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Wave-to-Wire Control of an Oscillating Water
Column Wave Energy System Equipped with
a Wells Turbine

Marco Rosati, Hafiz Ahsan Said and John V. Ringwood

Abstract—Wave energy is a significant source of renew-
able energy which is harnessed by wave energy convert-
ers (WECs). However, the high levelised cost of energy
(LCoE) associated with wave energy projects hinders the
commercial development of WECs. To minimise the LCoE,
comprehensive control strategies, to maximise electric en-
ergy production, are essential. The oscillating water column
(OWC) is one of the most promising WECs for harnessing
wave power, especially due to its relative simplicity of op-
eration. Due to the overbearing issue of turbine efficiency,
the vast majority of OWC control strategies focus on a
simplified control objective, namely turbine efficiency max-
imisation. However, it is important to note that rotational
speed control impacts generator performance. Additionally,
for Wells turbines, rotational speed control also affects
the hydrodynamic performance, specifically the wave-to-
pneumatic energy conversion process. Therefore, Wells
turbine rotational speed should be ideally modulated to
improve the overall wave-to-wire (W2W) efficiency of the
OWC system, rather than just turbine efficiency. In this
paper, a control strategy for maximising W2W efficiency
of a fixed OWC WEC, equipped with a Wells turbine,
is designed. The proposed control strategy comprises two
parts: Firstly, a ‘global’ setpoint, which considers the entire
OWC W2W model, is derived. Secondly, a Lyapunov-based
nonlinear controller is designed to track the aforemen-
tioned setpoint. Results from numerical simulation show
that, in comparison to the somewhat traditional turbine
efficiency maximising control approach, the proposed W2W
control strategy significantly improves W2W efficiency for
the considered sea states.

Index Terms—oscillating water column, nonlinear con-
trol, wave-to-wire, wave energy, Wells turbine.

I. INTRODUCTION

N order to advance towards a carbon-free society,

diversification of the renewable energy resources
is essential [1]. To this end, wave energy is a sig-
nificant and relatively untapped source of renewable
energy [2], which can considerably contribute to the
renewable energy mix.
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Fig. 1. Schematic of a fixed OWC WEC in still water conditions.

The oscillating water column (OWC) [3], schemat-
ically shown in Fig. 1, is one of the most promising
types of wave energy converters (WECs) for harnessing
wave power, especially due to its relatively simple op-
erating principle and the fact that all the moving parts
are above the water level. In essence, the OWC operat-
ing principle can be described as follows. The incoming
ocean waves excite a water column which displaces
(mainly) vertically. The water column displacement
alternatively compresses/decompresses a volume of
air in a pneumatic chamber and, consequently, a bidi-
rectional air flow is generated. The inward/outward
air flow is typically used to drive a self-rectifying air
turbine [4]. Finally, the air turbine is directly coupled
with a suitable electric generator [5], which converts
the turbine mechanical power into electrical power.

To date, the commercial viability of WECs is
thwarted by the relatively high levelised cost of energy
(LCoE) characterising wave energy projects, defined as

CapEx + OpEx
Produced energy over the WEC lifetime’

LCoE = 1)
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where CapEx and OpEx indicate the capital and op-
erational costs, respectively. To minimise the LCOoE,
comprehensive control strategies to maximise electric
energy production are vital [6], although produced en-
ergy maximisation does not necessarily improve WEC
profitability (impact of control actions on costs also
need to be considered).

Due to the important issue of turbine efficiency,
the vast majority of OWC control strategies [7] focus
on a simplified control objective, namely turbine effi-
ciency maximisation [8]-[11]. While operating the air
turbine around its maximum efficiency point (MEP)
is a primary focus of OWC control strategies, it is
important to note that rotational speed control also
impacts generator performance. Additionally, for Wells
turbines [4], rotational speed control also affects the
OWC hydrodynamic performance [12], specifically the
wave-to-pneumatic energy conversion process. There-
fore, Wells turbine rotational speed should be ide-
ally modulated to maximise the overall wave-to-wire
(W2W) efficiency of the OWC system [13], rather than
just turbine efficiency.

