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Abstract

The energy from waves has a vast untapped potential to contribute to renewable energy
supply and diversification. For that reason, wave energy conversion systems have been a
topical research area in recent years. In particular, harnessing wave energy with an oscil-
lating water column converter has proved to be one suitable solution, which has also
seen a number of successful deployments. Nevertheless, additional research is required
for this technology in order to reach full commercial maturity and economic performance.
This paper proposes an adaptive second order sliding mode controller to maximise the
converted energy. In particular, the proposed adaptive control setup maintains the slid-
ing mode robust features, while reducing high frequency oscillations and abrupt control
actions produced by fixed-gain algorithms. A comparison of energy generation perfor-
mance shows better energy conversion efficiency of the proposed control strategy over
standard speed regulation control strategies, even considering air compression dynamics
and hydrodynamics in the tests.

1 INTRODUCTION

Around the world, research and development of wave energy
converters (WECs) is accelerating, as the need for diverse
renewable energy sources grows [1–3]. Many WEC devices,
including the popular oscillating water column (OWC) WEC,
are being tested at sea or deployed for commercial trial [4, 5]. A
breakwater-mounted OWC system is shown in Figure 1.

Maximizing power production is a critical component in
the drive to make wave energy cost-effective [2]. However,
this is a challenging task due to the significant variability of
the wave-generated airflow over time, the nonlinear nature of
WECs, and their inherent uncertainties and external distur-
bances. A suitable control system can successfully address these
challenges [1, 6].

Advanced control techniques have been proposed for OWC-
WECs over the past three decades [7], with a main focus on
maximizing power extraction through speed control of the elec-
tric generator [7–11]. Some of these techniques include first
order sliding mode control (SMC) [12–14], which has proven
to be a powerful design tool for synthesizing robust finite-
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time convergence controllers for nonlinear systems, particularly
in uncertain electromechanical applications [15–17]. However,
classical first order SMC can result in a significant amount of
chattering, an undesired phenomenon characterized by finite-
frequency and finite-amplitude oscillations due to the use of
discontinuous control action applied to the first time derivative
of the sliding variable [18].

To reduce chattering, several innovative solutions have been
proposed over the years. Some approaches are boundary layer
control, that is, replacing the discontinuous sign(⋅) terms in the
control function by piece-wise linear or smooth approximations
of the switching [19, 20], observer based SMC, that is, local-
ize the the high frequency phenomena in the feedback loop by
combining discontinuous control which an asymptotic observer
[21], and others [22–24]. Among these, SOSM control is one
of the most successful and widespread approaches to reducing
chattering [18, 25–27]. In SOSM techniques, the discontinuous
action is applied to the second time derivative of the sliding
variable, providing a smoother control signal than that obtained
via first order SMC. This control action is advantageous for the
lifespan of the actuators [18, 28, 29].
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FIGURE 1 OWC system with the chamber fixed to a breakwater.

Therefore, in recent studies, the use of SOSM fixed-gain algo-
rithms to control a variety of OWC-WEC types was successfully
explored [30–32], aiming to preserve the attractive robust fea-
tures, while targeting improved mechanical behaviour of the
controlled system. In [30, 31] a control objective which regu-
lates constant speed is proposed whereas, in [32], the authors
develop a speed tracking strategy to guarantee operation at the
optimal mechanical conversion point.

Despite the improvements achieved with fixed-gain SOSM
algorithms, it is acknowledged that there can still be an unde-
sired presence of chattering in certain practical cases. This issue
may arise in wide-ranging WEC operating conditions, which
only admit to be conservatively bounded, often resulting in the
use of excessively large gains [33].

To overcome this limitation, adaptive SOSM techniques have
been developed, offering variable-gain SOSM controllers with
improved performance. Several design procedures have been
proposed in the literature, and these techniques have been
successfully applied in various fields [33–37].

In particular, the authors of [38–40] have devel-
oped a variable-gain SOSM design technique known as
Switched/Time-Based Adaptive (STBA). This method uti-
lizes the finite switching frequency inherent in practical SMC
implementations. By counting the zero-crossings of the sliding
variable within a specific time window, the STBA method
adaptively adjusts the controller gains. It offers several attractive
features, including robustness, reduced chattering, relatively
low computational cost, and ease of real-time implementa-
tion. Additionally, the STBA method has been found to be
particularly suitable for controlling wind energy conversion
systems [41, 42], which can be considered a related field to
OWC control.

Therefore, motivated by its suitability for the control of wind
turbines, the STBA approach is used in this paper to develop

a variable-gain SOSM control setup to enhance the power gen-
eration efficiency of an on-shore OWC-WEC, composed of a
self-rectifying air-driven axial turbine. The control strategy is
designed to maximize the power extracted in the power-take-
off (PTO) system and is validated by computer simulation of a
complete wave-to-wire model.

Thus, the main contribution of this paper is the use of the
STBA approach to develop an adaptive-gain SOSM control
setup to improve the power generation of an on-shore OWC-
WEC, which achieves maximum mechanical power extraction
in the OWC-WEC power take off system. In addition, the
proposed controller provides smooth control actions, which
protect the actuators and consume less energy, and reduce
torque oscillations, for lifetime extension of the mechanical
rotational parts. Simulation validation is provided by a full wave-
to-wire model, that is, considering irregular waves, water column
hydrodynamics, air compression and generator dynamics. Fur-
thermore, implementation of the control structure utilises a
simple and low computational cost control technique which
only employs the zero-crossing count of the sliding variable
on a time window, showing superior tracking and regulation
behaviour when compared against a PID.

