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Second Order Sliding Mode Control of Oscillating
Water Column Wave Energy Converters
for Power Improvement

Daniel T. Gaebele
Ted K. A. Brekken

Abstract—OQOcean wave energy is a renewable energy which re-
mains too costly for large-scale electricity generation. The oscil-
lating water column (OWC) wave energy converter (WEC) is a
promising device-type with a rectifying air turbine and generator
which convert alternating airflow induced by the water motion into
kinetic energy then into electric energy. Applying control at each
stage of energy conversion could increase the electric energy output
of the device. As researchers overcome the modeling challenges of
OWC, such as the nonlinearities due to air compressibility and
power take-off (PTO) dynamics, we can integrate specific control
algorithms to test their ability to improve the efficiency of the OWC.
Herein, we present a state-space model of an array of OWC WECs
restricted to heave motion with nonlinear PTO dynamics. We
apply second-order sliding mode control (SMC) which commands
a smooth torque signal to a direct-drive generator to maintain
a reference turbine angular velocity. Because the algorithm can
yield high turbine torques, we investigate a simple feed-forward
relation for the control of a valve to limit the turbine airflow and
discard mechanical power. We find that implementing the SMC
algorithm and valve control can improve electric energy conversion
most effectively in less energetic sea states.

Index Terms—Wave energy conversion, oscillating water
column, sliding mode control, biradial turbine.

1. INTRODUCTION

ONTROLS research for ocean wave energy converters
began concurrently with the first fundamental research
in the field in the 70s [1]. In the following years, the efforts
remained mostly academic due to the theoretical complexity of
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Fig. 1. Conceptual sketch of a floating OWC equipped with one turbine on
the left. On the right a close up of the air chamber and the biradial turbine.

the hydrodynamic interactions between waves and oscillating
bodies [2]. With improving hardware, wave energy research
activity has increased over the last two decades [3]. One of the
reasons why no commercial application is yet fully realized is
the high cost compared to other renewable energy sources [4].
The largely random variability of energy flux over time is one
disadvantage of wave power. However, with intelligent control
approaches, this disadvantage can be overcome [5]. Intelligent
control may also reduce the power fluctuations from WEC
arrays, which in turn reduce the overall maintenance cost [6].
Our recent and current research [7] addresses the control of
arrays of floating oscillating water column (OWC) wave energy
converters (WECs) pictured in Fig. 1. This semi-submerged,
hollow, off-shore device is open to the ocean at the bottom
and traps air inside a chamber separated by an air turbine from
the atmosphere (illustrated in Fig. 1). Since OWCs have few
moving parts and the power take-off (PTO) has no water contact,
they are considered one of the least complicated WECs [8].
Suitable air turbines for the PTO are self-rectifying, meaning
they have unidirectional rotation even though the air flow is
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bidirectional due to the oscillating motion of the waves. In terms
of performance, the biradial turbine is a better choice due to the
higher peak efficiency and smooth decrease of efficiency for
large flow rate coefficients, in comparison with the well-known
Wells turbine[8]. Therefore, we select the biradial turbine for this
work along with the dynamic model from [9]. We present the
dynamics as a function of the position of a high speed stop valve
(HSSV), installed in front of the turbine. The biradial turbine is
suitable to directly attach a generator, removing the need for an
expensive and less-reliable gearbox. Asin [10], we use the phys-
ical parameters of a specific squirrel cage induction machine to
implement a generator, namely the SIEMENS IEC low-voltage
electrical generator model 1LE1603-2AB53-4GB4-Z, to pro-
duce electricity from the ocean waves [11], [12]. The generator,
driven by the turbine, has to oppose the acting torque quantified
by the control algorithm.

The approach we use in this paper is sliding mode control
(SMC) due to its robustness and ability to handle uncertain
nonlinear dynamics by applying a discontinuous control signal
to force the system into a subset of the system’s regular behaviour
[13]. The discontinuities can result in the phenomenon called
chattering, which is potentially harmful to the actuators. There-
fore, it is common practice to smooth out the signal with, for
example, a continuous approximation of the signum function.
First-order SMC has been previously applied to fixed OWCs
that are equipped with Wells turbines and double-fed induction
generators (DFIG) [14], [15] as well as those equipped with
synchronous AC generators attached to the biradial turbines
[16]. A shortcoming of first-order SMC is that it will command
any numerical value necessary to achieve the control goal with-
out accounting for the physical limitations of the components,
potentially leading to failure.