In this paper, a control strategy for maximising the
W2W efficiency of a Mutriku-like [14] OWC WEC,
equipped with a Wells turbine coupled with a perma-
nent magnet synchronous generator (PMSG), is pro-
posed. In general, the W2W WEC control problem
can be tackled with an optimal control approach [15]-
[17], or a somewhat more traditional control approach
based on static efficiencies [18], [19]. For OWCs, the
optimal control approach leads to a challenging online
nonlinear constrained optimisation problem [15], [20],
for which convexity is typically not guaranteed. In
contrast to global optimisation methods, the W2W
control strategy proposed in this paper is based on a
relatively simple static efficiency approach, allowing
for a straight comparison with the more traditional
turbine efficiency maximising control approach. The
proposed control strategy comprises two parts. Firstly,
a ‘global’ setpoint, which considers the entire OWC
W2W model (WEC hydrodynamics, Wells turbine, and
generator dynamics), is derived. Secondly, a Lyapunov-
based nonlinear controller [21] is designed to track
the aforementioned setpoint. The results obtained from
numerical simulation show that, in comparison to the
somewhat traditional turbine efficiency maximising
control approach, the proposed W2W control strategy
leads to a significant improvement in the OWC W2W
efficiency for the considered sea states. It is important
to note that control co-design aspects should be con-
sidered to take full advantage of W2W control. To this
end, in Section IV-C, the main control co-design aspects
impacting W2W OWC control possibilities, such as
the turbine efficiency characteristic and the type of air
turbine, are highlighted.

The remaining structure of the paper is organised
as follows. In Section II, a complete physics-based
OWC W2W model is presented, with the proposed
W2W OWC control strategy designed in Section III. In
Section IV, the results of numerical simulation, as well
as the main control co-design aspects, are discussed.
Finally, some conclusive remarks can be found in Sec-
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tion V.

II. OWC MODELLING

In this section, a complete physics-based W2W
model for the fixed OWC WEC considered in this
paper is provided. To simplify the notation, the time
dependence of variables is omitted. A schematic of the
W2W power train of the OWC WEC is depicted in
Fig. 2.

A. Hydrodynamic modelling

Under the typical assumptions of linear potential
theory, a hydrodynamic model for OWCs can be de-
rived by modelling the water column as a neutrally
buoyant piston [22]

mp’U = —pwgSWZ — Swpc - fr + feX7 (2)

where z is the position of the water column relative
to the still water level, v = % is the velocity of the
water column, m,, is the water piston mass, p,, is the
water density, Sy, is the OWC water plane area, g is
the gravity acceleration constant, p. is the air chamber
pressure, fox indicates the excitation force due to an
incident wave of frequency w, and f; is the force due
to radiated waves. The excitation force at time ¢ is
computed as a sum of N frequency components, wy,
as

N
fex = Z Aex (Wn) COS(WH t+ ¢ex (Wn))y (3)

n=1

where ¢ox and Aex are the phase and amplitude of the
excitation force, respectively. Finally, the radiation force
is written as

ﬁzmmw+[ n(t — ) v(7) dr, @)

where A(c0) is the OWC added mass at infinite fre-
quency (A(w)|w—oe = A(c0)), while k, is the piston
impulse response function computed as the inverse
Fourier transform of the OWC radiation damping,
B(w). To obtain the frequency dependant functions
A(w), B(w), Aex(w), and ¢ex(w), a boundary element
problem [23] is solved using the WAMIT software [24].
Following established practice in the wave energy field,
a suitable (and less computationally expensive) linear
state space model is adopted to approximate the con-
volution integral in Eq. (4). To this end, a Prony method
is used [25].

B. Air chamber modelling

The air pressure evolution in the pneumatic chamber
is modelled as

%:_7<K+WW>7 5)
Pe Ve Pe

where « is the air specific heat ratio, wy, indicates
the turbine air mass flow rate (positive for outward
air flow), V., = Vi — Sz is the chamber air volume,
Vp is the air volume in still water conditions, and p.
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Fig. 3. Dimensionless flow rate, ®, dimensionless power, II, and
turbine efficiency, n¢yurb, as functions of the dimensionless pressure
head, ¥, for the Wells turbine considered in this paper. The grey
shaded area represents the turbine stall region.

is the air chamber density. For an isentropic compres-

sion/expansion process:

o(2)17, ©)
Po

where the subscript ‘0" refers to standard atmosphere

values for the corresponding thermodynamic variable.