2 MODEL FOR OWC-WEC WITH
SYNCHRONOUS GENERATOR

The OWC-WEC system can be schematically divided into three
stages [43]. The first stage is the wave capture chamber, which
harnesses the energy from the waves to produce an oscillat-
ing airflow at its top (see Figure 1). This airflow goes through
the PTO system comprising stages 2 and 3. Stage 2 is the self-
rectifying turbine, that converts the bidirectional airflow into
unidirectional rotational movement, while stage 3 comprises
the generator that transforms the shaft mechanical energy into
electrical power.

2.1 Capture chamber

The capture chamber is a semi-submerged fixed structure, the
lower part of which is open to the sea water below the still water
level, such that the waves produce an oscillating water column
inside. This piston-like movement generates a bidirectional air-
flow at the opening on top of the chamber, where the air turbine
is situated. Two models can be used to describe the dynamics
inside the capture chamber.

2.1.1 OWC hydrodynamic model

The movement of the water inside the capture chamber is
described [44] by:

(mw + m∞ )�̇�w (t ) =−𝜌wgAczw (t ) − Δpt (t )Ac+

+ fe (t , 𝜁) − fr (t , 𝜈w ),

żw (t ) =𝜈w (t ).

(1)
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228 MOSQUERA ET AL.

Here zw is the vertical displacement of the free surface of the
water, 𝜈w its speed (see Figure 1) and mw is the mass of the oscil-
lating water body. g is the gravity constant, 𝜌w the water density,
and the constant m∞ the added mass at infinite frequency. The
capture chamber area is denoted by Ac . The pressure oscillation
inside the chamber is defined as Δpt (t ) = pc (t ) − patm, where
pc is the pressure oscillation inside the chamber and patm the
atmospheric pressure. Note that the time dependence will be
used in the text if a new variable is defined; otherwise, it only
will appear in equations when necessary. Then, fe is the excita-
tion force, dependent on the free water surface elevation, 𝜁, and
fr is the radiation force, with both forces determined as in [44].

2.1.2 Air chamber model

The air in the OWC chamber is modelled as an ideal gas, the
process of compression/decompression of the air is assumed to
be isentropic, and the pressure distribution inside the chamber
assumed to be uniform [45]. The equation for the dynamics of
the pressure, considering a linear turbine, [46] is:

Δ ṗt (t )
V0

c2
= 𝜌c (t )𝜈w (t )Ac −

Kc2r

Ωm (t )
Δpt (t ). (2)

Here Ωm is the turbine rotational speed, r is the turbine radius,
c is the speed of sound in air, V0 is the chamber volume in
unperturbed conditions, and the air chamber density, 𝜌c , is:

𝜌c (t ) = 𝜌atm

(
Δpt (t )

patm
+ 1

)1∕𝛾

. (3)

Finally, Kc is a constant dependent on the turbine geome-
try, which relates the flow rate with the pressure head in a
linear turbine.

2.2 PTO air turbine

The first part of the PTO is the self-rectifying air turbine, an
energy extracting turbomachine that rotates in a single direc-
tion, regardless of the bidirectional flow of air. Examples of such
turbines include the Wells turbine [47], impulse turbine [48] and
bi-radial turbine [49]. The OWC-WEC under study in this paper
utilises a Wells device (a linear turbine), which is the most pop-
ular OWC turbine, presenting relatively simple operation and
reduced cost, with model [47]:

Δpx (t ) = Ca (𝜙(t ))Kt𝜌in(t )
1

At

[
𝜈2

x (t ) +
(
rΩm (t )

)2]
, (4)

𝜙(t ) =
𝜈x (t )

rΩm (t )
, (5)

Tt (t ) = Ct (𝜙(t ))Kt𝜌in(t )r
[
𝜈2

x (t ) +
(
rΩm (t )

)2]
, (6)

𝜂(t ) =
Pout(t )
Pin(t )

=
Tt (t )Ωm (t )

𝜈x (t )AtΔpx (t )
, (7)

FIGURE 2 Wells turbine coefficients [50]. Ct : Torque coefficient, Ca :
pressure coefficient, 𝜂: turbine pneumatic efficiency.

where Δpx and 𝜈x are the ‘rectified’, or absolute values, of
the pressure drop, and the airflow speed through the turbine,
respectively, that is, Δpx = |Δpt | and 𝜈x = |𝜈t |. 𝜈t is obtained
from the expression of the mass flow rate through the turbine,
ṁt = 𝜌inAt 𝜈t , where 𝜌in [44] is:

𝜌in(t ) =

{
𝜌c , i f Δp > 0 (exhalation),

𝜌atm, i f Δp ≤ 0 (inhalation).