A remedy can be achieved using second-order SMC. The most
popular second-order SMC in the renewable energy literature
is the super-twisting algorithm (STW) after Levant [17]. For
example the speed control of a doubly-fed induction generator
(DFIG) [18] and a permanent magnet synchronous machine
(PMSM) [19], both driven by wind turbines. Application in
current turbines include the control of again a DFIG [20] and a
doubly salient permanent generator [21]. Previous application
of STW SMC in wave energy conversion has been conducted on
a fixed OWC with an impulse turbine driving a PMSM [22] and
as part of a comparison between different second-order SMCs
applied to floating OWCs [23], which were originally proposed
in the fundamental work on SMC [17], [24]. Commonly in those
SMC applications maximum power point tracking schemes are
used to calculate the reference angular velocity. However, in this
work we investigate the performance with a constant reference
speed, which is based on the averaged rotational speed for the
current sea state, originating from a benchmark control law that
maximizes the aerodynamic efficiency of the biradial turbine.
The main requirements for the proposed controller are a smooth
control signal and to respect the physical constraints of the used
squirrel cage generator, i.e. the maximum applicable generator
torque and the rated generator power. To do so, instead of using
the STW SMC we apply a second-order SMC approach with a
prescribed law of variance, which does not tend to overshoot
after the control limit is reached [23], but this comes with
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the disadvantage of requiring more inputs to the algorithm.
Maintaining the optimized rotational speed results in an effi-
cient area of operation for both the turbine and especially the
generator.

Since the SMC keeps the rotational speed higher than it would
be in the uncontrolled case, the generator torque as soon as
pressure is induced can also be higher. To address this drawback
we implement a feed forward control to limit the turbine air flow
with the HSSV based on the instantaneous turbine torque. We do
so with the simplest form of a fuzzy logic control (FLC). FLC
has been previously applied to WECs in [25]. We choose an
FLC approach due to the fact that with FLC we can implement
an intuitive operating mechanism [26] and, in case we want to
build upon the FLC in future work, the nonlinear air chamber
dynamics can be easily considered. Air flow control of fixed
OWC:s and the necessary sensors are addressed in [27].

The floating OWC buoy geometry used in this work is based
on the data publicly available of the IDOM Marmok A-5 spar-
buoy [28]. This buoy has been successfully deployed during
three years at the BiMEP test site (Basque Country, Spain)
within the H2020 OPERA Project (http://opera-h2020.eu/). The
hydrodynamic model of the buoy is based on the linear wave
theory and is described in [7]. The hydrodynamic coefficients
were obtained using the boundary element method solver (AN-
SYS Agqwa) considering the hydrodynamic interactions between
different WECsS inside the array. Subsequently, we present the
derivation of the control algorithms, namely, the sliding mode
control for the generator torque and briefly the control for the
position of the HSSV and a benchmark control law. We evaluate
the power improvement capabilities of different control cases in
varying wave climates and discuss further research.

II. DYNAMIC MODEL

In our prior work [7] we describe the dynamic equations of
an array of N floating OWC WECs applied to the Marmok-A-5
type WEC equipped with an identical biradial turbine. This work
highlights aspects important for the control design and restates
the state space representation with the control design oriented
notation we presented in [23]. The hydrodynamic model is based
on the common assumption of small wave amplitudes and body
motions compared to the wave lengths. Therefore, the linear
water wave theory is applicable. An imaginary rigid piston will
represent the internal free surface of the OWC since its diameter
is much smaller than the wave lengths. This assumption enables
us to apply oscillating body theory between the buoy and piston,
called a two-body heaving system as in [1] and illustrated in
Fig. 1. Throughout the paper, we will use the terms piston and
OWC interchangeably. Our research focuses on the motion in
heave direction because of the significance for power production
of the floating OWC. We define a positive displacement z(t) to
be in upwards direction and z(¢) = 0 at the calm ocean surface.
The dynamics in z(t) are contained in our state vector which we
define for the array of NV WECs and consequently 2N bodies,

T
m:[mz Ty Ty mg} . Q)]

Here x, € R'*2V denotes heave positions and x, € R1*2V
denotes the heave velocities of the bodies i...2N, thus
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Fig. 2. Components of the floating OWC with the state variables, the acting
forces and the signal used for the control algorithms.

Toi = % = Tj, Tn;=2%; = TaN4;. There are two more
quantities storing energy in the WEC system. First, the pressure
in the air chamber is accounted for in the vector of the relative
pressure difference x,. € RN of WEC i... N. Second, the
rotational speeds of the turbine/generator sets are contained in
the vector ¢ € RN of system i . .. IV, respectively, therefore
Ty = P; = Tan+i and xq; = ; = rsn44. Consequently,
x € RN In Fig. 2 the state vectors are illustrated with the
black font. Fig. 2 contains the acting forces in grey dotted and
important quantities that are introduced in the derivation of the
dynamic model described below.