Pc =P

C. Turbine/generator modelling

The dynamics of the turbine/generator set, if bearing
friction losses are ignored, are modelled as

d /1
E <2IQQ) = Pturb - Pctrh (7)

where € is the rotational speed of the
turbine/generator set, I is the inertia moment of
the rotating parts, Pi,p is the turbine mechanical
power, and Pey = Do §2 is the generator control
power, where T¢, is the generator control torque.

1) Air turbine modelling: If the Reynolds number is
large (Re > 10°) and Mach number is small (Ma < 0.3),
the air turbine can be modelled using the following
dimensionless functions [26]

(I):f@(\ll)vl_[:fﬂ(\p)a (8)

where VU is the dimensionless pressure head, ® is the
dimensionless air mass flow rate, and II is the dimen-
sionless turbine power. The dimensionless variables are
defined as
Wturb

Pturb Ap
= omad 1 = )

B Pair QS d? ’ B Pair QQ d? ’

Fig. 4. Pressure difference vs mass flow rate for a Wells turbine with
dr = 0.75 m, and for two different types of impulse turbines, both
with d;y = 0.65 m. The air density is considered constant, pair = po-

where d, is the turbine rotor diameter, Ap = p. — pg is
the pressure difference between the chamber and the
atmosphere, and p,i, = max(pc, po) is the air density.
Finally, the turbine efficiency is defined as

P ur
Tturb (\Ij) = b

~ fu(¥)
Ppneu B \IquZ'(\IJ), (10)

where Pyneu = Grurb Ap is the pneumatic power avail-
able to the turbine and giurb = Wiurb/Pair is the turbine
volumetric flow rate. Figure 3 shows f3(¥), fr(¥), and
Neurb(¥) for the Wells turbine considered in this paper.

2) Turbine damping: For a Wells turbine, turbine
damping depends on the rotational speed [4], as

_ Wturb _ dr

o Tk

Ap (11)

meaning that Wells turbine rotational speed control
impacts hydrodynamic performance. In Eq. (11), &
is a constant that depends on the turbine geometry.
We note that, in contrast to the Wells turbine case,
since impulse-like turbine damping only marginally
depends on  [13], it is not possible to significantly
affect the OWC hydrodynamic performance by modu-
lating (2. Fig. 4 shows the relationship between wyb
and Ap, as Q varies, for different types of self-rectifying
air turbines. Unsurprisingly, the Wells turbine has the
greatest capability for influencing turbine damping, as
indicated by the relatively large blue shaded area.
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3) Generator modelling: The PMSG model in the di-
rect/quadrature (denoted by the d/q subscripts) frame
is specified [27] as

% = —&i + Welq + —v
dt ~ Lg et Ly 12
%—_&Z‘ —wz’—ﬁ—i—iv
dt — Ly d YT Ly T Lg 9
and
3 ) .
Tew = in(Zq)‘ _'qud(Ld - Lq))a (13)

where v4(vg), i4(iq), Ra(Rq), and Lq(Lq) are, respec-
tively, the stator voltage, the stator current, the sta-
tor resistance, and the stator inductance in the direct
(quadrature) frame. Furthermore, w. = (€2Np)/2, A,
and N, are, respectively, the generator electric angular
frequency, the rotor permanent magnet flux, and the
number of poles. Finally, the generator active (real)
power is written as

3 . . . .
Pyen = §(vdzd + vqiq) — (qua + Rqi3). (14)
—_——
copper losses

It should be noted that, in this paper, since Rq = Rq =
Rand Lq = Lq = L, Egs. (12), (13), and (14) can be
simplified.

III. W2W CONTROL DESIGN

This section describes the design procedure for the
OWC W2W control approach proposed in this paper. A
schematic of the W2W control structure can be found
in Fig. 5.

A. Reference generation

To maximise the OWC W2W efficiency, the effect
of Wells turbine rotational speed on the complete
W2W system must be considered [19]. In this paper,
eight irregular sea states (SS1 - SS8), generated from
JONSWAP spectral density functions [28] with peak
shape parameter 47/ = 3.3, are considered. The peak
period, T, and significant wave height, H;, of the
eight sea states (reported in Tab. III-A) are selected
considering the characteristic wave climate measured
at the Mutriku power plant [14]. It should be noted
that, to take into account the shoaling effect of the
ocean waves at Mutriku, an attenuation function is
used to modify the JONSWAP spectra, as detailed
in [9].

