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ABSTRACT
Recently, cyclorotors, utilizing lift rather than buoyancy

forces for energy extraction, have been proposed and inherit
many of the appealing features characteristic of modern wind
turbines. In particular, the ability to spill energy though foil
pitching allows the device to remain at rated power despite sig-
nificant variations in input power level, while additional cycloro-
tor features, including variable submergence depth and rotor ra-
dius, also permit a significant degree of modulation of the device
structure, and energy absorption characteristics, offering consid-
erable flexibility. These configuration flexibilities, in addition to
torque control of the rotor/generator shaft (also characteristic of
wind turbines) offers the control engineer considerable freedom
in adjusting the device characteristics to maximise the effective-
ness of the device in capturing wave power, while maintaining
structural integrity and minimizing harmful stresses on system
components. However, such flexibility also provides a signif-
icant challenge in the form of a multivariable control problem
for a system described by significantly nonlinear hydrodynam-
ics. This paper describes a proposed hierarchical control sys-
tem for a cyclorotor wave energy device, utilizing submergence
depth, rotor radius, foil pitch angles, and shaft torque as control
inputs. The hierarchy involves the separation of the control actu-
ators into two classes: structural (or slow) control effectors, and
wave-by-wave (or fast) control effectors. In particular, the paper
will examine the interaction between the two levels of the control
hierarchy and the need, if any, for simultaneous optimisation of
the control parameters at both levels.
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1 INTRODUCTION
It is widely accepted that energy-maximising control sys-

tems are crucial to maximise the economic performance of wave
energy converters, with expectations of doubling of captured
power in realistic (irregular) waves [1]. However, the means
by which control actions are implemented, and wide variety in
the range of concepts, principles, and structural geometry as-
sociated with WEC technology, preclude the possibility for a
generic approach to energy-maximising control of wave energy
converters. In general, for heaving point absorbers, flaps and
other diffraction/buoyancy-activated devices, the typical control
input is the force (or torque) realised by the power take-off (PTO)
system in resisting the motion of the device [2]. The PTO, there-
fore, is the system component which converts the wave energy
converter (WEC) motion into useful energy. The PTO normally
consists of a linear or rotational generator as the final element,
with a potential intermediate hydraulic stage to convert the high
force/low speed motion into higher speed motion (with the po-
tential addition of motion rectification) preferred by electrical
machinery.

Cyclorotors, which can have a variety of forms [3], generally
permit a range of control mechanisms, which operate on a vari-
ety of timescales, harnessing hydrodynamic lift forces [4], rather
than diffraction/buoyancy forces. This presents both a significant
opportunity to optimise power capture [5–7], but also a challenge
in managing the multivariable nature of the control problem. To

1 Copyright © 2022 by ASME



date, some progress has been recorded in control studies on cy-
clorotors, with initial analysis and experimental results carried
out by Hermans et al [8], Scharmann [9] and the Atargis Energy
Corporation [10–13]. These pioneering studies focus on wave
cancellation as a control performance metric and used a constant
cyclorotor rotational speed. More recently, some studies have
shown the benefit of a variable rotational velocity, and the use of
shaft power as a primary performance metric [14]. Specific stud-
ies [15] examined the use of both relatively fast acting (generator
torque, foil pitch angles), and slow acting (submergence depth,
rotor radius) control actuators have recently emerged, showing
potential improvement in power capture of over 100%,

Given the disparity of time scales over which control ac-
tuators can operate, to date there has been no analysis of the
interaction between these different actuator sets on the system
performance. To that end, this paper performs a preliminary sen-
sitivity analysis, which examines the need for co-optimality be-
tween control effectors operating on different time scales. This
leads to a (temporal) control hierarchy, which provides a suit-
able framework for the analysis of interaction effects. A minor
contribution of the paper is the consideration, from a qualitative
perspective, of the impact of various control actions on device
structural health, as well as some more general economic con-
siderations.