A. Hydrodynamic Model

The Cummins equations for the considered two-body heaving
system oscillating in heave in the ocean are given by,

myi (1) = Fi'(t) + F'(t) + FP(t) + FR (1) + FO(t)
)
mpi () = FiN(t) + FP(t) + FR(t) — FL™O(t). 3)

Here my and my, denote the mass of a buoy and piston, re-
spectively. If the i" body is a buoy equation (2) describes the
dynamics and for a piston the dynamics are described by (3).
The considered forces are,

FH  The hydrostatic restoring force, adding heave position
depending spring like effect, zero at equilibrium.

FM  The mooring force due to mooring connection to the sea
floor. No mooring is connected to the imaginary piston.

FEX  The excitation force accounts for all incident waves on

the body.
FR The radiation force, including interactions with the mo-
tion of other bodies in the array. Results from solving
the radiation problem.
The force due to the pressure change in the chamber
induced by the turbine/generator dynamics. Acting in
opposite direction for buoy and OWC.

FPTO

Nonlinear viscous and other friction effects are neglected in
our OWC WEC studies, since those viscous losses are reduced
due to the vertically-cut ring torus shape of the buoy’s bot-
tom. However, the time-domain formulation of the equations
of motion allows the practical correction to add those terms
[1]. In Fig. 2 the diagonal arrow with label Fff represents the
radiation force due to oscillation of spatially distinct WECs
inside the array. Furthermore, we will give a comprehensive
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presentation of the air chamber and the PTO dynamics because
of the importance of F'TO(t) for the nonlinear control design.
To obtain the local wave-induced excitation force we superpose
Ny, wave components as in [9]

Ny
FPY(t) = Z L (wk, 0) Ay, cos (wit + o5, + O (wy, 9)) .

k=1
“)
Here I';(wy, 0) and ®¥*(wy, #) denote the hydrodynamic ex-
citation coefficient and the corresponding phase component,
respectively. They will strongly vary for different WECs and
array configurations, due to the diffraction problem of the in-
cident wave fields, with wave frequency wy, and incident wave
angle 0. We use a Pierson-Moskowitz wave energy spectrum to
compute the amplitude components Ay, based on the significant
wave height H and wave period 7T},. Lastly, ¢y, is the uniformly
distributed random phase component, which yields an irregular
wave.
The radiation problem yields more hydrodynamic coefficients
which can be taken into account for in the time domain repre-
sentation with the force

2N IN
FR() = S A% (1) -3 / Koy(t = m)ivs s ()dr, (5)
j=1 j=179

FR® FR

i k3

acting on body ¢ due to body j. With the state space rep-
resentation in mind, the radiation force is separated into two
components. The first component FZ»R’OO explicitly depends on
the acceleration 7 ; and the second component FYR explicitly
depends on the velocity &, ; of the jt" body. Here A;’j represents
the constant added mass on body ¢ due to motion of body 7, as a
result of the frequency dependent added mass A;; (w) evaluated
at w — oo as in Cummins formulation . The kernel function
of the convolution integral in (5) incorporates the frequency
dependent radiation damping coefficient B;;(w) into the radia-
tion force component depending on the velocity, via the inverse
Fourier transformation

Nk, ij
2 o0
K;;(t) = ;/0 B;;(w) cos(wt)dw ~ Z ij et (6)
k=1

Consequently, instead of using the two real, frequency dependent
matrix functions A(w) and B(w) we use the time dependent
matrix function K (¢) and the constant matrix A containing the
same hydrodynamic information. This is known as the Kramers-
Kronig relation in hydrodynamic radiation. The derivation using
the principle of causality is described in [1] in detail. Instead
of solving the convolution integral in (5) at every time step,
we approximate it with a linear state space representations that
shares the same impulse response. The approximation of K;;(¢)
is achieved by Prony’s method with decaying exponentials,
described by the Prony coefficients a; ., ;5,1 € C, for further
details see [10] and [7].

The asynchronous oscillation of the buoy and the piston yields
a varying pressure inside the air chamber p; () due to the rela-
tive motion. This chamber pressure relative to the atmospheric
pressure p;(t) — py acts as a force in opposite direction on the
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buoy and piston [9], namely,

FPTO(t) _ (pl(t) - pat) Sp7
' — (pi(t) — pat) Sp, for a piston’

The dynamics of the chamber pressure are influenced by the
spatial states x., &, and significantly by the PTO. The PTO
defines the air flow in or out of the chamber through the turbine
generator set and the high speed stop valve.

for a buoy N

B. Power Take-Off Model

The air compressibility introduces nonlinearities to the OWC
dynamics which are modeled in detail in [9] together with the
dynamics of the biradial turbine. In this work we state the
required equations to derive a relation for the change rate of
the pressure inside the chamber which consequently determines
the turbine induced torque. Let us begin with a mass balance of
the air chamber

Pe; ‘/Cz (t) + /.)Ci ‘/Cz (t) = _mli (t)7 (8)

where V¢, (t) denotes the instantaneous chamber volume as a
function of the relative position between the piston and the
buoy, with the chamber air density p., and 71, (t) the mass flow
through the turbine, defined positive for an exhalation. Let us
define the dimensionless relative pressure inside the chamber
with the atmospheric pressure py, 1.€.

