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generator convert the alternating airflow induced
by the water motion into kinetic energy, then to
electric energy. Although, there is potential for
low-power single OWC applications [6], floating
point-absorber type OWCs are also a great can-
didate to deploy in parks. For grid-scale elec-
tricity production, parks of WECs seem more
viable compared to single huge device due to
benefits like modularity and deployability, and
the ability to share mooring systems, thereby
reducing the high cost for bottom mooring lines
[7]. We design our control schemes based on
a case study of data publicly available of the
IDOM Marmok A-5 spar-buoy OWC [8]. This
floating OWC has been successfully deployed
for three years at the BiMEP test site (Basque
Country, Spain) within the H2020 OPERA Project
(http://opera-h2020.eu/). We select the biradial
turbine for this work and assume an HSSV is
installed in front of the turbine [9]. We assume a
WEC park of seven devices placed in an equilat-
eral hexagon with one WEC in the center, as first
suggested by Vicente et al. [10]. We will call the
equilateral triangle array, which is oriented off
shore (negative surge axis in Fig. 1) the server
array and the 4 WECs surrounding the center
WEC, with x ≥ 0, the clients when it comes
to reference following. The server array has the
benefit that it can pass on information about the
incoming waves to the client WECs without the
need for wave prediction [4].
In this paper, we first develop a detailed floating
OWC park simulation model in state space form.
Then, we describe the WEC park as a discrete
event system. Last, we design a supervisory
controller that sits on a higher hierarchical level
than the local controllers governing the energy
conversion. We follow the standard supervisory
control approach previously used for the control
of wind power systems [11]. The control design
is based on the knowledge of the two proceeding
models. The supervisor will automatically enable
and disable local controllers based on the current
operating regime. Other hierarchical control ap-
proaches for WECs are focused on reducing the
sensitivity to modelling errors while maximizing
energy conversion [12], or for reference gener-
ation [13]. We want to achieve a more holistic
approach, trying to efficiently convert energy
in all kinds of operating regions and shedding
power when necessary.

II. MODELLING

The main purpose for the state space model of
the entire OWC park is to simulate the WEC
response in the time domain. The physical mean-
ing of the state space states is helpful for deter-
mining the discrete states when looking at the

park from a higher level for the discrete event
model in Sec. II-E. To describe the current state of
the WEC park, we start with the position vector

xpos,i =
[
xi yi zi rxi ryi rzi z

p
i

]T
, (1)

which contains the displacements xi (surge), yi
(sway), zi (heave) and the rotations about the
respective axis rxi (roll), ryi (pitch), rzi (yaw)
expressed in a inertial (world-fixed) coordinate
frame for WEC i. The last entry in (1) is the heave
position of the imaginary piston representing the
water column inside the WEC z

p
i . To express the

dynamics of a WEC, a body-fixed reference frame
should be used, since the inertial properties of
the WEC remain constant in time in this frame
[14]. We use the linear mapping Jr,i at every
time step to correct for the translations and rota-
tions between body frame ( ˆ ) and world frame,
namely

xvel,i =Jr,i

[
˙̂xi

˙̂yi ˙̂zi ˙̂rxi
˙̂ryi

˙̂rzi
˙̂z
p
i

]T

︸ ︷︷ ︸

x̂vel,i

(2)

with, Jr,i =





Rr,i 0
3×3 0

0
3×3

T r,i 0
0
1×3

0
1×3 cos ryi cos r

x
i



 .

(3)

Here Rr,i the intrinsic rotation matrix about
rzi , rxi , ryi is applied to the transnational veloc-
ities. The rotation,

T r,i =





1 sin rxi tan r
y
i cos rxi tan r

y
i

0 cos rxi − sin rxi
0 sin rxi / cos r

y
i cos rxi / cos r

y
i



 (4)

is applied to the rotational velocities [14]. The last
entry of (3) governs the pistons heave velocity
inside the potentially rotated WEC.

A. Wave Body Interactions

The hydrodynamic model of the WEC park is
based on linear water wave theory and described
in more detail in our prior work [15]. In order to
extend our case study from an array of three de-
vices to the WEC park with seven devices we had
to remove the imaginary water column represen-
tation in the boundary element solver, ANSYS
Aqwa, to obey the mesh elements constraints.
As part of the post-processing, we combine the
hydrodynamic coefficients in all six degrees of
freedom (DoF) of the seven buoys with the
heave characteristics of the imaginary full water
columns previously identified [15]. A detailed
study on the combination exceeds the scope of
this paper. We make practical corrections with
nonlinear forces to mitigate the limitations of the
linear approach, such as the viscous drag force,
mooring force and the nonlinear force connecting
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and lastly two equations imposing geometrical
constraints,