The remainder of the paper is organised as follows: Sec-
tion 2 details the cyclorotor system, showing the control effec-
tors and also providing a schematic which documents the manip-
ulated (control) variables. Section 3 outlines the validated sys-
tem model which is used for evaluation and control optimisation
calculations, while Section 4 documents the control metrics and
the real-time control parameterisations employed. The core re-
sults of the paper are developed in Section 5, which include some
sample time-domain results, but focus mainly on the sensitivity
interactions between the fast and slow control actuators. Finally,
conclusions are drawn in Section 6.

2 CYCLOROTOR SYSTEM
2.1 System description

The cyclorotor system is shown in Fig.1. Note that, while
Fig.1 shows a 2-foil rotor, a different number of foils could be
used, though the vast bulk of cyclorotors tested to date have ei-
ther one or two foils [9, 10]. From Fig.1, four manipulated (con-
trol) variables are evident: Submergence depth Ds, rotor radius
R, foil pitch angle γ , and generator torque T . We assume the op-
timal relation between hydrofoil chord C and operational radius
R as C = 0.8R, which has been established in [16]. For a two-foil
system, we will assume that the foils have opposite pitch angles
i.e. γ1 =−γ2 = γ [13], resulting in just a single foil angle control
input γ .

2.2 Control system hierarchy
The current approach [15] to the manipulation of the var-

ious control effectors, in an effort maximise power capture, is

FIGURE 1. Schematic of a 2-foil cyclorotor system system, showing
the various manipulated variables of submergence depth Ds, rotor ra-
dius R, foil pitch angle γ , and generator torque T . θ̇ denotes the rotor
angular velocity. SWL denotes the still water level.

FIGURE 2. System block diagram, showing the range of manipulated
variables (inputs) and target quantities (outputs).

somewhat ‘sequential’ in terms of the optimisation strategy, as
shown in Fig.3. The sequential procedure can be summarised as
follows:

1. The performance metric is the converted (shaft) energy.
2. Assuming a constant rotational speed, and a neutral foil

pitch angle, the submergence depth Ds and rotor radius R
are optimised.

3. The evolution of real-time pitch angle γ and angular velocity
θ̇ are now parameterised in terms of Fourier series and the
optimal Fourier coefficients determined to maximise con-
verted energy.

We note that the procedure above can be carried out for both
monochromatic and panchromatic incident waves. This sequen-
tial procedure provokes two important questions:

(a) Are Ds and R now optimal, considering that γ and θ̇ are not
constant, and

(b) What is the effect of a non-optimal Ds and R on the optimal
evolution of γ and θ̇?

Issue (a) above relates to the fact that the optimisation procedure
in Fig.3 is sequential from top to bottom, while (b) relates to
the possibility of local optima for Ds and R, or the (inevitable)
presence of errors in the model of Section 31.

1However, we note that, in general, the model of Section 3 validates well against
previously published experimental data [17] though, of course, no model is per-
fect.
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FIGURE 3. Previous control optimisation strategy, showing sequen-
tial process

3 Outline of system model
We model the hydrofoils using a point-source representa-

tion [18, 19], with the corresponding equations validated against
experimental results obtained by previous studies [8, 11, 12] in
terms of waves radiated by a rotor, and assuming a 2D hydrofoil
thin chord profile. In the 2D model, we consider the side pro-
file of the cyclorotor, with the output power expressed in Watts
per meter of foil width (W/m). The results of the free rotor rota-
tion in waves, obtained with the use of a point source model, are
presented in [17].