Ca (𝜙) is the pressure coefficient, a nonlinear function of the flux
coefficient (𝜙), defined in (5). Equation (6) relates to the tur-
bine torque (Tt ), with Ct (𝜙) the torque coefficient. Kt = nlb∕2
is the turbine constant, with n, b and l , the number, height and
chord length of the blades, respectively, and At is the turbine air
duct area. Lastly, (7) expresses the turbine pneumatic efficiency,
𝜂(𝜙). The turbine coefficients Ca (𝜙), Ct (𝜙) and 𝜂(𝜙) illustrated
in Figure 2.

2.3 Permanent magnet synchronous
generator

The second part of the PTO is the generator, with different
types currently in use in OWC-WECs, for instance, squirrel
cage induction generators [44], doubly fed induction generators
(DFIG) [32, 51] and synchronous generators [30]. The WEC
topology under study, in this work, utilises a permanent mag-
net synchronous generator (PMSG), taking advantage of its low
maintenance, extended speed operational range, good energy
efficiency and capability to comply with grid code requirements
[52]. It can be modelled [53] as:

⎡⎢⎢⎣
i̇d
i̇q
Ω̇m

⎤⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

−
Rd

Ld

id (t ) +
Lq

Ld

iq (t )ppΩm (t )

−
Rq

Lq

iq (t ) −

(
Ld pp

Lq

id (t ) +
𝜓a pp

Lq

)
Ωm (t )

Tt (t )∕J − Te (t )∕J − BwΩm (t )∕J

⎤⎥⎥⎥⎥⎦
+

+
⎡⎢⎢⎣
1∕Ld 0

0 1∕Lq

0 0

⎤⎥⎥⎦
⎡⎢⎢⎣
vd (t )
vq (t )

0

⎤⎥⎥⎦ ,
(8)

where 𝜓a is the inductive coupling flux, pp is the number
of pole pairs, Rd = Rq = Rs and Ld = Lq = Ls are stator
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MOSQUERA ET AL. 229

resistance and inductance, respectively, assuming a uniform air
gap flux. v and i represent the direct (d ) and quadrature (q) stator
voltages and currents, respectively, and J is the lumped inertia
of the system moving parts (turbine and generator) and Bw is
the viscous friction coefficient. The electromagnetic torque is
evaluated as:

Te (t ) = pp[(Ld − Lq )id (t ) + 𝜓a]iq (t ). (9)

3 CONTROL DESIGN FOR THE PMSG
BASED OWC-WEC

In this section, an energy-maximising control for the PTO sys-
tem is designed. While many WEC control strategies focus on
maximisation of hydrodynamic (to mechanical) energy conver-
sion [54], the OWC has the particular characteristic that the
crucial component is the air turbine, so operating it at an optimal
point is crucial to maximising power extraction. Note that the
system model in Section 2 contains a full description of the key
system components, including the turbine, chamber dynamics
(including air compressibility) and generator.

Specifically, focus is on the application of an adaptive second
order sliding mode control technique to the OWC PTO system.
The algorithm used here is an adaptive twisting controller, first
developed in [26, 39, 40]. Based on the robust design framework
of the twisting algorithm, the adaptation mechanism reduces
the gains when possible, keeping them at the minimum val-
ues that guarantee sliding mode operation, and enlarging them
only when disturbances increase. In an improbable worst case
situation, the algorithm operates as a classical twisting SMC.

Sliding mode control theory is based on the introduction of
a ‘sliding’ function, 𝜎, according to the control objectives. This
function is guided to zero by a high-frequency switching control
action which is, ideally, infinite in frequency. Then, once 𝜎 = 0 is
achieved, the control objectives are accomplished [18]. Second
order sliding modes inherit SMC advantages such as guiding the
system to the sliding surface (for SOSM, 𝜎 = �̇� = 0) in finite
time, and keeping it there robustly despite model uncertainty
and perturbations. Then, following [40], the control scheme,
when the control actuator has finite bandwidth, is improved via
gain adaptation.

The control structure is designed for the PTO model using,
as control inputs, the generator voltages vq and vd . A scheme of
the control structure is shown in Figure 3.

3.1 Control objectives and sliding variables

Two control objectives are pursued in this work. The first
focuses on maximising power production [55], while the sec-
ond relates to mechanical stress reduction, specifically aiming to
minimise electromagnetic torque oscillations.

3.1.1 Objective 1 - energy maximisation

The proposal to accomplish the first objective is based on forc-
ing the PTO to work at the optimal operation point. In [32], the

FIGURE 3 Control structure scheme. The states of the system are

represented by the vector x =
[
zw 𝜈w Δpt Ωm iq id

]T
. The control

references Idref
and Ωref, as well as the sliding variables 𝜎1 and 𝜎2 (all defined in

Section 3.1), are used in the control calculations. The control actions vq and vd

are determined in Sections 3.2 and 3.3.

FIGURE 4 Power coefficient, CPf
, has an unique maximum value in

𝜙 = 𝜙opt.

authors proposed that the turbine mechanical output power can
be expressed, from (7) and (4), as:

Pout =
2Kt

At
𝜂(𝜙)Ca (𝜙)

(
1 + 𝜙−2

)
⏟⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⏟

CPf
(𝜙)

𝜌inAt

2
𝜈3

x

⏟⎴⏟⎴⏟
Pf

=

= CPf
(𝜙)Pf (𝜈x , Δpt ).