Pe; (t) — Pa

i) Pat

Considering air as a perfect gas, we can compute the air density
based on the pressure difference,

1
Pe; (t) = pat(xp*7i(t) + 1)7a (10
with specific heat ratio v ~ 1.4. With help of the logarithmic
derivative L(f) := f/f of (10) we obtain,
() _yalt)
pe;(t) @y i(t) +1
Substituting the reference air density (10) and its dynamics (11)
into (8) results in the time rate of change of the pressure,

= zp (1) ©))

a1

-1

pT‘l}:()t) ( A0+ 1)7

W (0 1)

Detailed models and experiments with the biradial turbine can
be found in [12] and a suitable generator for this type of turbine
is investigated in [10]. In this work we model turbine/generator
set dynamics in terms of angular rotational speed with

1
J
where J is the composite moment of inertia (MOI) of the it
turbine/generator set, B is a constant that models viscous friction

losses. The instantaneous torque induced by the air pressure of
the air flow through the i turbine Thurb,; » Will be called turbine

m.p’%i(t) = -

12)

Qi = 30,i(t) = = (T, — Teen, — Bzo,),  (13)
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Fig.3. Turbine characteristics as functions of the dimensionless pressure head
W and the position of the HSSV. Namely, efficiency 7, dimensionless flow rate
@ and dimensionless power coefficient IT from [11]. Open valve: ugssy = 1.

torque and Ty,, denotes the instantaneous generator torques
of the i™ WEC. The generator torque is defined to be the first
control input

Ugen,i = Tgen,i; (14)

to our system. We do not model the detailed generator current
equations assuming the generator electromagnetic dynamics are
much faster than the system dynamics of the WEC and assuming
the generator is run in torque mode, assuring to receive Tyen
commanded by the drive. The turbine torque is identified with the
pressure dependent dimensionless turbine performance charac-
teristics of the turbine illustrated in Fig. 3. Those experimentally
derived turbine characteristics from [11] are normalized with the
rotational speed xq ;, the turbine diameter dy,y, and the reference
air density pj, ;. Furthermore, the turbine characteristics change
with the position of the HSSV, which limits the air flow into the
turbine. Depending on an inhalation, or exhalation the density
of the mass flow alternates as follows:

Pin; = Max (pai, pe, (1)) - (15)

The dimensionless pressure head which defines all other turbine
characteristics and is used for the control of the HSSV can now
be computed as

(16)

\I/i('rp*ah foi) PatTp+ L/(pmsz zdurb)

The dimensionless mass flow rate coefficient of a turbine is
defined by

;(Uy, unssv) = 1, / (Pin; T2, i) (17)

and is depending on the position of the HSSV, which is defined
to be the second control input

ugssv,i € [0,1]. (18)
The dimensionless power coefficient is given by
IT; (W3, unssv) = Pti/(ﬂmlxﬂ zdturb) (19)

The combination of the three turbine characteristic coefficients

is given with the turbine efficiency as follows:
n = 1 /(2 95). (20

Finally, all necessary quantities to compute the turbine torque
are known, i.e.

Ty, = pin, ©8 1y 1L (W5, upissv ). (21)
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C. State Space Representation

We transform the equation above to represent them in state
space with variable vector (1), i.e.

T, x,

i M)t F

L+ fp(wv 'U'HSSV)

o fk(wp* , L, ugen)

with
(ﬁ N §1>02N mq
M = : + diag , (23)
ASni ASNan maN

containing the added mass components A7; and additional on
the diagonal the bodies’ physical masses m,;. This matrix arises
when isolating the highest derivatives on the left hand side of (2)
and (3) originating from the radiation force component FiR " in
(5). The matrix (M )~! can be regarded similar to a moment
of inertia and additionally it adds hydrodynamic interactions
between all bodies to the system when multiplied with the
composite force, which would otherwise act on a single body,
namely,

F (22, )+ FM (22, )+ FTTO () + FR (20)+ FE
F(x)= :

Fiv () + FXNC) + F5RP() + Fy () + F3x
(04)

III. CONTROL DESIGN
A. Second-Order Sliding Mode Generator Control

In our previous work [23] we present different second-order
SMC controllers that are tuned for the OWC array equipped with
biradial turbines and the constraint to the maximal torque. The
four algorithms are derived after the fundamental work from
[17]. For this work, we choose the controller with the smoothest
control signal, a second-order SMC approach with a prescribed
law of variance (PLV) that calculates the generator torque Tyen
based on the rotational speed x ¢, and its time derivative &g, to fol-
low areference angular velocity €. This allows the generator to
operate efficiently in terms of electric energy conversion as soon
as there is a pressure difference in the air chamber. The turbine
torque is considered a disturbance for the SMC algorithm, and
we need to estimate the maximal expected disturbance to tune
the control parameters.