The eight black curves in Fig. 6 represent the time-
averaged electrical power, P.iec, as a function of Q, for
sea states SS1 - SS8. To compute the average electrical
power, 20 distinct realizations with a time step of 0.005
s are run, for each sea state, and for different constant
values of , for 1200 s. A possible control strategy
for maximising the OWC W2W efficiency is found
by fitting a suitable function to the peak values of
P.iec, as for the yellow power curve in Fig. 6. For the
OWC system modelled in Section II, a W2W efficiency
maximising power curve has the following form

PRV =Ty Q=1+19Q + e exp®? | (15
—— —_

C C

linear term exponential term
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TABLE I
PARAMETERS OF THE SEA

STATES
Sea state Hs (m) 7T} (s)
SS1 0.88 6.40
SS2 1.03 7.55
SS3 1.04 8.75
SS4 1.08 11.05
SS5 1.48 14.55
556 1.81 15.70
SS7 2.07 16.90
SS8 3.20 14.55

where [; = 2.044 x 1078, Iy = 2.696, e; = 6.98, and
ez = 0.02156. When ) is relatively low, the value
of P¥2" in Eq. (15) is mainly driven by the linear
term, whereas the exponential term dominates if
is high. From Eq. (15), the torque reference value for
maximising W2W efficiency, 742", is derived as

TR =P /= (h+ 1 Q +er exp™®)/Q, (16)

C C

To maximise turbine efficiency, a control law of the
following form [8]

Pmurb — Tmurb 0= ai Qaz7 (17)

ctrl ctrl

can be used. To operate the turbine around its maxi-
mum efficiency point (see ¥, in Fig. 3), the control
parameters are set as a1 = pair 4 fr1(¥mep) and as = 3.
Since pair & po, a1 is approximately constant and, for
the Wells turbine model of Fig. 3, a; = 3 x 107
To obtain the torque reference for turbine efficiency
maximisation, 7"y, Eq. (17) is rearranged as

ctrl 7
Mturb __ Tturb _ ax—1
Tctrl - Pctrl /Q =a Q . (18)

It is important to note that, in contrast with the
purely data-based W2W power curve in Eq. (15), the
turbine efficiency maximising control torque in Eq. (18)
is derived analytically [8]. Furthermore, the control law
in Eq. (18) is not turbine-specific, therefore is valid for
any type of turbine, while the control law in Eq. (16)
is specific for the OWC W2W system modelled in
Section IL

Finally, the electric current reference values are de-
signed as follows. The value of i is set to zero to
minimise generator copper losses (Cu-losses), while .°f
is derived from Eq. (13), as
-ref 4 Tcrfrfl

9 3NN (19)
In Eq. (19), if T = T2 (see Eq. (16)), W2W
efficiency is maximised, whereas if T/ = T (see
Eq. (18)), turbine efficiency is maximised.

B. Lyapunov-based torque controller

For tracking if" and i%*, a Lyapunov-based nonlin-
ear controller is selected. The choice of a nonlinear
controller is naturally motivated by the fact that the
OWC W2W system dynamic is nonlinear. Furthermore,

WECs operate in different irregular sea states, for
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ctrl 7
and Pcnttr‘l"'b, from Eq. (17), are also shown.

which the relatively limited control envelop charac-
terising typical linear controllers (e.g., PID controllers)
may not suffice [29]. To cope with multiple irregular
sea states, some solutions that use linear controllers
with adaptive gains have emerged [10], [11]. However,
these adaptive linear controllers generally require the
solution of an optimisation problem in real-time to
solve for the control gains, with an associated increase
in the computational burden. In any case, the ability of
linear controllers to handle the intrinsic nonlinear dy-
namics of the OWC remains questionable [7]. Among
all the possible nonlinear controllers, Lyapunov-based
stabilising control is computationally efficient and en-
sures the stability of the nonlinear system using the
Lyapunov stability criterion [30].