(10)

The function Pf (𝜈x , Δpt ) depends on the air flux and the
pressure drop. The bidirectional air flux, 𝜈t , is calculated
using the continuity equation for compressible fluids as 𝜈t =
𝜌c (t )Ac𝜈w (t )∕𝜌atmAt . As a result, Pf (𝜈w , Δpt ) is influenced
only by these states (see Figure 3). Additionally, the coeffi-
cient CPf

is determined by the operating point, given by the
flow coefficient 𝜙. It exhibits a unique maximum (see Figure 4)
obtained from the coefficients in Figure 2, which allows for the
identification of an optimal operational condition. It is worth
noting that the efficiency curve in Figure 4 encompasses all
chamber/turbine characteristics.

The objective, to keep the system working at its opti-
mal point, 𝜙 = 𝜙opt, can be achieved by tracking the optimal
rotational speed:

Ωopt(t ) =
𝜈x (t )

r𝜙opt
. (11)

Establishing a speed setpoint for the turbine has become an
established practice for OWC control [7], and reflects the
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230 MOSQUERA ET AL.

dominant characteristics of the turbine (indicated by the sharp
peak in CPf

) in the power train. In order to avoid the relatively
poor starting characteristics of the Wells turbine, a minimum
rotational speed value was defined following exhaustive analysis,
considering the trade-off between turbine depowering and opti-
mum operation. Consequently, the rotational speed reference is
defined as:

Ωref(t ) =

{
Ωopt(t ) if Ωm (t ) ≥ Ωmin,

Ωmin if Ωm (t ) < Ωmin,
(12)

with a corresponding sliding variable:

𝜎1(t ) = Ωm (t ) −Ωref(t ). (13)

3.1.2 Objective 2 - mechanical stress reduction

It has been shown that oscillations in the electromagnetic torque
are heavily attenuated when id is forced to zero [56]. Hence, to
reduce the mechanical fatigue in the turbine and, consequently,
extend its lifetime, the second objective prompts the following
condition:

Idref
= 0. (14)

The condition in (3.1.2), in turn, suggests a choice of the second
sliding variable as:

𝜎2(t ) = id (t ) − Idref
= id (t ). (15)

3.2 Framework for the adaptive gain control
design

As previously explained, the controllers for the OWC-WEC
in this work are based on a twisting algorithm, with a gain
adaptation feature. A necessary first step in the control design
procedure involves the development, and tuning, of a standard
fixed-gain twisting controller, which serves as framework for the
final controller.

Important remarks: The sliding variables defined in (13)
and (15) are input-output decoupled with respect to vq and
vd , respectively; thus, it is possible to design two independent
single-input single-output control schemes, instead of realising
a MIMO design. In addition, it can be easily determined that
𝜎1(𝜎2) is of relative degree 2(1) with respect to vq (vd ).

The control scheme proposed here comprises two terms, one
for each control input:

vi = viE
+ viSM

, (16)

where sub-index i (i = 1, 2) indicates the corresponding objec-
tive to be achieved, that is, sliding variables of Sections 3.1.1 and
3.1.2, respectively, with v1 = vq and v2 = vd .

The first term, viE
, involves a continuous action which pro-

vides the bulk of the control effort, supplemented by smaller
gains for SOSM action embedded in the second control term.

To obtain viE
, a procedure inspired by the concept of equivalent

control in sliding mode [57] is followed.
On the other hand, viSM

is a SOSM term based on the twisting
algorithm. This term guarantees:

∙ Robustness with respect to various internal and external
bounded disturbances and to unmodelled dynamics.

∙ Accurately regulating and tracking different kind of variables,
with finite-time convergence.

∙ Reduction of mechanical stresses and chattering (i.e. high-
frequency vibrations of the controlled system), compared to
standard SM strategies, given that the applied control actions
are continuous.

∙ Simple control laws, easy to implement, which can be
designed based on nonlinear models.

3.2.1 First control term, viE
, design

Here, the procedure followed for obtaining the continuous con-
trol actions, vqE

and vdE
, for the two control objectives identified

in Sections 3.1.1 and 3.1.2, is shown.
First of all, the sliding variable associated with the first control

objective, 𝜎1, has relative degree (RD) 2. So, for the determina-
tion of vqE

, a control expression affine in the second derivative
of 𝜎1 is needed (the control action vq appears explicitly there).

�̈�1 =
1
J

Ṫt +
Kg

J

(
−

Rs

Ls
iq − id ppΩm − 𝜓a ppΩm∕Ls

)
−

−
B

J
Ω̇m − Ω̈ref +

Kg

JLs
vq = a1(x, t ) + b1(x, t )vq,

(17)

where Kg = pp𝜓a is the generator constant and Ṫt (𝜈x , Ωm ) can
be obtained by differentiating (6) with respect to time. vqE

is
the continuous control action which maintains 𝜎1 = �̇�1 = 0 in
nominal conditions, assuming no perturbations or uncertainty:

vqE
= vq

|||𝜎1=�̇�1=�̈�1=0
= −

a1NOM
(x, t )

b1NOM
(x, t )

|||𝜎1=�̇�1=�̈�1=0
. (18)

Second, to obtain the continuous control vdE
for the second

control objective, the procedure is similar to the previous one. It
starts by determining the first derivative of 𝜎2, where vd appears
explicitly:

�̇�2 = ̇id − İdref
= −

Rs

Ls
id + iq ppΩm +

1
Ls

vd

=A2(x, t ) + B2(x, t )vd .