In the point source model, it is assumed that the lift, drag
and tangential forces are caused by the interaction of the rotation
of hydrofoil i with an overall relative velocity V̂i, representing
the vector difference between the wave induced fluid velocity
VWi and the instantaneous (rotational) velocity of foil i VRi , plus
the sum of the wakes left by the moving foils VHWi,j , and the
instantaneous radiation from the other foils VHMj as:

V̂i = VWi −VRi +VHWi +VHMj +VHWj (1)

The rotational velocity components VRi for foil i can be
found as the partial time derivatives of the hydrofoil positions
(xi,yi) where:

xi(t) = Rcos(θ(t)+πi) (2)
yi(t) = y0 −Rsin(θ(t)+πi) (3)

with θ(t) being the position of the hydrofoil in polar coordinates.
In this research, we consider the operational radius of the rotor
R, the rotational rate θ̇(t), submergence depth of the rotor cen-
tre Ds, and the (related) hydrofoil pitch angles γi (γ) as the pa-
rameters which must be optimised for specific sea states. Note
that, in this representation, pitch angle γ , submergence depth Ds
and rotor radius R are set as independent parameters, while mo-
tor torque T is used as the manipulated variable in the closed
loop control of velocity θ̇ . A detailed explanation of the opti-
misation problem, as currently dealt with in [15], is presented
as a block-scheme in Fig.3. In the following, we briefly present
some general equations of the point source model to highlight the

nonlinear influence of the optimisation parameters on tangential
force generation and the performance metrics of the rotor. For a
fuller treatment, the reader is referred to [17–19].

The velocity components VW of the wave-induced water
particle movements can be found as the partial derivative of the
potential, using the corresponding coordinate. For example, for
the case of the Airy potential, the velocity components can be
found as a gradient:

ΦW =
Hg
2ω

eky sin(kx−ωt) (4)

VW = ∇ΦW (5)

where H is the height, ω is the frequency and k is the wave num-
ber of the incoming wave, with g being gravitational accelera-
tion. The velocity components of the waves radiated by the mov-
ing point source can be described by the following formula:

VH =
∂F (z, t)

∂z
= (VH)x −i(VH)y (6)

which can be separated into the instantaneous radiated waves
VHM and wakes VHW which are left in the hydrofoil’s path:

VH = VHM +VHW (7)

The waves generated by the hydrofoils are described by the
use of the complex potential, derived in [18, 19], as:

F (z, t) =
Γ(t)
2πi

Log
[

z− c(t)
z− c̃(t)

]
−

2i
√

g
π

∫ t

0

Γ(τ)√
i(z− c̃(τ))

D

[ √
g(t − τ)

2
√
i(z− c̃(τ))

]
dτ

(8)

where z = x+iy is the coordinate on the complex plane, c(t) =
x(t)+iy(t) is the position of the hydrofoil, and D(x) is the Daw-
son function [20]:

D(x) = e−x2
∫ x

0
ey2

dy. (9)

The velocity potential ΦH of the waves radiated by the mov-
ing foils can then be found from the following relation:

ΦH(x,y) = Re[F (z, t)] (10)
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Note that the tangential forces FT depend on the lift and drag
coefficients CL(α) and CD(α), respectively, the chord length of
the hydrofoil C, the water density ρ , and the overall hydro-
foil/fluid relative velocity V̂ at the current hydrofoil position
(xi,yi):

FT =
1
2

ρ(CL(α)sin(α − γ)−CD(α)cos(α − γ))|V̂ |2 C (11)

where γ is the optimal constant hydrofoil pitch angle and α is
the attack angle.

4 Control calculations
As described in Section 2, the control effectors operate on

various time scales with, in general, the structural control param-
eters only changed in relation to sea state variations, due to their
slow rate of movement. In contrast, changes in foil pitch angle
and (especially) shaft/generator torque can be implemented on
an inter-wave or intra-wave basis. To achieve maximum cycloro-
tor energy conversion performance, all control inputs must be,
ideally, simultaneously optimised.

