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Wave energy is a significant source of renewable energy harnessed by wave energy converters (WECs).
However, due to the relatively high levelised cost of energy (LCoE), wave energy has not attained a commercial
stage yet. To minimise the LCoOE, since the optimum (uncontrolled) WEC design typically differs from the
optimum controlled WEC design, control co-design (CCD) techniques are essential. With CCD, the WEC
control-related aspects are taken into account from the start of the WEC design phase and, ideally, the best
control-informed WEC design is then achieved. This paper specifically focuses on CCD for an oscillating-water-
column (OWC) WEC, equipped with a Wells turbine and a bypass valve. In essence, a parametric CCD approach
is devised to find the optimum (control-informed) turbine rotor diameter, and bypass valve diameter, for the
considered OWC WEC. In particular, the optimum design parameters minimise a ‘simplified’ LCoE, which is
chosen as a suitable performance function. Despite the LCoE is primarily sensitive to the power take-off size,
rather than to the bypass valve size, peak-shaving control with a bypass valve potentially increases the capacity

factor and, consequently, can minimise the LCoE for small-to-medium sized turbines.

1. Introduction

Wave energy, harnessed by wave energy converters (WECs), is an
almost untapped renewable energy source, with an estimated global
potential around 16 000-18 500 TWh/year [1], which can significantly
contribute to decarbonisation [2]. Furthermore, the diversification of
renewable energy sources [3] is imperative to achieve a reliable re-
newable energy supply. It is therefore important to note the relatively
good complementarity (i.e., poor correlation) between wave and other
renewable resources [4,5], meaning that the integration of wave energy
in the renewable mix can effectively reduce variability in electrical
power production.

The oscillating-water-column (OWC) [6], shown in Fig. 1, is one of
the most promising WECs, particularly since all the moving parts are
above the water level. Furthermore, in comparison with other WECs,
a significant advantage of the OWC is the possibility to easily dissi-
pate excessive power using a bypass valve [7,8]. The OWC operating
principle is straightforward. A water column, excited by the incoming
ocean waves, alternatively compresses/decompresses an air volume in
a pneumatic chamber. The air compression/expansion process causes
a bidirectional airflow, typically utilised to drive a self-rectifying air
turbine [9], such as a Wells or an impulse-like turbine. To avoid a
catastrophic system failure due to turbine overspeeding, a safety (shut-
off) valve is normally installed [10,11]. Finally, a suitable electric
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generator [12], directly coupled with the turbine, converts the turbine
mechanical power into electrical power.

To date, WECs struggle to penetrate the renewable energy market
due to the high levelised cost of energy (LCoE) characterising wave
energy projects [2] (onshore/nearshore plants: LCoE ~ 123 $/MWh;
offshore farms: LCoE ~ 359 $/MWh), in comparison with the main
alternatives [2,13] (offshore wind: LCoE ~ 109 $/MWh; onshore wind:
LCoE ~ 72.5 $/MWh; tidal: LCoE »~ 203.5 $/MWh). If CapEx and OpEx
are, respectively, the capital and operational costs, the LCoE is written
as

CapEx + OpEx
Produced energy over the WEC lifetime
To minimise the LCoE, high-performance energy maximising control
strategies are vital [14] and, to this end, since the WEC geometry
optimisation problem is coupled with the WEC control problem [15,
161, control co-design (CCD) [17,18] techniques are crucial to achieve
the optimum control-informed WEC design [16,19-21]. In a traditional
design approach, design is a progressive stepwise procedure in which
control aspects are not considered until a late stage. Furthermore,
in traditional design, the design choices made at each step reduce
the design possibilities of the next step [22]. In other words, each
step limits the design flexibility of the next step, making a design
change increasingly difficult and expensive. In CCD, control aspects

LCoE = (@))]
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Fig. 1. Schematic of a fixed OWC WEC, equipped with a Wells turbine, a bypass valve,
and a safety valve, in still water conditions.
Source: Adapted from [23].

are considered from an initial design phase, potentially improving
control-awareness and flexibility in overall design optimisation [22].

In this paper, a parametric CCD approach is devised to optimise
the Wells turbine rotor, and bypass valve diameters, for a Mutriku-
like OWC system [24]. The optimum system parameters minimise a
‘simplified LCoE’, which is selected as a suitable performance func-
tion. For each possible combination in the parametric space, suitable
strategies for controlling the turbine rotational speed (Section 3.3.1)
the bypass valve position (Section 3.3.2), and the safety valve position
(Section 3.3.3), are designed. In general, a comprehensive OWC control
strategy [10,25] should focus on: (i) Turbine rotational speed control,
for maximising the OWC (overall) wave-to-wire (W2W) efficiency [23,
26,271; (ii) peak-shaving control [25], for increasing the capacity factor,
defined as

Produced time-averaged power

Capacity factor = , ()