1) Derivation: Starting with the entire system dynamics (22)
which are rewritten as

T = f(:c(t), Ugen s uHSSV)v (25)

where f satisfies class C''. A real generator is physically con-
strained to a maximal value T5f™, thus we introduce the dimen-
sionless control input u = tgen/Tqey* and the SMC is designed
s.t. it will keep |u| < 1. We define the sliding surface in terms of

the control error between the constant reference rotational speed
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Quer and the instantaneous rotational speed,
o(t,x) = Quer — xq. (26)

The sliding variable o (¢, ) is of class C'2. We use the differential
operator considering u constant

0 0
L, = a() + a;(')f(wyugen7uHSSV)7 (27)
representing the total derivative with respect to (25) and define
6(t,z,u) = Lyo(t, ) =—xq (28)

Now assume there exists a set {¢, @, u} : |0;(t, x)| < 0¢, where
0y is called the linearity region, such that

00
ou
With the positive constants Kp,, K. Moreover, we require the

boundedness of the second derivative of the sliding surface,
namely,

0< Ky < ’ < Ky. (29)

|LuLyoi(t,x)]| < Co. 30)

If the assumptions of the bounded derivatives (29) and (30) are
satisfied, the PLV algorithm [17] drives o and ¢ towards 0 and
makes the system dynamics follow the reference velocity with a
smooth control input signal. This PLV algorithm computes the
time rate of change of u;, namely,

Wy if il > Csw,i
=4 Mol > cws gy
—asgn(d; — g(o3)) if [ui| < cow,i-
The choice of function g(o;) = —Asgno;|o;|?, with A >
0,0.5 <y < 1land
a> (Co+supg'(0:)g(0s)) /| Kn (32)

is a sufficient condition for convergence to the sliding surface
[29]. The switching variable ¢, ; limits the area of regular oper-
ation, since the control effort is opposed as soon as |u;| > cgw, ;-
We use cqy,; to respect the physical generator constraints and
define

Cowi = min (1, P/ (Toen 0i))

(33)

and therefore uge, < min(Tyea*, Pt/ xa.:). After time integra-
tion and scaling with the maximal generator torque the control

signal for the generator is obtained,

__ rmax .
Ugen,i = Tgen /uldt

From our definition of the sliding surface (26) and the require-
ment of ¢ in the control algorithm (34) it follows that the con-
troller needs knowledge of #q ;(t) in eq. (13) and therefore we
need to measure the rotational speed xq ;(f) and the relative air
pressure inside the chamber . ;(t) to use the turbine dynamics
to estimate the instantaneous T{,,, ;. In [23] we also propose an
alternative that does not require =g, namely a super twisting
sliding mode controller from [17], but it’s control signal is less
smooth and it overshoots after the torque limit is reached.

2) Controller Parameters: The numerical values for the con-
troller parameters «, A and ~, which are based on the bounds

(34)
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TABLE I
NUMERICAL SIMULATION PARAMETERS. TURBINE/GENERATOR
CHARACTERISTICS FROM [12]

[ Quantity [ sym/var value |
simulation time Tim 500s
simulation time step At 0.001s
diameter turbine diurb 0.5m
MOI turbine+generator J 5.24 kg m?
friction turbine+generator B 0.03Nms
reference rotational speed Qref 1470 rpm
nominal generator speed Qg‘e’;" 1470 rpm
maximal generator torque Toea 216.5Nm
rated generator power Pgrg}fd 30kW
maximal generator rotational speed Q;‘e‘}l" 3000 rpm
Lower / Upper bound first derivative o | Kpn; Ky 30.9; 51.7
Upper bound second derivative o Co 150
Linearity region oo lrads—?!
slope sgn and switch approx. c1;c2 50 ; 10°
SMC parameter a; A; 6; 8; 0.5
= 300 x T =5s T =12s
2 200 e X gl o 1= T, = l4s
= & g ﬁ # T =8s % T =15s
2 100 s & ® O, x s s

=] g ¥ x + T =10s 09
0
0 1 2 3 4
H_ (m)
Fig. 4. Constant reference rotational speed €2.f based on the averaged rota-

tional speed simulated with the Ideal control law.