(19)

Then, isolating vd from (19) and evaluating in nominal con-
ditions, when 𝜎2 = 0, the expression to compute vdE

can be
derived as:

vdE
= vd

|||𝜎2=�̇�2=0
= −

A2NOM
(x, t )

B2NOM
(x, t )

|||𝜎2=�̇�2=0
. (20)
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MOSQUERA ET AL. 231

3.2.2 Second control term, viSM
, design

The twisting controller algorithm [26] with fixed gains, has the
following expression:

viSM
(𝜎i ) = −risign(𝜎i ) − r ′i sign(�̇�i ); ri > r ′i > 0. (21)

The general procedure to calculate the gains in (21) involves
writing the second derivative of the sliding variable in a control
form affine in viSM

:

�̈�i = ai (x, t ) + bi (x, t )viE
⏟⎴⎴⎴⎴⏟⎴⎴⎴⎴⏟

𝜆i

+ bi (x, t )
⏟⏟⏟

𝛾i

viSM
. (22)

Then, the functions 𝜆i and 𝛾i must be bounded by three positive
constants Γmi

< ΓMi
and Ci , as

|𝜆i (x, t )| ≤ Ci

Γmi
≤ 𝛾i (x, t ) ≤ ΓMi

.
(23)

This is a key part of the SOSM control design, as it provides
robustness in all the conditions considered when determining
the bounds. Once the bounds are established, the fixed gains of
the twisting controller are determined as:

ri = r ′i + ΔTi

r ′i >
ΔTi

(ΓMi
− Γmi

) + 2Ci

2Γmi

ΔTi
>

Ci

Γmi

.

(24)

Satisfaction of the conditions in (24) guarantees finite time
convergence and robust maintenance of the system states on
𝜎i = �̇�i = 0 as has been proven in [25]. In the following, the
method of application for each sliding variable is shown.

For 𝜎1, (17) is rearranged to the form of (22) to obtain 𝜆1 and
𝛾1, completing the gain calculations for the twisting term vqSM

:

�̈�1 = a1(x, t ) +
Kg

JLs
vqE

⏟⎴⎴⎴⎴⏟⎴⎴⎴⎴⏟
𝜆1(x,t )

+
Kg

JLs
⏟⏟⏟
𝛾1(x,t )

vqSM
.

(25)

Alternatively, the sliding mode term calculation process for
𝜎2 starts by expanding the system and defining the control
variable 𝜈I = v̇dSM

, so 𝜎2 is of RD = 2 with respect to 𝜈I .
Then, to obtain the bounds for the gains of the twisting term,

the second time derivative of 𝜎2 is calculated:

�̈�2 =−
Rs

Ls

̇id + ̇iq ppΩm + iq ppΩ̇m +
v̇dE

L
⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟⎴⎴⎴⎴⎴⎴⎴⎴⎴⎴⏟

𝜆2(x,u,t )

+
1

Ls
⏟⏟⏟
𝛾2(x,t )

𝜈I .
(26)

The gain calculation process ends when the functions 𝜆i and
𝛾i (i = 1, 2) are bounded as in (23), and the bounds are then
utilised to calculate the gains following (24).

Finally, note that the closed loop system trajectories are com-
pletely determined by the proposed controller, guaranteeing the
system stability. Specifically, the design model in (8) has three
states, with a further state added for the implementation of
twisting in (21). Also, the SOSM control structure ensures that
the following conditions 𝜎1 = �̇�1 = 𝜎2 = �̇�2 = 0 are achieved.

3.3 Adaptive gain design

In this section, the adaptation mechanism of the variable-gain
Twisting controller is presented and designed for the OWC-
WEC. The objective is to minimise the discontinuous control
effort while ensuring operation in a predefined ‘real sliding
mode operation’ criterion. The design of this mechanism relies
on prior knowledge of the system, taking into account the
finite time frequency switching ( fc ) associated with the practical
actuator and the appropriate selection of gain values.

The adaptation policy is based on counting the zero crossings
of the sliding variable, Nsw, during appropriate time windows of
length Tv . Then, the occurrence of a real sliding mode is veri-
fied by checking whether such a count value is large enough, in
accordance with a predefined sliding mode existence criterion,
Nsw ≥ N . Subsequently, if the number of crossings counted in
the window is greater than the threshold, the algorithm detects
that the system is operating in a real sliding mode and decreases
the gains by −ΛTv (Λ is called decrement slope). On the other
hand, if the crossing count is lower than the threshold, it means
that the system is escaping more than desired from the sur-
face, so the gains are increased by +Λ′Tv (Λ′: increment slope)
to return quickly to the sliding surface. The slopes for the
controller are designed [40] as:

Λi > 0

Λ′i > Λi + 2|�̇�i |∕Γmi
,

(27)

where 𝜆i and Γi (i = 1, 2) are the same functions and bounds,
respectively, calculated for each objective in Section 3.2. The
verification of (27) guarantees that the system will return in
a short time to the sliding surface. To compute the incre-
ment slope, it is necessary to differentiate the 𝜆i functions
corresponding to each sliding variable.