Rated power

when the available wave power is sufficiently high. In a relatively
high-energy sea state (SS), peak-shaving (or rated power) control is
key to extend the OWC operational range by somewhat limiting the
available/converted pneumatic power [25]; otherwise, to avoid a sys-
tem failure, the OWC must enter a safety mode by closing the safety
valve, which discontinues pneumatic excitation of the turbine. To date,
OWC peak-shaving control has received very little attention, particu-
larly for Wells turbines. In radial-flow impulse turbines, wave-by-wave
peak-shaving control can be implemented in real-time, thanks to a
small in-series valve [28,29]. With a Wells turbine, peak-shaving can
be achieved by partially opening a bypass valve [7,8] to dissipate
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excessive pneumatic power. However, even using wave forecasting
techniques [30,31], wave-by-wave bypass valve control is difficult to
implement in real-time, due to the low valve actuation speed [32] with
respect to the wave celerity. Therefore, in this paper, a sea state based
(SS-based) controller for the bypass valve position is proposed. With SS-
based bypass valve control, the position of the bypass valve essentially
depends on the SS or, equivalently, on the available wave power.

The main contributions of this paper are summarised in three points:

1. A parametric CCD approach, for an OWC with a bypass valve
and a Wells turbine, is devised,;

2. anovel, SS-based, bypass valve position controller for increasing
the capacity factor is proposed;

3. the impact of peak-shaving control on the capacity factor, and
LCOE, is analysed.

The reminder of the paper is structured as follows. Section 2 pro-
vides a W2W model for the considered OWC system. In Section 3, the
proposed CCD approach is detailed. Finally, results are discussed in
Section 4 and conclusions are drawn in Section 5.

2. OWC system modelling

This section provides a W2W model for the Mutriku-like OWC
considered in this paper. The W2W power flow for the considered OWC
system is shown in Fig. 2. Throughout this section, the time dependence
of variables is omitted to simplify the notation.

2.1. Hydrodynamic modelling

If the water column is modelled as a neutrally buoyant piston, under
linear potential theory assumptions, the hydrodynamic model of a fixed
OWC is written [33] as

mpD=_pwgSwZ_Swpc_fr+fex! 3

where z is the water column position relative to the still water level,
v = z is the water column velocity, m, is the piston mass, S, is the
water plane area, p, is the air chamber pressure, p,, is the water density,
and g is the gravity acceleration constant. Furthermore, f., and f, are,
respectively, the excitation force due to incident waves of frequency w,
and the force due to radiated waves, written as

t

£, = A(co)v + / k(1 — 7) v(z) dr, @)

—00
where k. is the piston impulse response function, computed as the
inverse Fourier transform of the OWC radiation damping, B(w), while
A(o0) is the OWC added mass at infinite frequency (A(®)|,_ o = A(0)).
Finally, f., is computed as a sum of N frequency components w, [11],
as

N
foo =D Aycos(@, 1+ ¢y), )

n=1

where A, and ¢, are, respectively, the sets of discrete amplitudes
and phases of f,,. A boundary element problem is solved [34], using
the WAMIT software [35], to find the frequency dependent functions
A(w), B(w), A,(w), and ¢,(w). A complete description of the frequency
dependant parameters considered in this paper can be found in [11].

It is common practice, in the wave energy field, to approximate
the convolution integral in Eq. (4) with a suitable, and more compu-
tationally efficient, linear state space model [36]. To this end, Prony’s
method [36] is used.
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Fig. 2. Wave-to-wire power flow of the OWC system considered in this paper.
Source: Adapted from [25].
2.2. Air chamber modelling 0.7 . . . . .
The air chamb is modelled [11 === Ngurb (V)
€ alr chamber pressure. 1S modelle as
P 5 Pes [11] 0.6F S —f@(‘ll) i
)/ . Wrurh — Whypass — X Nl -
be L _ 1 <VC L Wb Woypuss | © AN fr(¥) x 100
Pc c Pc ~05F ! X 4
. . . . . \
where V, = V) - S,z is the volume of air (with ¥}, being the air volume /'I \
i / \ 4
04F \

in still water), y is the air specific heat ratio, w,,,, indicates the turbine
air mass flow rate (positive for outward flow), and wyy g,

wbypass = Sgn(Ap)CdAbypass(ubypass) V 2pairA ’ (7)

is the bypass air mass flow rate. In Eq. (7), C4 = 0.6 [37] is the discharge
coefficient, 4p = p. — p,, and Apypues = “bypass(”dgypass /4) is the bypass
area, with uyyp,, the bypass valve position and dy,,, the bypass valve

diameter. If the air compression/expansion process is isentropic, the air
chamber density [38] is ;
J// P U mep
p 1/r 0 = 1 1 - :
Pe = Pat <p—c> ) ®) 0 0.05 0.1 0.15 0.2 0.25 0.3
) " ) Dimensionless pressure head, ¥ (- )
where the subscript ‘at’ refers to standard atmosphere values. Finally,
the pneumfmc power ava%lable to t.he. turbine is written as P, = Fig. 3. Dimensionless flow rate, @, dimensionless power, I1, and turbine efficiency,
A4p gyyrp> While the pneumatic power dissipated through the bypass valve M, as functions of the dimensionless pressure head, ¥, for the Wells turbine
is computed as Pyypas = AP Ghypass- The teImMS Guy, = Wyyrr/Pair and is the value of ¥ at the turbine maximum efficiency