To design the Lyapunov-based controller, the follow-
ing tracking error signals are introduced

eq = iq— i, (20)

eq =iq — it (21)

The desired control objectives (W2W /turbine efficiency
maximisation and Cu-loss minimisation) are achieved
if eq and eq are driven to zero, in a finite time interval.
To this end, the dynamics of e, and egq, specified as

R Aw 1 .
. q. . e ‘ref
bq = ——lq— Weld — —— + +Uq — 1 (22)
Lq Lq Lq 4
and
eq = _ijd + wezq + fdvd — Zdef, (23)

are derived using Eq. (12). To force eq and eq4 to zero,
éq and é4 are designed, respectively, as

€q = —Cqéq (24)

€4 = —cq €4, (25)

where ¢, > 0 and ¢q > 0 are user defined control
parameters. In this paper, the control parameters are set
as ¢q = 120 and cq = 90. Finally, combining Egs. (22)-
(25), the (electric) control inputs vq and vq are derived,
respectively, as

Vq = Ryiq + (Lgia + Awe + L (i — cqeq),  (26)

vq = Rqiq — deciq + Lg (i(rjef — cded). (27)

The Lyapunov stability analysis for the control sys-
tem can be found in Appendix A.

IV. RESULTS AND DISCUSSION

The results of the numerical simulation are reported
in Section IV-A and discussed in Section IV-B. Finally,
some key control co-design aspects are considered in
Section IV-C. The values of the OWC system param-
eters used in the numerical simulation are detailed in
Tab. II
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A. Results of the numerical simulation

The W2W efficiency maximising, and turbine effi-
ciency maximising, control strategies are tested in nu-
merical simulation, where Lyapunov-based controllers
are used for tracking it*f and . For each control
strategy, and for all the considered sea state conditions
(551-558), numerical simulations with a time step of
0.005 s are run for 1200 s.

By way of example, Figure 7 shows the time series
of Ponews Prurbs Pgen, and 1eurh, for a realization of S54,
when using the W2W efficiency maximising control ap-
proach. For each subplot, the horizontal dashed orange
lines represent the respective time-averaged values.

Table IV-A reports the mean percentage values of the
quantities of interest obtained from 20 distinct sea state
realizations. In particular, for each realization, the time-
averaged turbine efficiency, 7curb, the hydrodynamic
capture width ratio (CWR), &nydro, and the electric
CWR, &qlee, defined as

f . F pneu P, gen
hydro — J{ Pwavel

elec = 2
Pwavel’gl (8)

are computed. In Eq. (28), Ppncu is the time-averaged
pneumatic power, P, is the time-averaged generator
electric power, Pyave, which is a function of the sea
state, is the time-averaged wave power per metre
of wave crest, and [ is the OWC capture width. It
should be noted that &nydro is the wave-to-pneumatic
efficiency (or hydrodynamic efficiency), whereas cjec is
essentially the OWC W2W efficiency. Finally, Tab. IV-A
also reports the relative increase in the time-averaged
generator electrical power, ngn, obtained using the

different control torques in Egs. (16) and (18).

B. Discussion

In comparison to the turbine efficiency maximising
strategy, the W2W efficiency maximising control ap-
proach leads to higher values of &, for all the consid-
ered sea states (see Tab. IV-A). Indeed, although 7.1
is slightly penalised when T3/2" is used, the overall
W2W performance of the OWC system significantly
improves, especially for medium-to-high energy sea
states (S54 - SS8). In particular, from Tab. IV-A, it is
possible to note that {hyaro is always superior with
Eq. (16) rather than with Eq. (18), meaning that the
W2W control approach better accounts for the impact
of Q on the OWC hydrodynamic efficiency. It should
be also noted that, since 7}, in 554 is close to one of
resonance conditions of the Mutriku plant [9], £qjec and

TABLE II
OWC SYSTEM PARAMETERS

Parameter  Value  Unit Parameter  Value  Unit
mp 27748 kg I 3.06  kgm?
A(co) 71618 kg K 0.775 -
l 4.5 m A 0.92 Wb
dy 075 m Np 4 -
Sw 19.35 m? R 0.08 ohm
Vo 144 m3 L 0.003 H

Turbine power, Py, (kW) Pneumatic power, Ppen (kW)

Generator power, Py, (kW) Turbine efficiency, 7 ( - )

Fig. 7.