4.1 Performance metrics
It has been shown [15] that, in the case of a cyclorotor WEC,

which rotates in monochromatic waves with the same phase and
rotational rate as the waves, all hydrodynamic and mechanical
processes became periodic after K ∼ 10 rotational periods, at
time instant TK . Thus, the mechanical energy which can be gen-
erated, during one stable period between TK and TK+1 seconds, in
monochromatic waves, in terms of shaft power, has the following
form:

R
T

∫ TK+1

TK

(FT1 +FT2) θ̇(t)dt (12)

where TK represents wave period K. In the case of panchromatic
waves, the periodic solution of [15] is not appropriate, and the
influence of the moment of inertia I of the rotor must also be
taken into account, since θ̇(TK+1) ̸= θ̇(TK). The optimisation
also must start after the moment T0 when the complex (caused
by rotation) velocity field has formed in the vicinity of the ro-
tor. Then, for the case of panchromatic waves, the shaft power
functional has the following form:

1
(T −T0)

∫ T

T0

(
(FT1 +FT2)R− Iθ̈(t)

)
θ̇(t)dt (13)

4.2 Harmonic control solution
A solution for variable rotational rate θ̇(t) and hydrofoil

pitch angle γ(t) in the form of a Fourier series (for the monochro-
matic wave case) is proposed:

[
θ̇(t)
γ(t)

]
=

[
ω

γ0

]
+

m

∑
i=1

[
ai
âi

]
cos

(
2π t
T

i
)
+

[
bi

b̂i

]
sin

(
2π t
T

i
)

(14)

where (ai,bi) and (âi, b̂i) are the amplitude coefficients of the
harmonic terms corresponding to the time domain expression for
rotational rate θ̇(t) and hydrofoil pitch angle γ(t), respectively,
expressed as variations around the nominal values of ω and γ0,
respectively, with ω being the (monochromatic) wave frequency.
Note that the variational representation eases the optimisation
problem for the unknown (ai,bi) and (âi, b̂i), since the solution
of (14) is already in the region of the global optimum.
For the case of panchromatic waves,

[
θ̇(t)
γ(t)

]
=

[
θ̇0
γ0

]
+

m

∑
i=1

[
ai
âi

]
cos

(
2π t
Text

i+
[

ci
ĉi

])
+

[
bi

b̂i

]
sin

(
2π t
Text

i+
[

di

d̂i

])
(15)

where the additional phase offset terms (ci, ĉi) and (di, d̂i) are in-
cluded beyond (14) and the monochromatic wave frequency ω

is replaced with a nominal rotational speed θ̇0, which is the opti-
mum (constant) rotational rate for the fundamental period [T0,T ],
again with the intention of easing the global optimisation prob-
lem. Text , in (15), is an extended time interval selected as twice
the interval on which we consider the energy generation [T0,T ].
This condition permits a non-periodic solution, over the limited
solution domain.

The problem of simultaneous identification of the optimal
series coefficients for real time control strategies (14), (15) and
structural parameters Ds, R is solved using a Python implementa-
tion of simplicial homology global optimisation and differential
evolution [21, 22]. The convergence of this spectral method has
already been demonstrated in [14, 15].

It is assumed that we can estimate the properties of the
incoming wave-induced wave particle velocities over the next
10 seconds, using measurements from an acoustic Doppler ve-
locimeter (ADP) and an estimation algorithm developed by the
Atargis Energy Corporation [23].

In order to provide sufficient control freedom, the constraint
on the main shaft torque is selected as |T | < 2 · 107 Nm. Vari-
ations in the rotation rate ω̃ = θ̇/ω are also limited to 1/2 <
ω̃ < 2, to satisfy realistic electrical machine capabilities, while
excursions in pitch angle are limited to |γ ′(t)|< 15o s−1 to avoid
significant hydrodynamic pressure on the hydrofoils.

5 Cyclorotor optimisation results
In this section, the various manipulated variables of the

cyclorotor are optimised, for the case of monochromatic and
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panchromatic waves, maximising the performance metrics of
(12) and (13), respectively. In particular, we focus on two issues:

a The degree to which R and Ds, optimised for a constant ro-
tational rate θ̇ and pitch γ (as in [15]), are still optimal under
variable θ̇ and γ , and

b The sensitivity of the system performance, and optimal so-
lutions for θ̇ and γ , to mismatch in optimal R and Ds.