Dimensionless curves
o o
[\ w
: :

e
—
T

pneu

considered in this paper. ¥,
point (MEP). The grey shaded area represents the turbine stall region.

Goypass = Whypass/ Pair INdicate, respectively, the turbine air volume flow
. Source: Adapted from [23].
rate and the bypass air volume flow rate.
2.3. PTO system modelling N
- 1 Ngen (=)
The PTO system model [10], if bearing friction losses are ignored, gz
1S gw
d (1, » =
= (Em ) = Py — Ton 2. ©) Z 08
where Q is the turbine rotational speed, I is the inertia moment, P, E‘n
is the turbine power, and T, is the generator control torque. g
Furthermore, if the Mach number is small and the Reynolds number o 0.6
is large, the turbine can be modelled using the following dimensionless 8
functions [39] irs)
~
= 04
D= ftb(usafety"v)’ = fﬂ(usafetyql)' (10) g
)
In Eq. (10), ugyey is the safety valve position (closed: ugey = 0, open: @
Ugpery = 1), Whereas @, IT, and ¥, defined as ,id-’ 0.2 10.2
o
w, P, A .
_ turbg’H: lur}b 55,{,: P2 - an g
Pair Q d} Pair Q dr Pair 0 dr Ga.) Lo
are, respectively, the dimensionless mass flow rate, dimensionless tur- 5 0.2 04 0.6 0.8 1
bine power, and.dlmensu.)nless pressure head. The Wells turbine model Dimensionless rotational speed, /Qmax ( _ )
considered in this paper is shown in Fig. 3. It should be noted that the
Wells turbine darnpirlg, defined as Fig. 4. Electric generator efficiency, 7,.,, as a function of the dimensionless rotational
Wi d, speed, ©2/Q™*, and the dimensionless control torque, T, /Ty}. Q™ and Ty} are,
= A_ = PYok (12) respectively, the maximum allowable rotational speed and the maximum control torque.
P Source: Adapted from [41].

is a function of ©Q, meaning that Wells turbine rotational speed affects
the OWC hydrodynamic performance [23,40]. In Eq. (12), « is a

geometric constant.
Finally, for electric power calculation, the dimensionless generator

efficiency map, shown in Fig. 4, is used [41] .
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Fig. 5. Cost of the moving parts, C,,,, as a function of the turbine rotor diameter,

d,, and the ratio between bypass valve diameter and turbine rotor diameter, dy,,/d;-
Ccmik s the cost of the moving parts of Mutriku OWG (d, = 0.75 m, dy,/d; = 0).

3. Control co-design

In this section, the parametric CCD approach is devised. First, a
suitable performance function is selected (Section 3.1) and the design
parameters are specified (Section 3.2). Furthermore, control system
design is addressed (Section 3.3) and, finally, the methodology is
explained (Section 3.4).

3.1. Performance function selection

The ‘complete’ LCoE in Eq. (1) is, as a performance objective, diffi-
cult, especially due to the challenging estimation of OpEx. Therefore, a
‘simplified’ LCoE, denoted LCoE*, is adopted as a suitable performance
function.

In this paper, since design variations in the PTO, and bypass valve,
primarily affect CapEx and energy production, OpEx is simplified as
a proportion of CapEx (OpEx = bCapEx, 0 < b < 1). Furthermore,
although OpEx depends, to some extent, on the control action [42],
the control impact on OpEx is not expected to change significantly for
the considered control approach (Section 3.3).

CapEx is written as CapEx = Cg, + Cp.,, Where C, is the OWC
structure cost and C,,,, (see Fig. 5), specified as
Crnovlps dpypass) = Crio(d,) +
mov \“r> “bypass pto\“r (13)
”(Csafely (dr) + bepass(dbypass))’
is the cost of the moving parts, with
Cpto(dr) = Cmech(dr) + Celec(dr)' (14)