using
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in Eq. (16). The dashed orange lines represent the

TABLE III
RESULTS OF THE SIMULATIONS
Eq. (16): T2 Eq. (18): Tturo
SS  flturb  Eelec  Enydro Teurb  Selec  Ehydro  Pan
SS1 324 10.0 34.5 37.1 9.1 33.2 ~0
SS2 325 9.7 34.0 36.8 8.9 33.0 ~ 0
SS3 322 11.6 41.7 36.7 9.8 38.6 1.3
SS4 332 15.0 53.9 37.8 12.3 46.0 2.4
SS5 35.2 14.8 48.5 375 9.9 38.9 11.3
SS6 353 12.7 425 38.4 11.6 41.5 3.2
SS7 349 10.0 34.8 38.6 8.3 30.1 6.4
SS8 38.7 13.0 52.0 39.3 11.4 45.2 14.3

&hyaro are relatively high in SS4, providing that Q is
appropriately controlled [19].
In relation to current reference tracking performance,
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Fig. 9. Trajectories of (a) eq/éq and (b) eq/éq using W2W efficiency
maximising control in SS8.

the Lyapunov-based nonlinear controller is able to
properly track if' and if*' (and, consequently, T*g)),
even in the relatively high energy sea states. For in-
stance, Fig. 8 shows the tracking performance for Tcy,1,
iq, and iq in SS8, sea state for which the root-mean-
squared values of the tracking errors are the highest.
For 20 realisations of SS8, using the W2W control
strategy, the average root-mean-square values of the
tracking errors ey, eq, and ecty1 = Tt — Tcrterf1 are,
respectively, 0.26 A, 0.35 A, and 0.12 Nm. Furthermore,
Fig. 9 shows the trajectories of eq (é4) and eq (éq) during
the first second of a realisation of SS8. It can be noted
that the errors, and the corresponding time derivatives,
are driven to zero in about 0.8 s.

C. Main control co-design aspects
WEC geometry optimisation is significantly influ-
enced by control-related aspects and, therefore, WEC
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control strategies should be considered from an early
stage of the WEC design [31]. In particular, since
Wells turbine rotational speed modulation affects all
the energy conversion processes of an OWC system,
it is crucial to adopt control co-design techniques for
maximising the benefit of W2W control.

Firstly, as already mentioned, the W2W control strat-
egy designed in this paper is effective only with a Wells
turbine. Indeed, rotational speed control for impulse-
like turbines does not significantly impact hydrody-
namic performance. For instance, Fig. 10 shows how
Meurb and Enyaro vary for fifteen evenly spaced constant
values of the rotational speed (from 50 rad/s to 400
rad/s), for two different turbine types, in SS4. For each
turbine type, the rectangular shaded area represents
the range of possible values of {hyaro. As expected, with
a radial-flow impulse turbine (the model for which
is available in [13]), rotational speed control primar-
ily influences gy, While &hyaro is only moderately
affected by (). Therefore, rotational speed control for
radial-flow impulse turbines should prioritize turbine
efficiency maximisation, as a control objective. For the
Wells turbine, &pydro varies from 0.19 (for © = 50 rad/s)
to 0.63 (for 2 = 400 rad/s), meaning that a somewhat
more careful modulation of (2 is required to take into
account the effect of the hydrodynamic/aerodynamic
interaction.

In relation to W2W performance in S54, the green
dotted circles in Fig. 10 indicate the case in which
the best trade-off between 7y, and Enydro is achieved
(or, equivalently, the aerodynamic CWR, &uer0 =
Ehydro Teurb, i maximum), while the yellow circles high-
light the condition in which &gec is maximised. For
the Wells turbine, the maximum values of 7surb, &nydros
aero, and &eec are found for four distinct operating
conditions. With a radial-flow impulse turbine, when
Teurb 1S maximum, &g and &, are also maximised,
meaning that rotational speed control is, to some ex-
tent, simpler.

Regarding the Wells turbine efficiency curve, to en-
hance the control envelope (possibility) for €2, a Wells
turbine with a relatively flat efficiency curve should
be designed/selected. In fact, if a Wells turbine with
a high-valued and flat efficiency curve is available,
Q can be modulated to improve hydrodynamic (and,
to a lesser extent, generator) performance more freely.
On the other hand, a peaky turbine efficiency curve
intrinsically limits the control possibility for Q and,
in this case, rotational speed control should focus on
turbine efficiency maximisation.