The adaptive twisting control algorithm has the form:

v(q ord )SM
(𝜎i ) = −𝛼Ti

W
j

i sign(𝜎i ) −W
j

i sign(�̇�i ), (28)

where the i subscript indicates the controller for Objectives 1
and 2, respectively,𝛼Ti

= ri∕r ′i (with ri and r ′i defined in (23)),

and W
j

i is the variable gain, which is updated according to [39]:

W 1
i = Wmaxi

= r ′i ,

W
j+1

i =

{
max(W j

i − ΛiTv ,Wmini
) if N

j
sw ≥ N

min(W j

i
+ Λ′

i
Tv ,Wmaxi

) if N
j

sw < N
,

(29)
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232 MOSQUERA ET AL.

where the superscript index j indicates the time window inter-
val ( jTv; ( j + 1)Tv], Wmax1

= r ′1 and Wmax2
= r ′2. Also, Wmini

is
the minimal positive value that the algorithm could select, and
is arbitrarily defined. Then, the window length Tv (the same for
both controllers) is defined as a multiple integer of the com-
mutation period Tc = 1∕ fc , large enough to capture a sufficient
amount of potential crossings, but sufficiently small so as to
react sufficiently quickly. Finally, the threshold N is determined
by observation of the zero crossings of the sliding variable, for
each objective [40].

This results in an adaptive controller with the ability to adjust
the control gains online, keeping the control magnitude at a
minimum admissible level.

4 SIMULATION RESULTS

This section is divided into four subsections that focus on
specific results. First, Section 4.1 presents the gain calcula-
tion procedure for the design model, which only considers the
PTO dynamics. Then, Section 4.2 analyzes the behavior and
advantages of the designed adaptive SOSM control, specifically
regarding the control inputs and outputs. In Section 4.3, a com-
parison is made between the performance of a PID controller,
the twisting controller with fixed gains, and the twisting con-
troller with adaptive gains, all with the viE

term added. Finally,
Section 4.4 contrasts the energy extracted with the different
control strategies simulated in the full wave-to-wire model of
Section 2, which considers the dynamics of water movement,
air compression, and the electrical system. Note that only Sec-
tion 4.1 uses the design model for simulations, while the other
sections use the full model. The simulations are based on the
wave climate of Mar del Plata, Buenos Aires, Argentina, with
varying parameters of wave height, Hs , and wave peak period,
Tp, as shown in the scatter plot in

4.1 Gain determination

The SOSM design process is summarized as follows. To deter-
mine the fixed gains of the SOSM controller, bounds covering
all possible inputs, uncertainties, and perturbations are com-
puted. Exhaustive simulations are run with different sea states,
electrical parameter uncertainties of 15%, and torque perturba-
tions up to 10% of turbine torque Tt . The system is also exposed
to different realizations of the excitation input within a range of
0.5 ≤ Hs ≤ 2m and 6 ≤ Tp ≤ 12s to cover the most probable
wave climate region (see Figure 5). Figure 6 shows a sample
of the results, where the bounds are designated as Ci with a
red dashed line. The gains for the twisting controller are then
calculated using these bounds (Table 1).

The design process also considers the frequency limitation
of the actuators, modeled with the commutation frequency of
2 kHz. For the STBA SOSM controller, a threshold of N = 3 is
determined, and a window of Tv = 15ms is selected to capture
sufficient sliding variable crossings. The minimum gain values

FIGURE 5 Mar del Plata’s wave climate probability chart.

FIGURE 6 Bound calculations, after several simulations, for 𝜎1 (1st row)
and 𝜎2 (2nd row). 𝜆1,2 contains the variation of the system for different wave
climates, perturbation and uncertainty. 𝛾1,2 are the probable values in a 15%
variation of the electrical parameters with an uniform distribution. Bounds
obtained here correspond to a differential inclusion of (25) and (26),
respectively.

TABLE 1 System parameters.

Capture chamber PTO STBA-SOSM

Ac = 19.35 [m2] Kt = 0.1031 r1 = 524

r = 0.375 [m] Rs = 0.08 [Ω] r ′1 = 185

At = 0.4418 [m2] Ls = 3 [mHy] r2 = 732.5

patm = 101325 [Pa] 𝜓a = 0.31 [V s] r ′2 = 393.6

𝜌atm = 1.19 [kg/m3] pp = 1 Λ1 = 1

V0 = 104.62 [m3] J = 0.49 [kg m2] Λ′1 = 27

Bw = 0.03 [N ms] N1 = N2 = 3

Λ2 = 50

Λ′2 = 728

 17521424, 2024, 2, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/rpg2.12912 by N

ational U
niversity O

f Ireland M
aynooth, W

iley O
nline L

ibrary on [23/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MOSQUERA ET AL. 233

FIGURE 7 Bound computations (red dashed lines) for the increment
slope, Λ′

i
, calculated for each controller.

FIGURE 8 Realisation for the free water surface elevation with Hs = 1m

and Tp = 10 s.

are Wmin1 = 1.8 and W min2 = 4, and the increment slope Λ′ is
calculated using the bounds (Figure 7) and (27). Table 1 summa-
rizes the parameters for the capture chamber, PTO, and STBA
SOSM controller.