In Egs. (13) and (14), Cyyy is the safety valve material cost, Cyypag
is the bypass valve material cost, y is the manufacturing cost factor
of the valves, C,, is the PTO material and manufacturing cost, Cp
is the cost of the mechanical components, and C,. is the cost of the
electric generator and ancillary components. If geometric similarity for
all the mechanical components is assumed, the mass of the material
scales as d> and, therefore, Cpoq o d>. In particular, Cp,., (in k$) is

estimated [43], as

ot =5 () as

T

where the empirical coefficients, CII: o, and B, are set from experience
with the Pico power plant [32], while d” is the Pico turbine rotor
diameter. Furthermore, C,. (in k$) is computed [43], as

Coee(d,) = 3.026 (PTe4(d ))07, 16)
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Fig. 6. Maximum rotational speed, 2™, PTO rated power, P™, and turbine inertia
(top x-axis label), I, as functions of the turbine rotor diameter, d,. If d, > 0.7 m,
Qmax = QM “whereas if d, < 0.7 m, QM = Qmax

‘turb ‘gen

where P4 (in kW) is the generator rated power. Since the safety valve

diameter is approximately equal to d,, Cyyy is written as

d2

2
Csafety(dr) = Psteel Trthcsteel’ a7

where 1, is the safety valve thickness, p., is the steel density, and Cy;.
is the cost per unit mass of steel. To compute Cyyp,, d; is replaced
by dyypass in Eq. (17). In Fig. 5, since dj,,, somewhat depends on d,
(indeed, the required power dissipation is a function of the PTO size),
dyypass 18 specified as a ratio between the diameters, dyyp,g/d,-
In this paper, Cy, is constant, since the air chamber volume is fixed.
It is assumed that Cg, is a proportion of C,,,, for the Mutriku OWC
(i-e., dypypass/d; = 0 and d, = 0.75 m), indicated as ¢k Therefore,
Cy, = eCmuk (18)

str mov °

where € > 1.
Finally, applying the simplifications introduced so far in Section 3.1,
LCoE* is written as

eCpik 4+ C,
LCoE* = (1 + b) ‘“VT'"“
elec

= (1 +b)LCoE , (19)

where Elife
elec

Ultimately, the CCD performance objective is to minimise LCoE*, as (1
+ b) is merely a multiplicative coefficient.

is the produced electrical energy over the OWC lifetime.

3.2. PTO and bypass valve specifications

As shown in Fig. 6, the PTO characteristics/limitations are solely
functions of d,. First, from geometric similarity, and assuming the same
turbine rotor material, I « df, [11] as

5
1 d,
mtrk <dmlrk> ’ 20)
T

where I and d™* are, respectively, the PTO inertia moment and the
turbine rotor diameter at Mutriku. Secondly, the maximum rotational
speed [10] is specified as

Qmax = min(gmax Qmax (21)

gen > ““turb”’

where Q‘;e";" (which is set at 400 rad/s [11,12]) is the maximum
generator speed to limit centrifugal stresses, while Q7" is the turbine
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maximum speed to avoid air compressibility effects (e.g., shock waves)
at the rotor blade tips. If a maximum blade tip speed of 160 m/s is
assumed [11], Q% = 160(2/d,). In general, 2 may also be limited to
reduce turbine noise emission [44,45]. Without loss of generality, the
generator rated power, Pl can be computed as the turbine power
output when ¥ = ¥, ., and Q = Q™. Finally, the maximum allowable
control torque, TC':‘;{X, is derived from Q™ and Pred [11], as

rated
T =2.266 L

ctrl Qmax *

(22)

The range of values for d, is established considering the Wells
turbine rotor diameter at Mutriku (alrmlrk = 0.75 m) as an initial guess,
and reasonable PTO limits. The upper bound (d, = 0.90 m) is motivated
by the fact that, if d, > 0.90 m, P is large enough to allow wave
energy extraction in high energy sea states, even without a bypass valve
(therefore, power dissipation is not needed). Furthermore, to operate
close to the turbine maximum efficiency point (¥ = ¥,,), € should
increase as d, decreases. However, if d. < 0.40 m, since 2 cannot
exceed Q¥ (= Q7%), the turbine operates at very low efficiency and,
inevitably, the produced energy drops.

The initial guess for dyy,/d; is inspired by the Pico bypass valve
(equivalent) diameter [32], dlf'“;ss. Since uyy s is SS-based (and not
controlled wave-by-wave), the bypass valve (if open) provides contin-
uous pneumatic power dissipation. It should be noted that the Pico
bypass valve was not optimised for SS-based control. Therefore, the
optimum dy,y,,./d, for SS-based bypass valve control is likely to be

smaller than d” /dP*® ~ 0.6. Ultimately, d,,,../d. = 0.3 is adopted
bypass/ T bypass
as the initial guess for dy,/d;, while the upper and lower bounds are,

respectively, 0.45 and O (i.e., no bypass valve).
3.3. Control system design

The OWC system modelled in Section 2 has three manipulated in-
puts: Ty, Upypass> a0d Ugypey - In this section, a low-level rotational speed
controller, using 7,,,;, and suitable high-level valve position controllers,
uSing upypags and Uy, are designed.