K., Ky and Cy, that bound the disturbances, are given in table I
and the reference rotational speed is illustrated in Fig. 4. The
change rate of (28) with respect to the input is

96 Tgn

— = 35

ou J (33)
and we choose Ky, = 0.75|Tgey*|/J and Ky = 1.25|Tger*|/J.

For the second derivative we assume the density of the mass
flow (10) to be constant, due to the fact that it only changes
slightly when alternating for an inhalation, or an exhalation, but
it simplifies the analytical derivation. Consequently,

6 =LyLyo(t,z) (36)

_ a,I{urb az—‘turb . aﬂurb . . ne]ﬁx .
= g1 . —2Biq |+
( ot * O0x Tp 0xq e e g

C(z,u)

(37

To identify the partial derivatives of the turbine torque, the partial
derivatives of the power coefficient IT are required, which finally
are a function of OII/0V, 0¥ /0x,, O¥/Jxq and OV /0t.
Theoretically C(z,w) is radially unbounded, however, with
previous simulation of the array and knowledge of the subspace
of the state space that is reached by the array of OWCs, we
can numerically compute an upper bound Cj. Therefore we
estimated the expected disturbance that will occur to push the
system dynamics of the sliding surface. We choose v = 0.5 and
the combination o = 6 and A = 8 to satisfy the inequality (32).
The constant reference rotational speed ()¢ is based on the
average rotational speed when the model is simulated with the
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Fig. 5. Smooth functions approximating the sgn function and the switch.

base control law, herein it is named Ideal control law and it is
described in Section ITI-C. This guarantees that on average there
is enough energy available in the specific sea state to maintain the
reference rotational speed. The resulting values are illustrated in
Fig. 4 as function of the significant wave height H and the peak
wave period T5,.

3) Convergence: For the proof of convergence of the SMC
PLV algorithm, the reader is referred to [17] and in more
detail to [30]. The PLV algorithm steers the rotational speed
trajectory into the linear region |o(x)| < 0. The determined
bounds and the accordingly chosen constant control parameters
guarantee that the control law maintains the system dynamics
in the neighborhood of the sliding surface. While |u| < ¢y the
SMC algorithm yields switching surface trajectories converging
to the neighborhood of the o-¢ plane illustrated in our previous
work [23]. When reaching the control limit, the rotational speed
trajectory might leave the sliding surface. Still, the oscillating
nature of the ocean waves always allows a new reaching phase
to re-reach the sliding surface.

4) Practical Implementation: The nature of the higher-order
SMC, i.e. that the high frequency switching action is contained
in an integral function, theoretically achieves a smooth control
signal already. However, for a simulation time step size in the
milliseconds range the chattering in our setup is still observable.
Therefore, for a more practical implementation, we approxi-
mate the sgn function and the switch when the control output
exceeds the switching variable |u;| > ¢ with smooth functions
illustrated in Fig. 5, inspired by the “sigmoid function” in [30].
The approximation entails only a “Quasi-Sliding Mode” and
the steepness of the curve is chosen as trade-off between ideal
performance and smoothness of the resulting signal.

B. Control for the HSSV

The main goal in controlling the position upssy of the high-
speed stop valve is to discard mechanical turbine power, once the
instantaneous turbine torque gets close to the maximal generator
torque. When closing the valve, less air flows through the turbine
and consequently, less torque is generated in that instants as
observed in Fig. 3. However, also a bigger pressure difference to
the atmosphere builds up in the air chamber. We use the relation
illustrated in Fig. 6 for this work. The graph is the result of the
easiest fuzzy control logic there is. We choose this approach
due to it’s simplicity when defining a close to the maximal
torque and the possibility to include more input variables in
the future, without having to take the air chamber nonlinearities
into account.

Now, when using a numerical solver in the simulation, an
algebraic loop is created because of direct dependency of 7 on
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Fig. 6. Feed forward control for the position of the HSSV as a function of the

instantaneous turbine torque 7iyyp.

upssy. We avoid the algebraic loop by delaying the uyssy signal
with a first-order transfer function before computing the new
position of the HSSV, which further models the delay between
control law and the actuation.

C. Ideal Control Law

In [9], [10] Henriques et. al. present an ideal feedback control
for the generator torque based on the instantaneous angular
velocity for practical use, namely,

: 2 rated max
Ugen,; = MinN (abepxﬂi, Poen JESRE Ten ) .

(38)

It is ideal in terms of the maximization of the aerodynamic
efficiency of a fixed OWC which runs the identical biradial
turbine. To determine the parameter apep at the best efficiency

point, we use IT( Wy, ) and rearrange the turbine torque equation
(2D,

hepT,; = Pl I(Phep) 75, (39)
N——————

pep

and we use the the atmospheric density as reference density.
This generator control will function as a benchmark in the time
domain simulation.