4.2 Analysis of controller behaviour

The control design is validated by running several simulations
on the wave-to-wire model. Nevertheless, in this subsection and
the following, only one example is shown using a typical out-
come. The input to the system is the wave of Figure 8 in a 120 s

realisation, associated with a JONSWAP wave spectrum with
Hs = 1m and Tp = 10s (the most probable wave climate in the
area under study).

In Figure 9, the first row shows the control behavior in
response to the wave input. The red lines represent the varying
control actions, vq and vd , which adjust to the input changes. The
STBA SOSM controller (in red) requires greater control effort
than the viE

controllers (in black) to keep the system on the sur-

FIGURE 9 Main outcomes of the controller behavioural analysis. In the
first row, the control actions are in red, with the equivalent control actions in
black. The second shows the variable gain values.

FIGURE 10 Example of control structure robustness. In the upper plot,
Tt is the turbine torque, Tp is the perturbation torque and Tt − Tp is the
difference between turbine torque and the perturbation. In the lower plot, the
evolution of the sliding variable 𝜎1 shows no changes in its amplitude.

face, providing robustness against uncertainty and disturbances.
Furthermore, the second row of Figure 9 displays the evolution
in the controller gains, varying in accordance with the STBA
SOSM adaptation law.

Furthermore, to showcase the robustness of the proposed
control structure, a perturbation equivalent to 10% of the tur-
bine torque, Tt , caused by an increase in viscous friction of
the generator (i.e. Equation (8), Tp = ΔBw ∗ Ωm) is considered
during the simulation at t = 83 s. The occurrence of this pertur-
bation is illustrated in the upper plot of Figure 10. However, in
the lower plot of Figure 10, no change is observed in the sliding
variable 𝜎1, indicating that the control strategy effectively rejects
the perturbation considered.

4.3 Comparison against fixed-gain SOSM
and PID controllers

To compare the performance of the designed STBA SOSM
controller and the classical SOSM one, simulation results with
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234 MOSQUERA ET AL.

FIGURE 11 Tracking of the sub-optimal speed setpoint of Section 3.1.1
(in red), for the different controllers. The fixed gain SOSM controller is in
green, while the PID controller result is in magenta. The blue trace
corresponds to the system controlled with the STBA SOSM controller. The
upper plot shows the rotational speed of the turbine, while the lower plot
shows the error in tracking the speed reference.

the most ubiquitous control scheme, namely a Proportional-
Integral-Derivative (PID) controller, are presented. The PID
and PI controllers used here are initially tuned using Ziegler–
Nichols methods and, then, they are further adjusted through
extensive simulation trials. Such tuning looks for a balance in the
trade off between fast response time and low overshoot. The
final parameters in use are P = 2.94; I = 0.88;D = 0.014 for
the rotational speed controller and P = 0.12; I = 62 for the cur-
rent controller. Those controllers are added to the same control
terms of Section 3.2.1 (viE

).
In Figure 11, a comparison of different control strategies for

tracking the sub-optimal reference of (12) is shown. The top
part of Figure 11 depicts the performance of the various con-
trollers in terms of their ability to track the reference. The Ωmin
value used in this study was obtained through empirical analy-
sis of comprehensive simulation tests. The value was selected to
achieve maximum energy generation for the given wave climate.
As can be observed from the bottom panel of Figure 11, which
compares the tracking errors for the different controllers, the
PID controller tracking performance is found to be relatively
poor, with speed errors up to 7 rad/s, the fixed-gain SOSM
controller limits errors to less than 1 rad/s, while the errors are
a further order of magnitude lower for the proposed adaptive-
gain SOSM controller. Furthermore, Figure 11 highlights the
benefits of an adaptive SOSM algorithm over the more tradi-
tional SOSM fixed-gain controller, which struggles to maintain
low chattering operation.

These results emphasize the importance of designing control
strategies that can adapt to changing operational conditions, of
particular importance in the wave energy application, where a

FIGURE 12 Figure on top shows the direct current, id , obtained with
different controllers, FG SOSM in green, STBA SOSM in blue, and PI in
magenta. The reference is id = 0. The figure on the bottom is the
electromechanical torque, Te , generated by each controller.

wide variety of sea conditions can be experienced at any par-
ticular site. The STBA SOSM control strategy presented in this
study provides a promising solution to this challenge, demon-
strating its ability to outperform a traditional PID controller in
tracking the turbine velocity reference, and substantially reduces
output chattering compared with fixed gain SOSM schemes.

Figure 12 illustrates the results obtained for the second con-
trol objective, which is to reduce torque oscillations in the
system. The top plot of Figure 12 shows the evolution of id
for the different controllers employed, where the performance
of the STBA SOSM approach stands out due to its very tight
regulation performance. It is noteworthy that the STBA SOSM
controller displays significantly lower chattering than the fixed-
gain SOSM design, while also being more robust than the PI
controller, with robustness articulating the capacity to keep
tight regulation of the variable despite uncertainty and perturba-
tion. The bottom plot in Figure 12 depicts the electromagnetic
torque, Te , for the different control strategies, clearly showing
the significant reduction of the torque oscillations when the
fixed-gain SOSM controller is replaced by the STBA SOSM
controller. This is an important improvement, as torque oscilla-
tions in WEC systems can cause structural damage and decrease
the overall efficiency of the energy conversion process.