3.3.1. Rotational speed control
Since the Wells turbine rotational speed affects the OWC hydrody-
namic performance, Wells turbine rotational speed control should focus
on maximising the OWC W2W efficiency [23,27], though the majority
of OWC control strategies in the literature focus on a simplified control
objective, namely turbine efficiency maximisation [11,25,46-48]. For
a Wells turbine, a possible W2W efficiency maximising (steady-state)
control law has the following form [23]:
TYY = (I, + 1, Q + ¢ exp29)/Q, (23)

ctrl

where the free parameters, /;, /,, ¢;, and e,, are optimised, for each d,,
following the procedure detailed in [23]. Eq. (23) can be modified to
take into account the PTO control constraints [11], as

Prated

W2W  rmax
Tclrl el 7 0

Teyy = min (24)
To avoid exceeding P™¢, T, can be ‘detuned’ [11], as T, =
praed /g < Tc‘i“rzlw, so that the OWC operates below the W2W peak
efficiency. However, torque detuning leads to an increase in £ and,
eventually, Q,,,, is attained and the OWC enters safety mode. It should
be noted that increasing the torque beyond Tc‘frzlw is not a viable
torque detuning solution, as £ decreases and the turbine may stall
(accompanied by a high noise emission and a risk of damaging the
turbine). A possible way to limit safety valve actuation, but keep
the OWC operational, is to use a bypass valve to dissipate excessive
power. It should be noted that, for other WECs, due to the lack
of suitable actuators, torque detuning is typically the only available
control approach to reduce the power to the generator [e.g.,49].

3.3.2. Bypass valve position control
Peak-shaving control extends the range of sea states over which the
OWC can retain power production operation. The bypass valve position,
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wave?

Upypass» 18 set depending on the SS or, equally, on the mean wave power
available to the OWC system, computed as
Pye = tPryayes 25)

where 1 is the OWC capture width and P, ., which is a function of the
sea state, is the time-averaged wave power per metre of wave crest.

If P, is below a certain threshold value, P!Ir | the bypass valve is
closed (uyypes = 0), as power dissipation is not required. If I_’wm_ exceeds
the maximum wave power for which the OWC can operate, PJ%%, the

bypass valve is fully open (uyyp,s = 1) Finally, if P < P, < Pmx,

— D*
Ubypass = fbypass(PWave)’ where
D _ pthr
Pt = Pyave = Poave 26)
wave — Bmax _ pthr
Foive = Padve

is the relative available wave power and 0 < fy . (Pi.) < L.
Ultimately, Upypass is exclusively determined by choosing: (i) P&/‘;ﬁ/e, (i)
P, and GiD) foyp (Pl -

The value of ij;{/e, which is function of d, (see Fig. 7), is selected
so that the bypass valve opens only if power dissipation is needed. In
other words, P _is the wave power at which torque detuning alone is

no longer sufficient to avoid exceeding Q™. In this paper, Pl = 265

kW, which is selected considering the typical wave climate at Mutriku
(see Section 3.4).
The simplest choice for the fj,,,, function is a straight line, namely

J lliyn;fass = Pl L€, s is a linear function of P}, . However,
]' . . .
Foypass = b'y“gass may not .be the 1dea1~ solution, since fby.pass should
be designed considering: (i) How the time-averaged electrical power,
P, increases with P,,, and (ii) how P, decreases as the bypass
valve opens (i.e., as uyyp, varies from 0 to 1). Fig. 8(a) shows theit, in
an unconstrained control scenario, P, increases linearly with P,,.,
while Fig. 8(b) shows that P, decreases as (u;ypass)l"m. Therefore, if
Upypass 15 small, dPye. /iy, s smaller but, as uy,,, increases, Py,
decreases at a faster rate. This is arguably due to the fact that P,
strongly depends on 4p but, if g, is small, the chamber pressure
levels do not significantly decrease, resulting in little pneumatic power
dissipation. In the light of these considerations, fy,,,. is designed by
‘mirroring’ the dashed curve in Fig. 8(b) around the diagonal. In this
way, for lower values of P}, . (< 0.45), fyyp increases faster than
line : D 5
Foypass and, for higher values of Py, . (> 0.45), fyy.s increases more
slowly than fg‘“;ais. In other words, since the electrical power increases
linearly with the available wave power, the electrical power decrease,
Pder should ideally be a linear function of u (which, however,
elec bypass
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Fig. 8. Bypass valve control design. (a) Time-averaged electrical power, P,., as a function of the available wave power,

chc

elec

and its derivative u/

bypass ityypag /AP,

ave*

is not the case, as shown in Fig. 8(b)). As such, to compensate for
the varying sensitivity 9f szgr £ Upypass> and therefore obtain a linear
relationship between szzf and the available wave power, fy . iS
derived by the aforementioned mirroring procedure. Ultimately, with
the resulting fyp., the bypass valve position is controlled in such a
way that the power dissipation, due to the bypass valve opening, is a
linear function of the available wave power.