5.1 Monochromatic waves
In this subsection, we study the optimal structural design

and control strategies for a cyclorotor-based WEC, operating in
monochromatic waves with T =10s and H=2m, with power PWave
= 38.3 kW/m. The performance of the cyclorotor is assessed in
kW of mechanical power, per meter of cyclorotor shaft length
(i.e. kW/m).

5.1.1 Constant θ̇ and γ As a baseline case, the
structural optimisation of a cyclorotor with two hydrofoils
NACA0015 [24], with a constant rotational rate matched with
the incoming wave frequency θ̇ = ω , is examined in Table 1,
considering the simplest case of a neutral pitch angle of γ = 0o.
Note the sensitivity of the converted mean power to variations in
Ds and R, with an optimum R of 7.5m and as shallow a depth as
possible (subject to interaction with surface effects).

A slightly more complex case now utilises a constant pitch
angle γ which maintains, on average, an optimum γ correspond-
ing to a constant rotational rate [13] stall angle of attack αi = 15o

between the rotor foils and the movement of the surrounding wa-
ter particles. Even with a constant γ , the employment of an op-
timal (constant) pitch angle has the effect of almost doubling the
mean converted power (compared to the neutral pitch case), as
shown in Table 2, with the corresponding optimal pitch values
shown in Table 3. Apart from the significant increase in con-
verted mean power, other characteristics of Tables 2 and 3 are
noteworthy:

(a) The optimal radius R is still 7.5m,
(b) The optimum submergence depth Ds, in general, is still min-

imal, though a slightly larger depth is preferred around the
optimum power capture point,

(c) The sensitivity of PSha f t to variations in Ds is significantly
reduced, and

(d) The optimal pitch angle (from Table 3) is not especially
sensitive to reductions in R below its optimal value, but is
sharply sensitive to increases.

5.1.2 Variable θ̇ and γ Still using monochromatic
waves, the solution in (14) is now optimised against the perfor-
mance criterion in (12). By way of example, for m = 12 harmon-
ics, the time domain solution for θ̇ and γ is shown in Fig.4. It
can be noted that, similarly to the results obtained in [15], there
is significant variation in both θ̇ and γ , with θ̇ values of up to
twice the wave frequency and γ values varying up to 50% from

TABLE 1. Performance (kW/m), in terms of shaft power PSha f t , for
a twin-foil cyclorotor with a constant neutral pitch angle γ = 0o and
constant rotational rate θ̇ = ω , for various values of submergence depth
Ds and radius R, in monochromatic waves with T = 10s and H= 2m.

Ds(m)\R(m) 4.5 5.5 6.5 7.5 8.5

12.75 7.17 9.4 11.18 12.1 11.85

13.75 6.68 8.82 10.53 11.47 11.3

14.75 6.21 8.23 9.86 10.78 10.7

15.75 5.77 7.66 9.2 10.06 9.93

16.75 5.35 7.11 8.54 9.34 9.18

TABLE 2. Performance (kW/m), in terms of shaft power PSha f t , for a
twin-foil cyclorotor with optimal constant pitch angle γ = γopt (see Table
3 for values) and constant rotational rate θ̇ = ω , for various values of
submergence depth Ds and radius R, in monochromatic waves with T =
10s and H = 2m.

Ds(m)\R(m) 4.5 5.5 6.5 7.5 8.5

12.75 12.6 19.95 25.79 26.12 24.4

13.75 12.14 19.38 25.61 26.8 24.46

14.75 11.69 18.78 25.21 27.26 24.81

15.75 11.25 18.17 24.68 27.42 25.28

16.75 10.82 17.55 24.08 27.36 25.75

TABLE 3. Values of optimal constant pitch angles γopt [deg] corre-
sponding to Table 2, in monochromatic waves with T = 10s and H =
2m.

