2) if X∈

(
1/2,

3/4
]

1 if X≥3/4

(57)

where X is the outputs λ′d , λ
′
q, K

′
d or K ′q.

Two sets of 25-rules were considered for equation (54)
and are detailed in Tables 1 and 2. These fuzzy rules were
chosen to change the gains depending on the state’s evolution,
since, if the state trajectories drift away from the sliding
surfaces and with a high speed, then an increase in the control
gains is needed to decrease the chattering. In contrast, if
the state trajectories reach the sliding surfaces with a high
speed, then a decrease in the gains is required to decrease the
chattering [61]–[63].
The truth value of the ith rule from (54) is found from the

product of the truth values of µAi and µBi as:

µi = µAi (e (t)) .µBi
( .
ej (t)

)
(58)
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FIGURE 14. Fuzzy surfaces for K ′

d and K ′
q gains.

TABLE 1. Fuzzy tuning rules for λ′

d and λ′
q.

The membership functions illustrated in Figure 12 should
always verify the following relation:

m∑
i=1

µi = 1 (59)

Therefore the defuzzification schememay be described by:

X =
m∑
i=1

µi.µCi (60)

where X is the output λ′d , λ
′
q, K

′
d or K ′q.

The obtained fuzzy surfaces for λ′d and λ′q gains are pre-
sented with a 3D-plot in Figure 13 and the fuzzy surfaces for
K ′d and K ′q are presented with a 3D-plot in Figure 14.

TABLE 2. Fuzzy tuning rules for K ′

d and K ′
q.

TABLE 3. OWC system parameters of NEREIDA wave power plant.

TABLE 4. Grid-side converter’s PI controllers parameters.

The Max-Min fuzzy inference system is used to obtain the
crisp outputs which are computed with the center of gravity
defuzzification method as:

Y = Ymin
+

(
Ymax

− Ymin
)
Y ′ (61)

where Y is λd , λq, Kd or Kq.

IV. RESULTS AND DISCUSSION
In this part the simulations and tests performed to assess
the performance of the proposed rotational speed slid-

FIGURE 15. Time histories of control gains λd and λq.
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FIGURE 16. Time histories of control gains Kd and Kq.

FIGURE 17. Time histories of the sliding variables Sd and Sq using SMC.

FIGURE 18. Time histories of the sliding variables Sd and Sq using FGS-SMC.

ing mode control with fixed gains and with Fuzzy Gain
Scheduling are presented and discussed. To evaluate the
performance of the proposed control control methodolo-
gies, it has been implemented with a complete wave-to-wire
model of the OWC wave power plant on Matlab/Simulink

and a comparison with the uncontrolled case has been
performed.

To configure the wave-to-wire OWC model, the parame-
ters taken from real measurements at the NEREIDA facility
were used which are listed in Table 3.
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FIGURE 19. Switching detail of the generated attractive control voltages using SMC.

FIGURE 20. Switching detail of the generated attractive control voltages using FGS-SMC.

FIGURE 21. Control efforts of SMC and FGS-SMC controllers in both d and q axes.

The implemented PI controllers were set up using the
obtained gains in Table 4.

A. CASE STUDY USING IRREGULAR WAVES
To evaluate the power generation enhancement of the pro-
posed control scheme, a study case considering a JONSWAP
irregular wave has been carried out. The wave parameters

are representative sea state of Mutriku which are indicated
in Table 3.

The study compares the uncontrolled OWC to the Slid-
ing Mode rotational speed control (SMC) and the Fuzzy
Gain-Scheduled SlidingMode rotational speed control (FGS-
SMC). In this sense, Figure 15 and Figure 16 show the
histories of the scheduled gains of the proposed FGS-SMC.
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FIGURE 22. Rotational speeds with SMC and FGS-SMC rotational speed control.

FIGURE 23. Flow coefficients with SMC and FGS-SMC rotational speed control.

Thanks to the adopted fuzzy supervisors FLS1 to FLS4 the
gains are adaptively scheduled in contrast to conventional
SMC.

The sliding variables shown in Figure 17 and Figure 18,
slide to zero and are held close to it despite some oscillations
in relation to the oscillation of the input waves. Nevertheless,
it can be noticed in the sliding variables of the traditional
SMC that some chattering occurs at every oscillation of the
waves, however, these fluctuations are greatly reduced with
the FGS-SMC.

The effect of the adaptive control gains against
the fixed-gains may be observed in the generated
attractive control voltages vattdr and vattqr which are shown

in Figure 19 and Figure 20. The voltages obtained using SMC
suffers from the chattering phenomenon whereas it is greatly
reduced when using the FGS-SMC.

To evaluate the performance of the controller the control
effort, also known as control energy, has been computed for
both SMC and FGS-SMC controllers for comparison. This
performance index, defined as the integral of the squared con-
trol signal, is shown in Figure 21 where it can be noticed that
in the case of the FGS-SMC controller an increase of 19.33%
for the direct control and 15.53% for the quadrature control
has occurred compared to the SMC controller. This is due to
the energy change introduced by the fuzzy gain scheduling to
reduce the chattering phenomenon.
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FIGURE 24. Produced torques with SMC and FGS-SMC rotational speed control.

FIGURE 25. Generated powers with SMC and FGS-SMC rotational speed control.

The obtained rotational speed in the uncontrolled case and
controlled cases are shown in Figure 22.

It can be noticed that two major stalling regions occur
and that the rotational speed in the uncontrolled case at peak
waves is low which will cause a peak in the flow coefficient
and provoke the stalling behavior. However, in both con-
trolled cases, the proposed control schemes help accelerate
the speed to avoid the stalling behavior.