IV. TIME DOMAIN SIMULATION

We conduct the time domain simulations with MATLAB-
Simulink using the fixed time step Euler (odel) solver because
of the solver’s reliability when handling discontinuous dynamics
[30]. We apply the presented control algorithms to an array
of N = 3 WECs arranged in an equilateral triangle with 30m
separation distance, with the front two WECs aligned parallel to
the y-axis as in [7], [23]. We consider four cases:

1) SMC : The SMC law (34) by itself and ugssy(t) = 1.

2) SMC-HSSYV : The SMC (34) and uHssv(T[urb (t))

3) Ideal : The ideal control law (38) and ugssy (t) = 1.

4) Ideal-HSSV : The ideal law (38) and ugssy (Tturb (t))

The used simulation parameter values are listed in table I and
the turbine/generator characteristics originate from [12].

A. Detailed Device Response

In [7] we show that the time evolution of the state variables
of different WECs in the array are mostly shifted in time and
to not to overcrowd the graphs we focus on the results of the
single WEC, which is hit first when using an incident wave
angle § = 15°. The results for the different control algorithms
are illustrated for a wave with significant wave height H; = 2 m
and main energy period T}, = 10 s. In Fig. 7 the heave position
of the incident wave, the buoy and the piston from the first WEC
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Left column: The generator control Ty, with turbine angular velocity z¢, and
electromechanical power at the generator shaft Pge,. Right column: The HSSV

control position ugssy Wwith turbine torque Tt and dimensionless pressure
head W.

are illustrated for the SMC control case. The time window T} €
[345, 365] s in the right plot is chosen to present an interval
which illustrates different aspects of the control algorithms, due
to temporarily phase shift of 90° between the buoy and the piston,
increasing the oscillation amplitude about 110% in just two wave
periods. Especially, compared to the following results as the
power it has to be noted, that the difference in position between
the different control cases is small with around 7% variation.
Furthermore, the high relative motion results in pressure in the
air chamber and consequently in turbine induced torque and
good power generation potential, with the last wave oscillation
resulting in a turbine torque that exceeds the maximal torque
that the generator is capable to oppose.

The most relevant variables for all four control algorithms are
shown in Fig. 8 with the control signals in the top row, plots a)
and b). We can see from the plot ¢) in the middle left that the SMC
(solid) follows €2r except for three instances in time, where x,
leaves the sliding surface. The SMC-HSSV (dashed) leaves €2¢
about 20% once in the extreme cases. Clearly, the rotational
speed for the Ideal control law cases (dotted and dash-dotted) is
variable and when the HSSV gets activated in the Ideal-HSSV
case xq decreases 8% on average over 10s, indicating that less
kinetic energy is converted. To explain were the energy is going
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with the HSSV we take a look at the dimensionless pressure head
W in the Fig. 8 ) (bottom right). By closing the HSSV (illustrated
in plot b), top right) a higher ¥ builds up while the buoy and
piston move relatively to each other, due to the higher relative
pressure inside the air chamber. However, since the HSSV limits
the airflow, the resulting averaged turbine torque is 48% less for
the SMC case and 34% less for the Ideal case as seen in plot
d). The generator efficiency, illustrated in Fig. 9, for the electric
power conversion is a function of xq and Ti,, measured at the
shaft. The generator efficiency map of the implemented squirrel
cage induction machine is pictured in Fig. 9 a) and originate from
real measurements conducted in [11]. We plot the instantaneous
turbine torque over 7} of the cases on top of the shaded contours
to comprehend the trajectories in the efficiency space.

The solid line is perfectly vertical while the constant zg is
achieved with the SMC. The Ideal control cases create clockwise
rotating ellipsoids since x, increases with Ti,s. The extreme
cases, when the efficiency map is left, occure at ¢ = 354 s and
t = 363 s. In this case the generator functions exclusively as
a break and cannot convert energy anymore. Although Ti,
exceeds the efficiency region for this short instance, T, does
not exceed its maximal applicable torque as seen in Fig. 8 a)
and P, stays at the rated power. The time evolution of the
efficiency for the turbine and generator are given in the middle
of Fig. 9, in plot ¢) and d) respectively. Albeit the average turbine
efficiency of the SMC-HSSV over T is 3% lower compared
to the SMC, the electric efficiency is 20% higher, since the
mechanical turbine power was discarded when the turbine torque
was too high. Therefore, 13% more electric energy could be
converted anyway, especially seen at ¢ = 359 s in both plot c)
and d). For the Ideal-HSSV case the turbine efficiency decreases

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 12, NO. 2, APRIL 2021

approximately 5% compared to the Ideal case over the entire
simulation time, but the electric generator efficiency improves
by 6% with the HSSV, illustrated in Fig. 9 c). For this sea state,
the SMC cases convert on average 38% more electrical power.