Ds(m)\R(m) 4.5 5.5 6.5 7.5 8.5

12.75 8.75 10.45 11.5 9.55 6.57

13.75 8.91 10.53 11.6 10.48 6.96

14.75 9.06 10.6 11.58 11.09 7.55

15.75 9.21 10.67 11.54 11.14 8.28

16.75 9.36 10.69 11.5 11.3 8.49

TABLE 4. Performance (kW/m), in terms of shaft power PSha f t , for
a twin-foil cyclorotor with variable pitch angle γ and variable rotational
rate θ̇ , for various values of submergence depth Ds and radius R, in
monochromatic waves with T = 10s and H = 2m.

Ds(m)\R(m) 4.5 5.5 6.5 7.5

12.75 15.94 25.17 38.24 38.3

13.75 15.09 24.73 37.1 38.3

14.75 14.4 22.47 36.26 38.3

15.75 13.82 23.04 33.83 38.3

16.75 12.91 22.97 32.8 38.3
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the constant optimal value. We can also note that considerable
utility is made of the higher harmonics, with there being no ob-
vious profile matches between the evolution of θ̇ and γ compared
to the evolution in the free surface. This is in sharp contrast to
the case for more traditional buoyancy/diffraction-based WECs
where, under optimal conditions, a strong correlation between
wave excitation force (closely related to the free surface profile)
and the device velocity exists [2]. Note also that the use of higher
harmonics in hydrofoil pitch angle are not so significant (due to
the simple circular motion of the wave particles), but the rota-
tional rate switches between available maximum and minimum
values. While marginally higher PSha f t values can be obtained for
larger values of m, the use of more harmonics also brings higher
stresses, and stress frequencies/rates, on the system structure.

FIGURE 4. Example time-domain solution for variable pitch and
rotational rate for a cyclorotor with radius R=5m and submergence
Ds=15m in monochromatic waves with T =10s and H=2m. The rotor
generates PSha f t=19.66kW/m with the use of m = 12 harmonics.

FIGURE 5. Increase in instantaneous power generation after imple-
mentation of the control strategy presented in Fig. 4, showing the sig-
nificant improvement under variable pitch and rotational rate.

Table 4 shows the sensitivity of the converted mean power
to variations in radius R and submergence depth Ds, where both
θ̇ and γ are allowed to vary with time. A key aspiration here is
to see if optimal R and Ds values calculated for the constant θ̇

and γ case are still optimal for the variable θ̇ and γ case. Specif-
ically, Table 4 shows that the optimal radius of 7.5m is still pre-

ferred (within the range of R examined), with any sensitivity to
the depth being minimal. We note that it would be challenging
to construct real-world rotors of radius approaching 10m, due to
the significant structural loads involved [16].

5.2 Panchromatic waves
In this subsection, the optimal (combined) structural design

and control strategy, for a cyclorotor-based WEC operating over
a 10 s time interval of panchromatic waves with Hs=1.5m and
Te=8s is examined. The average power of such a panchromatic
wave is PWave=8.3kW/m. The moment of inertia I of the cycloro-
tor, which plays a role in the panchromatic case [15], is pro-
portional to its radius R and chord length C and the following
approximation:

I = 2∗R2 ∗C ∗M (16)

where M = 2kg/m2 is the mass of one square metre of foil sur-
face, is employed.

The optimal structural design R,Ds of a cyclorotor with two
hydrofoils NACA0015 [24], with a constant pitch angle γ0 = 0
and constant optimal rotational rate θ̇0, for the same panchro-
matic wave Hs = 1.5m and Te = 8s, is studied in [15]. In this
current study, however, we solve the problem of the simultane-
ous optimisation of the cyclorotor geometry R,Ds and real-time
control strategy for variable rotational rate θ̇ and variable pitch
angle γ .

FIGURE 6. The solution for variable pitch and rotational rate for a cy-
clorotor with radius R=6m and submergence depth Ds=12m in panchro-
matic wave Te=8s and H=1.5m.