The resulting flow coefficients relative to the obtained
rotational speeds in all three cases are presented in Figure 23.

In Figure 23 onemay notice that in the stalling regions both
controlled cases the flow coefficients are almost equal to the
threshold value which is 0.3, contrary to the uncontrolled case
where the flow coefficient exceeds it.

The obtained flow coefficients lead to the produced torques
of Figure 24. The plots show that in the uncontrolled case the
torque is affectedwith the stalling phenomenon that decreases
its average value but both controlled cases have evaded the
stalling phenomenon which helped produce more stable and
higher torques in terms of average value.

Figure 25 shows the powers generated by the OWC in the
three cases. As the uncontrolled case suffers from the stalling
behavior, the power generated has been low especially in
the stalling regions. However, both controlled cases have
high generated power thanks to the proposed rotational speed
strategy.

Also, one may notice that the power provided by the
FGS-SMC is smother than that of the SMC case. For a
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FIGURE 26. Zoom-in the generated powers with SMC and FGS-SMC rotational speed control.

FIGURE 27. Wave elevation measured at Mutriku on May 12, 2014 at 06:00 am.

FIGURE 28. Time histories of control gains λd and λq.

better comparison both generated powers were overlapped
and a zoom-in has been done into the same section at
the peak wave of 21.5s as shown in Figure 25. Figure 26
shows that the FGS-SMC was able to improve the quality

of the generated power by reducing the fluctuations caused
by the chattering phenomenon compared to the SMC.
In fact the generated power with FGS-SMC is 46% less
fluctuated.
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FIGURE 29. Time histories of control gains Kd and Kq.

FIGURE 30. Time histories of the sliding variables Sd and Sq using SMC.

FIGURE 31. Time histories of the sliding variables Sd and Sq using FGS-SMC.

It is to be noted that the power to be injected into the grid
would be passing through a filter to further reduce the fluc-
tuations. A simple L-filter or LCL-filter is usually adopted
to reduce the Total Harmonic Distortion (THD) of the utility
current [64]. To meet the grid code requirements, the LCL-
filter is predominant in reducing the utility current harmonics.

B. CASE STUDY USING REAL MEASURED WAVES
To further validate the results of the rotational speed control
another study case considering real measured waves has been
carried out. The wave data series were obtained from mea-
surements of an Acoustic Doppler Current Profiler (ADCP)
installed at Mutriku. These measurements are in the form
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FIGURE 32. Switching detail of the generated attractive control voltages using SMC.

FIGURE 33. Switching detail of the generated attractive control voltages using FGS-SMC.

FIGURE 34. Rotational speeds with SMC and FGS-SMC rotational speed control.

of data series with a sampling period of 0.5s taken over
20 minutes every two hours during May 12, 2014 [18].

The considered wave input from that day is shown
in Figure 27.

The obtained FGS-SMC variying control gains are illus-
trated in Figures 28 and 29.

The evolution of the sliding variables Sd and Sq with both
SMC and FGS-SMC are presented in Figures 30 and 31.
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FIGURE 35. Flow coefficients with SMC and FGS-SMC rotational speed control.

FIGURE 36. Produced torques with SMC and FGS-SMC rotational speed control.

FIGURE 37. Generated powers with SMC and FGS-SMC rotational speed control.
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The sliding variables are smoother and less chattering occurs
with the FGS-SMC.

The obtained attractive control voltages are illustrated
in Figures 32 and 33.

From the obtained rotational speeds depicted in Figure 34,
three stalling regions are noticed. In these regions, the pro-
posed controls tend to increase the speed whereas in the
uncontrolled case it remains low.

Consequently, the obtained flow coefficients are regulated
to 0.3 with the SMC and FGS-SMC control unlike the uncon-
trolled case were it exceeds it as shown in Figure 35.
The effect of regulating the flow coefficient is observed on

the outputs which are the produces torques in Figure 36 and
the generated powers in Figure 37. These outputs are stable
and higher in terms of average value within all three stalling
regions compared to the uncontrolled OWC, however, with
the FGS-SMC control, we get smoother and less fluctuated
results compared to the SMC control.

V. CONCLUSION
In this article, OWC system has beenmodeled and controlled.
A Sliding Mode rotational speed control strategy was imple-
mented to deal with the stalling behavior of the Wells turbine
which restricts the generated power. The proposed SMC-
based rotational speed control effectively governs the back-
to-back converter to regulate the rotational speed of the turbo-
generator shaft hence evade the stalling behavior.

To enhance the performance of the SMC-based rotational
speed control the Fuzzy Gain Scheduling methodology has
been proposed and implemented that adaptively varies the
gains of the controller via designed fuzzy logic supervisors.

To assess the goodness of the suggested control strategies,
irregular waves and real measured waves have been used for
the study. The results demonstrate that the suggested control
scheme successfully avoids the stalling behavior by acceler-
ating and decelerating the shaft’s rotational speed allowing
the system to harness the maximum power from the incom-
ing waves. Furthermore, the suggested control design FGS-
SMC shows a superior performance against the fixed gain
SMCmethod by reducing the chattering phenomenon. In fact,
the FGS-SMC-based rotational speed control scheme offers
14.52% power generation whereas, the fixed-gains SMC-
based rotational speed control scheme offers only 10.08%
power generation improvement. Moreover, the FGS-SMC
offers up to 45% less fluctuations.
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