In addition to the overbearing issue of turbine ef-
ficiency, which is characterised by a limited high ef-
ficiency region (see Fig. 3), a minor issue concerns
the impact of © on the electric generator efficiency.
Providing that a suitable generator is selected [5], the
generator efficiency is relatively high in the typical
range of ) experienced by the OWC PTO mechanism.
In particular, among all possible electric generators for
OWC WECs, PMSGs have a relatively large operating
range in terms of € [32], meaning that PMSG perfor-
mance is only marginally sensitive to rotational speed
control. On the downside, due to the need for per-
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manent magnets, PMSGs are typically more expensive
then other possible electric generators for OWCs [5].
However, since PMSGs are brushless generators, and
therefore require less frequent maintenance [32], OpEx
is potentially lower.

V. CONCLUSION

In this paper, a W2W efficiency maximising control
approach, based on steady-state efficiency is proposed
for a fixed OWC equipped with a Wells turbine. In
light of the discussion in Section IV-B, electric energy
production significantly improves (see, for instance,
Fig. 11) if the Wells turbine rotational speed is con-
trolled considering the complete W2W OWC system.
To take full advantage of the W2W control approach
described in Section III, it is imperative to consider
control co-design aspects (see Section IV-C). Further-
more, for the OWC system considered in this paper, the
Lyapunov-based controller designed in Section III-B
is able to provide suitable tracking performance (see
Figs. 8 and 9).

Apart from the relative simplicity and low compu-
tational cost, the control approach proposed in this
paper has a further advantage over a global online op-
timisation approach. In particular, model-based WEC
control strategies may be sensitive to specific WEC
modelling errors [33]. It should be noted that the static
efficiency method is oblivious to some model uncer-
tainties, specifically uncertainties related to the setpoint
determination. In contrast, global online optimisation
approaches include all model uncertainties, which may
potentially compromise control performance. Further-
more, since real-time control is more difficult with
a global online optimisation approach, free surface
elevation [34] or pressure forecasting [35] may also be
required to optimise the control action.

Finally, it should be mentioned that power dissipa-
tion control [13], power quality issues and grid-side
control aspects [36], and the ‘quantitative’ impact of
the control action on OpEx [37] are not considered in
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maximising control (Tcrterf1 = Tturb) and W2W efficiency maximising

control (T*ef = TW2W) 'in SS4.

ctrl = “ctrl

this paper. In comparison to a control approach based
on static (steady-state) efficiencies, if power dissipation
control is considered, a global optimisation approach
may better take into account the interaction between
peak-shaving and W2W efficiency maximising control.

APPENDIX A
STABILITY ANALYSIS

The stability of the control system is assessed using
Lyapunov stability criteria [30] and, to this end, a
candidate Lyapunov function, V(e) : R? — Rx(, with

e = [eq eqa]’ € R*¥1, is introduced. If V(e) has the
following properties:
(1)V(e) >0, Ve #0;
2)V(0) = 0;
V() =0 )
(3)V(e) =0, if ||e]| = 0;

(4)V(e) <0,Ve#0;
the system is asymptotically stable. A quadratic func-
tion in e, specified as V(e) = 1e” Qe (with Q € R?*?
symmetric and positive definite), is typically chosen
as a candidate Lyapunov function. In particular, we
consider a quadratic energy Lyapunov function of the
following form

V(e) = %[eq ed {Loq Lod] [gﬂ = %(Lqe?lJrLdeﬁ), (30)

and, since Ly = Lq = L, Eq. (30) is simplified as
1
Vie)= §L(e§l + €3). (31)

The quadratic energy Lyapunov function in Eq. (31) di-
rectly satisfies the properties (1), (2), and (3) in Eq. (29).
The time derivative of Eq. (31) leads to

V(e) = L(eqéq + €aa). (32)

To satisfy the fourth property in Eq. (29), ¢, and éq4
are designed, respectively, as specified in Egs. (24) and
(25): )

V(e) = —L(cq el + caed). (33)
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Since ¢4, ca € Ry, it is straightforward to see that

V(e) < 0Ve # 0, which complete the proof.
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