Again, by way of example, Fig. 6 shows the solution for
variable pitch and rotational rate for a cyclorotor with radius R
= 6m and submergence depth Ds = 12m in the presented 10 sec-
onds of a panchromatic wave with Te = 8s and Hs = 1.5m. As
a baseline, we note that, if the cyclorotor rotates with a constant
optimal rotational velocity θ̇0 = 0.3rad/s and neutral pitch angle
γ = 0o, it will generate just PSha f t = 0.6 kW/m while, after im-
plementation of the real-time control strategy for θ̇ and γ , the
generated power increases by a factor of more than 6, viz. PSha f t
= 4.12kW/M.

6 Copyright © 2022 by ASME



FIGURE 7. Increase in instantaneous power generation following im-
plementation of the control strategy presented in Fig. 6.

For the panchromatic case, the optimal variations in pitch
angle γ and rotational rate θ̇ are quite significant, due to the
stochastic and frequent changes in the speed and direction of the
water particle motion in the path of the hydrofoils, constantly
maintaining an optimal attack angle (and, as result, the lift coef-
ficient) and rotational rate.

The angle of attack α is not only controlled using the foil
pitch γ , but also using the rotational rate θ̇ , with the incident wa-
ter particle velocity vector as an unmeasured input. This type
of control is not straightforward, since the tangential force FTi is
proportional to |V̂i|2 (11) which, in turn, is related to the instanta-
neous foil velocity VRi via (1). In contrast, the angle of attack α

is inversely proportional to the instantaneous foil velocity VRi (if
VRi is infinite, α and CL are zero). However, a decrease in rota-
tional rate θ̇ , to maintain an optimum stall attack angle (of 15o),
may also decrease the rotor performance in terms of shaft power,
since PSha f t ∼ θ̇ 3 (12), (13). Thus, in some cases, the attack an-
gle α can be decreased and, as result, decrease the lift coefficient
CL(α), but the rotational rate θ̇ of the cyclorotor will increase,
with an overall increase in PSha f t .

However, the optimal active pitch control strategy has a con-
sistently positive effect on shaft power generation PSha f t . In any
event, the amount of parasitic energy expended for real time pitch
control, and physical limitations on the hydrofoil pitch angle rate
γ̇(t), require further investigation.

In terms of the sensitivity of mean converted shaft power
to Ds and R, for the panchromatic wave case, Tables 5 and 6
show the variations in PSha f t for corresponding changes in sub-
mergence depth Ds and cyclorotor radius R. The reduced range
of Ds and R, compared to the monochromatic case, reflect the
significantly increased computational demands of the panchro-
matic case, especially considering the need for a set of sea-state
realisations to obtain statistically significant results. From Tables
5 and 6, two broad conclusions can be drawn:

(a) The captured mean power is relatively insensitive to vari-
ations in Ds and R, compared to the monochromatic case,
while

(b) In general, maximum values of R, and minimum values for
Ds are preferred, which are somewhat consistent with the

results of Section 5.1

TABLE 5. Performance (kW/m), in terms of shaft power PSha f t , in
panchromatic waves for a twin-foil cyclorotor with a neutral pitch angle
γ = 0 and constant rotational rate θ̇0 = 0.3 rad/s for various values of
submergence depth Ds and radius R in panchromatic waves with Te = 8s
and Hs = 1.5m.

Ds(m)\R(m) 5 6 7 8

11 0.41 0.68 0.89 1.1

12 0.43 0.6 0.78 0.96

15 0.3 0.41 0.51 0.6

TABLE 6. Performance (kW/m), in terms of shaft power PSha f t , in
panchromatic waves for a twin-foil cyclorotor with variable pitch angle
γ and variable rotational rate θ̇ for various values of submergence depth
Ds and radius R in panchromatic waves with Te = 8s and Hs = 1.5m.