Finally, Figs. 8(c) shows the complete u,, calculation, written as

0 if Py, < PHT
lypass =1 f Pyge 2 PO, @7
S bypass else,
where,
D D 1.475
fb}’PﬂSS = 2Pw*ave - (Pvtave) . (28)

3.3.3. Safety valve position control
To avoid turbine rotor disintegration due to turbine overspeeding,
the safety valve position is controlled as

Ugafety = {

It is interesting to note that the safety valve at Mutriku is electri-
cally activated with gravity closing [24] and, therefore, if power grid
connection fails, the valve automatically closes.

if Q < Qmax,

else.

1 (normal mode)

(29)
0 (safety mode)

3.4. Methodology

For each possible combination of d, and dyy,/d, in the para-
metric space (110 cases), the control system is designed, as detailed
in Section 3.3, and numerical simulations are run to compute E:lii,
therefore calculating LCoE*. To obtain E;'I*:C, a lifetime of 25 years is
assumed [32], and the produced annual electric energy at Mutriku is
computed. To this end, 15 realisations of 20 min each are run for 58
different irregular sea states, generated from JONSWAP spectral density
functions [50] with peak shape parameter y' = 3.3. The significant
wave height, H,, and peak period, T,, are selected considering the
characteristic wave climate measured at the Mutriku power plant [51],
detailed in Fig. 9. To take into account the shoaling effect, character-
ising the ocean waves at Mutriku, the JONSWAP spectra are modified
using an attenuation function, as detailed in [11]

In addition to LCoE*, another performance indicator, namely the
capacity factor, ¢, is also computed for all the 110 combinations in the
parametric space.

In the simulation, some simplifications are adopted. Since the typ-
ical bypass valve actuation time (~10 s) [32] is much lower than the
typical timescale over which the sea condition changes (from 30 min
to 3 h) [52], the bypass valve actuation system dynamic is ignored.
Furthermore, full knowledge of the SS is assumed in this paper, al-
though online SS estimation techniques [53] can be used in practice.
Recent advances in meteorological modelling also allows wave spectra
to be forecast [54]. Finally, no interruption to power production (which

Bypass valve position, ubypass ( - )

0.6 0.8 1

Pave-

"(Uhypass) = (Patec Uy = 0) — Pelgc(ubypass))/(Pelec(ubypass = 0) = Pyec(ttpypss = 1)), as a function of the bypass valve position, uy,,. (c) Bypass valve position controller, uy,,

(b) Relative electrical power decrease,

Table 1

OWC model parameters (MP) [11,24,32].
MP Value Unit MP Value Unit
m 27748 (kg) A(c0) 71618 (kg)
muk 3.06 (kgm?) Sy 19.35 (m?)
dm 0.75 (m) ! 4.5 (m)
K 0.775 -) Vo 144 (m3)
[ 2.3 (m) Iy 0.005 (m)

Table 2

Cost-related parameters (CP) [21,43,55].
CP Value Unit CP Value Unit
b 0.45 Q)] 2/3 )
u 2.5 =) e 302.6 k$)
Coea 2.1 ($/kg) Pl 7750 (kg/m?)

may be due to planned maintenance or a system failure) over the OWC
lifetime is currently considered.

4. Results and discussion

In this section, results are presented and discussed. Tables 1 and
2 report, respectively, the OWC model parameters, and cost-related
coefficients, considered in the simulation.

As already mentioned, in this study, a parametric CCD approach
is taken. In comparison with a numerical optimisation method, the
parametric approach provides knowledge of the performance function
across the full parametric space, therefore allowing a more compre-
hensive analysis into the effect of peak-shaving control on the LCoE.
To simplify the discussion, a point in the parametric space will be
addressed as Fij, where i = d. X 100 and j = (dyypses/d;) X 100. For
instance, I')? is the case in which d, = 0.55 m and dy,/d, = 0.15.

4.1. Result of the simulation

Figs. 10 and 11 show, respectively, LCoE*(I"iJ) and ¢ (l"ij). For clarity,
the vertical axis in Fig. 10 is reversed. Furthermore, Fig. 12 focuses on
LCoE*, and/or ¢, for some significant combinations of d, and dyyp,/d;-

Finally, Fig. 13 provides an insight into the effect of peak-shaving
control, for each SS, for the case in which LCoE* is minimal (i.e., 1‘5155).
In particular, Figs. 13(c) and 13(d) show, respectively, how ¢ and
LCoE* vary for F5155 in comparison with Fsos (i.e., same d, but no
bypass valve). To analyse the variation in LCoE* for each SS, the LCoE
enhancement index (LEI), is introduced, as