B. Controller Affects on Power Conversion

The effect of the SMC cases compared to Ideal case can be
summarised as:
Ppneu: The SMC/SMC-HSSV do not significantly (=0.5%)
affect the averaged pneumatic power, since the motion
of the buoy and the piston are not significantly altered.
Hence, although the instantaneous air flow and pressure
do differ, overall they balance out.
The SMC slightly (<3%) decreases the conversion
from pneumatic power to turbine/generator shaft power.
When using the HSSV cases Py is reduced by another
10%, because of the less efficient turbine operation with
a partially closed HSSV.
The SMC/SMC-HSSV improves electric efficiency and
electric power for low-energetic sea states because of
the higher applicable generator torques that match the
disturbance of the turbine torque. There is no moment
of inertia that has to be overcome.

C. Averaged Array Performance

To further evaluate the power improvement capabilities in
different sea states, we look at the time averaged electrome-
chanical Pgen and electrical power P beginning at 20s into the
simulation, after the dynamics caused by the initial conditions
settle. In Fig. 10 we present the power matrices for different
combinations of T}, and I to represent the wave climate of
Leixoes, Portugal [31] for the SMC and SMC-HSSV case.
We present the ratio between Ideal and SMC cases with the
colors/shadings. On the left, the averaged electromechanical
power is plotted and on the right, the averaged electrical power.
Although the SMC law in a) does not improve the pgen, it
improves Feec by 45-65% in for the sea states with medium
periods and small to medium wave heights and doubles Piee
for low-energetic sea states, as seen in plot b). The SMC-HSSV
converted less electromechanical power than the SMC in every
sea state. Nevertheless, the resulting P.ec is similar for the sea
states around 0.5 m to 2.5 m and the SMC-HSSV performs better
in the high-energetic sea states. Using the HSSV with the Ideal
control law neither improves nor worsens the mechanical or the
electrical power by a notable amount. However, the approach
does help to reduce the very high turbine torques for the instances
in time when the WEC resonates with the wave.

Although, the SMC control cases yield high improvements
in multiple low-energetic sea states, when considering the an-
nual averaged power for the wave climate in Leixdes, with
the frequency of occurrence of every sea state from [31], the
resulting improvement is decreased. For the Ideal case the array
is expected to deliver 5.56 kW averaged annual power. The
SMC improves the annual power by 4.7% to 5.82 kW. With the
Ideal-HSSV a 3.1% improvement is to be expected and with the
SMC-HSSV the best result is achieved, with 7.9% improvement
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Fig. 10.  Average array power for the SMC control law in the wave climate of
Leixdes, Portugal [31]. The color/shading indicates the comparison to the Ideal
control law.

compared to the ideal case. Theoretically, if the SMC-HSSV is
applied for sea states with H; < 3 m and the Ideal-HSSV for the
more energetic sea states an improvement of 19.4% compared
to the Ideal case could be achieved.

Further factors to consider when choosing a controller are
the power quality, the maximum rotational speed and in our
case the frequency of valve operation. Based on the peak-to-
average power ratio the SMC power quality is worse, with up
to 30-50% higher values in most low and high-energetic sea
states. However, for H; = 2 mand T}, > 8 s this ratio is actually
improved and with a value of 9, about 10% lower than the Ideal
case. The maximal angular velocity is exceeded for some instants
with the Ideal law already for H; > 2 mand T, > 8 s. The SMC
and the SMC-HSSV could keep z below Q’g‘gj‘ up to Hy >
2.5 mand Hg > 3 m, respectively. In the future an entire closure
of the HSSV should be investigated to prevent the generator from
exceeding Qe for all cases. The HSSV is on average active for

5s more with the SMC-HSSV than with Ideal-HSSV in low sea
states and vise versa in high sea states, with up to 60 activations.

V. CONCLUSION

The proposed control laws noticeably improve the electric
power conversion of the OWC WEC array for multiple low to
medium energetic sea states. By maintaining a constant refer-
ence rotational speed, appropriate for each sea state, the turbine
and generator are kept in a highly efficient area of operation as
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soon as the air pressure accelerates the turbine. Future investi-
gations could include a time-varying reference rotational speed
resulting from an optimization problem inspired by a maximal
power point tracking algorithm. However, to keep the turbine
generator set at one constant speed might be interesting in the
future if larger turbines, with a higher moment of inertia are
deployed.

V. DISCLAIMER

All the data used to develop the models used in this work is
publicly available [28] and the authors are not affiliated with the
developers of the IDOM Marmok A-5.
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