Ds(m)\R(m) 5 6 7 8

11 3.35 4.28 6.39 11.9

12 3.15 4.12 6.04 8.65

15 2.85 3.65 4.6 7.99

6 Conclusions
This study aimed to examine the interplay between the 2

broad levels of the hierarchical control system presented in Fig.2.
From the results presented in Section 5, it is clear that there is
significant interaction between the two (fast and slow) control
hierarchies, particularly for the monochromatic case. The results
of Section 5.1 show a significant sensitivity in PSha f t to variations
in Ds and R, suggesting that the optimum Ds and R calculated for
the optimal constant θ̇ and optimal constant γ may not be optimal
for the case where a variable θ̇ and γ are employed. However,
perhaps more meaningful conclusions can be drawn from the re-
sults of Section 5.2 (more realistic panchromatic waves), which
show a broad monotonic increase in PSha f t with increasing R and
decreasing Ds. Therefore, the choice of the ideal Ds and R pa-
rameters for a particular wave site are likely to be determined
by economic issues which balance the capital, and potential op-
erational, cost of a large rotor against the energy receipts which
incremental changes in R bring. We note that, in general, given a
particular optimal radius R, maximum power is captured by plac-
ing the cyclorotor as close to the surface as possible, subject to
avoidance of harsh surface effects. Significant issues relating to
structural loading on larger devices must also be considered.

A clear conclusion of this study, consistent with the results
of [14] and [15], is that there is a significant benefit to the em-
ployment of a variable rotational rate θ̇ , with potential improve-
ment in captured power of average factor of 8, via the comparison
of Tables 5 and 6. The situation regarding the use of a variable
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pitch angle is perhaps not so crucial in monochromatic waves,
providing that an optimised constant pitch (rather than a default
neutral pitch) is employed.

However, for real sea-state variations, the optimal pitch an-
gle will have some sensitivity to sea state and optimisation over a
sea-state scatter plot for any target site is recommended (though
computationally onerous). Fig.6 demonstrates that variable pitch
can have a very useful benefit in panchromatic waves but also
carries significant implementation issues. The use of a fixed pitch
angle would significantly reduce reliability/maintenance issues,
as well as a moderate reduction in capital cost and any para-
sitic energy consumption associated with the use of pitch actua-
tors. Ultimately, a balance must be struck between the economic
benefit (extra energy receipts) and detriment (increased capital
cost, reduced reliability, parasitic energy consumption) of vari-
able pitch angle. In addition, this study has assumed a relatively
simple mechanism for pitch actuation, where γ1 =−γ2 = γ , con-
sistent with some previous studies [13]. It is likely that, with
the freedom of individual optimisation of γ1 and γ2, greater gains
in captured energy could be achieved, but at greater penalties in
reliability and capital cost. In addition, the control optimisation
problem would become even more challenging with the increase
in control space dimension.

This study has several limitations. One limitation is that the
performance of the rotor, in terms of mechanical power PSha f t ,
is not closely connected to the incoming wave power PWave.
As a result, values of generated power exceeding the incoming
wave power can be obtained for a rotor with large radius val-
ues (Table 4). This problem is the result of approximated lift
and drag coefficients; specifically, the lift and drag coefficients
CL,CD [24] traditionally used for cyclorotor-based WEC perfor-
mance assessment for the Atargis [13, 25] and LiftWEC [15]
devices were obtained experimentally for airfoils in ideal con-
ditions of an air-tube. In contrast, preliminary analysis of re-
cent experiments in the wave flume of École Centrale de Nantes
(ECN), France [26, 27] have shown that rotating hydrofoils in
water experience quite significant drag and energy losses due to
radiation damping (the rotor expends additional energy in radiat-
ing waves).

A further limitation relates to the nature of the nonlinear
model (see Section 3 and [18]) used for simulation and, in par-
ticular, solution for the optimal control parameters. The use of
this model, while computationally efficient compared to, say, a
CFD model, results in a non-convex optimisation problem for the
control parameters, with a consequent limitation in the number
of cases (i.e. span of R and Ds values) that can be examined.
Therefore, the results presented in Section 5 do not allow com-
prehensive conclusions to be drawn; rather the results should be
considered as indicative. The difficulty in solving the control
optimisation problem also has implications for any attempt to
implement real-time control in an experimental setting; however,
this is the subject a a separate research effort.
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