LCoE*(I'}2)
LEI=1—- —— 2 withLEI < 1. (30)
LCoE*(I'%)
Fig. 13(d) shows the LEI for each SS and,
LEI =1, LCoE*(I') = oo
¢ 0<LEI<I, LCoE*(rslSS) < LCoE*(I"SOS); 3
1
LEI =0, LCoE*(I')?) = LCoE*(I'Yy);
LEI < 0, LCoE*(I'Y) > LCOoE*(I')).
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Fig. 9. Annual wave climate at Mutriku. The four scatter plots show, for each combination of H, and T,, (a) the frequency of occurrence (over a year) of a specific sea state at

Mutriku, (b) the mean available wave power, P,,., (c) the contribution (specified as a percentage) of each irregular sea state to the total annual wave power available at Mutriku,
and (d) the number (from 1 to 58) assigned at each irregular sea state considered in this paper.
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Fig. 11. Average annual value of the capacity factor, ¢, for each combination of turbine
rotor diameter, d,, and diameter ratio, dy,,,,/d,. The magenta hexagon (® at I'J)) shows

Fig. 10. LCoE* obtained from all the considered combinations of d. and dyy,,/d;. the condition for which the peak value of ¢, (™ = 0.263, is achieved.

The green circle (@ at 1"5'55) highlights the condition for which LCoE* is minimised, the

blue square (@ at I“:O) indicates the point at which the minimum LCoE* is achieved

without using a bypass valve, and the magenta hexagon (® at I Szg) shows the condition

for which the maximum capacity factor, (™, is found. for peak-shaving control, and since Ci,,, is only a small fraction of
CapEx, E!if* and CapEx are mainly affected by the turbine performance
and size. However, if d, < 0.45 m, the sensitivity of LCOE* to dyyp,/d;

In general, LEI is expected to be larger (see Eq. (31)) in relatively high increases. This is due to the fact that, for d, < 0.45 m, the impact of

energy sea states, since rated power control plays a more important role peak-shaving control on E:l':c is more significant, as it notably extends
as the available wave power increases. the operating range of small turbines (with lower Praled). If d. =0.90 m,
Prited js relatively high and, therefore, LCOE* increases with dyy/d;

4.2. Discussion as the small improvement in E'I® obtained with peak-shaving is not
worth the additional cost of the bypass valve. It should be also noted

From Fig. 10, LCoE* is, unsurprisingly, more sensitive to d,, rather that, if dyyp,e/d, = 0, LCOE* is minimised for d, = 0.60 m whereas, if
than to dy,/d;. Indeed, since the bypass valve is exclusively used peak-shaving is used, LCoE* is minimised by a smaller (and cheaper)
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for I‘55 5 (b) the capacity factor, ¢, for 1‘15, (c) the relative percentage increase in ¢, ¢*, obtained for TI.

in Egs. (30) and (31).

turbine, with d, = 0.55 m. Hypothetically, if Qi is lower than 400
rad/s, LCoE* minimisation may suggest a larger d,, since small turbines
work efficiently only at relatively high Q.

Ultimately, the selection of d, is critical for minimising LCoE¥,
especially if dyyp,/d, = 0. However, if 0.05 < dyyp/d; < 045, a
relatively flat low-valued region of LCoE* appears for 0.50 < d, < 0.65
m (see Fig. 11 and Figs. 12(a) and (c)). Therefore, if a bypass valve is
provided, it is somewhat easier to achieve a ‘close-to-minimum’ LCoE*
condition, as the selection of d, becomes less critical.

Although LCoE is the objective function of the CCD approach, since
peak-shaving control aims to maximise ¢, it is also worth considering ¢
(see Figs. 11 and 12(b)). Although a large ¢ is desirable, the minimum
LCoE* (at I 15) is not equivalent to the maximum ¢ (at I’ 2O), meaning
that havmg g gmax 0.263 does not guarantee the best return
on investment. Similarly to LCoE*, ¢ is more sensitive to d, than to
dyypass/d and, furthermore, the sensitivity of ¢ to dyy . /d; increases if
d <045 m.

Fig. 13 provides insight into the impact of peak-shaving control,
for each SS, considering F5]55 and Fsos' Firstly, Figs. 13(a) and (b) show,
respectively, the percentage of bypassed pneumatic power, defined as

- B bypass

bypass = + Ppneu %100,

(32)
R bypass

meaning that pneumatic power is not d1551pated For each combination of H,

o
LCoE enhancement index, LEI ( - )

-W
X7 X 07 7
@

areas highlight the sea states for which the bypass valve is closed (i, = 0), since

L—

%; (d) the LCoE enhancement index, LEI, as defined

and 7, the four scatter plots show' (a) the relative bypassed pneumatic power,

I} in comparison with I

and ¢, for FS]55 Clearly, if uyyp,s = 0, Py = 0 (there is no power
dissipation). Secondly, Fig. 13(c) shows the relative increase in capacity
factor, computed as