The improved performance of the proposed STBA SOSM,
regarding chattering, can be noticed by observation of Figure 11
(where the lower plot corresponds to the error in speed, i.e. 𝜎1)
and Figure 12 (where the upper plot, current id , coincides with
𝜎2). A significant chattering reduction is observed in both slid-
ing variables when the STBA SOSM is compared against the
fixed gain SOSM controller. To allow for a quantitative mea-
sure of the improvement, the standard deviation (std) has been
calculated for both sliding controllers and the PI/PID con-
trollers. The results are in Table 2, where a reduction of 7 to
10 times, with respect to the fixed gain controller, is obtained
with the STBA SOSM. Most of this std reduction is due to
the gain adaptation proposed, which reduces the chattering
in the outputs and, consequently, the deviation of the sliding
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MOSQUERA ET AL. 235

TABLE 2 Standard deviation calculated for the sliding variables.

Fixed gains STBA PID/PI

std 𝜎1 0.2 0.02 1.2

std 𝜎2 17.9 2.5 3.95

TABLE 3 Electrical energy extracted with the different control strategies
after 1h (measured in Wh).

Fixed gains STBA PID

SS1 2.70E+05 6.25E+05 5.91E+05

SS2 4.33E+06 4.68E+06 4.39E+06

SS3 2.84E+06 3.20E+06 2.78E+06

SS4 2.17E+07 2.19E+07 2.15E+07

variable from 𝜎 = 0. On the other hand, the STBA SOSM also
has a significantly lower std, compared to the linear PI/PID
controller, thanks to the robustness against system uncertainty
and perturbations provided by STBA SOSM controller.

4.4 Generated energy analysis

Finally, a comparison of the energy extracted by the control
strategies described in the previous section is made. In order
to evaluate the strategies in different conditions, four sea states
are simulated:

∙ SS1: Hs = 0.5m; Tp = 10 s,
∙ SS2: Hs = 1m; Tp = 10 s,
∙ SS3: Hs = 1.5m; Tp = 8 s,
∙ SS4: Hs = 2m; Tp = 12 s.

The simulations run up to 1h (of simulation time), and the
results of the energy extracted in that period are shown in
Table 3.

Note that, for less energetic sea states, such as SS1, the
difference between the fixed gain and STBA SOSM is signifi-
cant, since considerable energy is lost due to chattering in the
fixed-gain case. Also, it is interesting to observe that, when the
sea state has a relatively short predominant period, the sliding
mode techniques perform better than the PID controller, which
can be explained by the limited accuracy of the PID strategy
at following the reference. Finally, when the sea state is very
energetic, and with a long predominant period, the differences
between the control strategies are reduced. However, in all the
cases observed, the STBA SOSM approach obtains more energy
(Table 4).

5 CONCLUSIONS

This paper develops a robust control strategy for an oscillating
water column system with a Wells turbine and a permanent mag-
net synchronous generator. By using an adaptive second order

TABLE 4 Difference of energy obtained with the STBA SOSM approach
against the other strategies.

STBA vs. Fixed gains PID

SS1 131.48% 5.75%

SS2 8.08% 6.60%

SS3 12.67% 15.10%

SS4 0.92% 1.86%

sliding mode control technique, the system can achieve two con-
trol objectives: tracking the optimal turbine rotational speed to
extract maximum mechanical power and regulating the direct
current of the generator to reduce torque oscillations.

The use of switched time based adaptive second order sliding
mode controller is a crucial aspect of this approach, as it deals
with the realistic response time of the actuator. The fixed gains
second order sliding mode controller often leads to chattering,
which is unacceptable in practical applications. The compari-
son with the classic PID control scheme highlights the superior
performance of the adaptive second order sliding mode control
technique. A possible alternative to adaptive SOSM, which also
reduces chattering, is fuzzy fractional-order SMC [58], but this
is beyond the scope of the current study.

Another advantage of the proposed control strategy is its
robustness to uncertainties in electrical parameters, torque per-
turbations, and unmodelled dynamics in the control design. This
robustness ensures that the control strategy is practical and reli-
able in real-world scenarios. For example, the control strategy
can account for the air compressibility and hydrodynamics of
the capture chamber in the oscillating water column model.

The comparison of the switched time based adaptive sec-
ond order sliding mode approach with the fixed gain controller
and the PID further emphasizes the benefits of the proposed
control strategy. The control strategy proposed in this paper
extracts significantly more energy than the other two con-
trollers, demonstrating its potential to improve the efficiency of
the oscillating water column system.

In conclusion, this paper presents a promising approach
to control the oscillating water column system for efficient
energy extraction. The use of an adaptive second order sliding
mode controller, combined with robustness to uncertainties and
superior performance compared to traditional control schemes,
makes this approach a valuable contribution to the field of wave
energy extraction. However, some challenges still need to be
addressed, such as the persistence of a small level of chatter-
ing. While the level of chattering is small, and will cause no
concern for many of the variables concerned (e.g. the turbine
velocity signal has a significant amount of associated mechanical
inertia, while the id is a purely electrical quantity), further refine-
ment may improve the controller effectiveness, for example in
reducing electrical losses, and further research is recommended.
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