) -

5)
400 15)
Similarly to P'jy ass> 1 Upypass = 0, ¢* = 0. Sea states 57 and 58 have {* =
100, meaning that, unless a bypass valve is equipped, the OWC with
d. = 0.55 m stays (almost) permanently in safety mode, i.e., ¢ (F5°5) ~0.
For some SSs, {* ~ 0, hence peak-shaving control is neither improving
nor deteriorating the capacity factor. This is arguably due to the fact
that wave energy is typically characterised by a high peak-to-average
power ratio and, furthermore, u, , is SS-based. Therefore, there are
time periods over which power dissipation is not needed (since P,
is low), yet the bypass valve is dissipating pneumatic power. Wave-by-
Wave Uy, control could potentially offer a more appropriate control
solution but, with currently available actuators, real-time wave-by-
wave control of uyy, is not feasible [10,32]. In addition to the
relatively high capital cost of a suitable real-time actuator, it is also
likely that significant parasitic power would be consumed by such an
actuator. Finally, Fig. 13(d) shows the LEI, introduced in Egs. (30)

(33)
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and (31). It should be noted that the ratio of Cpo,(I'ts) t0 Cpo,(I'22)
is 0.9793. Therefore, for the bypass valve at 1"5155 to be economically
beneficial (i.e., LEI > 0), peak shaving control should increase the
produced electric energy by at least, a factor of 1.0211. In other words,
the extra wave energy extractable thanks to peak-shaving control,

should (at the very least) counterbalance the cost of the bypass valve.
5. Conclusions

In light of the discussion in Section 4, CCD is essential to minimise
the LCoE, since the control possibilities, such as peak-shaving control,
impact costs and Eillfei Furthermore, although ¢ maximisation is not
the final objective, it is important to increase ¢ in WECs, especially if
WECs are to compete against wind energy. For instance, for the Mutriku
OWC, the annual mean ¢ is ~ 0.11 [56] while, for European wind
turbines, the annual mean ¢ is around 0.21-0.29 [57,58]. Thanks to the
availability of suitable actuators (i.e., a bypass valve) and CCD (to find
the optimum control-informed system parameters), there is certainly a
significant margin for improvement in { for OWC WEGCs, as suggested
by Fig. 11.

A CCD approach may have two main issues: CCD may be com-
putationally expensive and, potentially, complex to automate. To this
end, one of the main achievements of this paper is the fact that the
considered CCD approach is relatively computationally friendly and
straightforward to automate. First, the control system design procedure
(in Section 3.3) is simple (for instance, upyp,,, is fully determined by
simply choosing P , P, and fi,s)- Indeed, keeping the control
design sufficiently simple is an essential requirement to easily automate
the CCD procedure. More sophisticated control strategies can always be
designed later for the parametric points in the neighbourhood of the
LCoE* minimum (which provides an informed initial guess obtained
with the simple controllers). Furthermore, since uyy,; is SS-based, not
all the sea states have to be simulated, for all the I“iJ. For a SS in which
Pue < P, the produced electric energy stays the same with, or
without, the bypass valve. Therefore, only the SSs for which uyg,, # 0
have to be re-simulated. Finally, since a parametric CCD approach is
considered, and since the solution for each case is independent of the
other cases, different cases can run in parallel [59].

The LCoE*, in Fig. 10, provides a quantitative estimate of how much
the LCoE is potentially reduced if the OWC parameters are optimised
considering control. However, LCoE* likely underestimates LCoE since:
(@) Chio does not include cost of development and design [43], (ii) losses
in the power train, such as hydrodynamic viscous losses due to vortex
shedding [60], are not considered [61], (iii) even with maintenance,
the OWC performance will deteriorate with age [62], and (iv) power
production may be interrupted for maintenance or a system failure. In
relation to (iv), if maintenance is scheduled at a convenient time (i.e., in
low energy sea states), and if fault-tolerant control is used to improve
maintenance operation flexibility, the increase in LCoE due to operation
interruptions may be limited. In any case, the main scope of this paper
is not to accurately estimate LCoE, rather to devise an automatable
CCD procedure, with a reasonable computational cost, for an OWC with
rotational speed and power dissipation control possibilities.

Finally, it should not be forgotten that, despite LCoE being a suitable
high-level cost function, LCoE is only a statistical metric characterising
the cost of the produced energy, and therefore does not fully represent
the ‘real value’ of wave energy. For instance, the LCoE does not consider
real-time factors (such as real-time energy market price/demand in
relation to the availability of wave energy and/or energy from other
renewable resources), energy storage (possibility to store energy and
use it when required), complementarity between wave energy and
other renewable resources, and the creation of job opportunities.
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