0 = cosα1L1 + cosα2L2 + cosα3L3 − h(t) (9)

0 = sinα1L1 + sinα2L2 + sinα3L3 − z(t). (10)

Here the unknowns α1, α2, α3 denote the angle
between the respective line L1, L2, L3 and the
horizontal plane. The weight force and buoyancy
force of the clump weight and the jumper are de-
noted FC and FJ respectively. In the time domain
simulation, we only solve the system eqs. (6)
to (10) every 0.1s to and hold the value to save
computation time. We use the previous solution
as initial guess for the nonlinear equation solver
to further decrease the computation time. For the
inter body (IB) mooring lines, we assume two
lines with length LIB and weight per unit length
wIB and a single weight force FIB between a buoy-
buoy connection. The vertical force and torque
balance,

0 =− TIB1
sinαIB1

− 2wIBLIB − FC,IB + TIB2
sinαIB2

(11)

0 =− wIB
L2

IB

2
(3 cosαIB1

+ cosαIB2
)− FC,IB cosαIB1

+ TIB2

(
sinαIB2

hIB(t)− cosαIB2
zIB(t)

)
(12)

are a function of the horizontal and vertical
distance between two IB moored buoys hIB(t)
and zIB(t). If we assume that the IB lines do
not change their length, we can explicitly solve
for the angles to the horizontal αIB1

, αIB2
with

trigonometry. Consequently, we calculate the ten-
sions TIB1

, TIB2
at the ends of the IB mooring lines

analytically, with

[
TIB1

TIB2

]

=

[
−sIB1

sIB2

0 sIB2
hIB(t)− cIB2

zIB(t)

]
−1

·

[

2wIBLIB + FC,IB

wIB
L2

IB

2
(3cIB1

+ cIB2
) + FC,IBcIB1

LIB

]

.

(13)

In (13) we used sIB = sinαIB and cIB = cosαIB

for brevity. Finally, we compute the mooring
force vector F

M
i by mapping the mooring lines

tensions into the body fixed reference frame and
adding up the force and torque components.

B. Power Take Off Model

We would like to identify the instantaneous rel-
ative chamber pressure xp∗,i(t), to quantify the
force acting in opposite direction on buoy and
internal water column, namely,

F
PTO
i = patSOWCxp∗,i(t). (14)

Here, pat denotes the atmospheric pressure and
SOWC the surface of the internal water column.

Fig. 2. Top: Dimensionless turbine characteristics as a func-
tion of the dimensionless pressure head and the position
of the HSSV pHSSV. Bottom: Generator efficiency map as a
function of the turbine-generator sets rotational speed and
generator (control) torque [21].

Air compressibility introduces nonlinearities to
the OWC dynamics which are modeled in de-
tail together with the dynamics of the biradial
turbine in [9]. Based on a mass balance of the
air chamber, assuming that air acts as a per-
fect gas when expanding and compressing, the
change rate of the relative chamber pressure
ẋp∗,i(t) results in a function of the instantaneous
chamber volume, the change rate of the cam-
ber volume and the airflow through the turbine
ṁti(t). Consequently, the heave position of the
buoy and piston and their velocity directly affect
the energy contained air chamber,

ẋp∗,i(t) = fp∗

(

xpos(k),xvel(k), ṁti(t)

)

, (15)

with k = 3+6(i− 1). To identify ṁti(t), we need
the turbine/generator set dynamics in terms of
angular rotational speed xΩ,i(t),

ẋΩ,i(t) =
1

J

(
Tturbi

− Tgen
i
−BxΩ,i

)
. (16)

Here J is the composite moment of inertia (MOI)
of the ith turbine/generator set, B is a constant
that models viscous friction losses. The instan-
taneous torque induced by the air pressure of
the air flow through the ith turbine Tturbi

, will be
called turbine torque and Tgen

i
denotes the in-

stantaneous generator torques of the ith WEC. In
this work we identify the turbine torque with the
experimentally obtained performance character-
istics of the biradial turbine, illustrated in Fig. 2,
as in [20]. Those characteristics are a function of
the dimensionless turbine pressure head, which
itself is a function of xΩ,i(t) and xp∗,i(t), and a
function of the position of the HSSV pHSSV. We do
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c2 Start power conversion
c3 Enable reference following control (SMC)
c4 Enable Ideal Feedback (FB) control
c5 Enable FB and HSSV control
c6 Disable current controller
c7 Enable break sequence
c8 Manual stop / c9 Emergency stop
c10 Start counting / c11 Continue counting

The behaviour of the discrete model is complete
with the uncontrollable events Σu,i:

u1 Enough WEC heave motion (global)
u2 Turbine rotation > min. generator speed
u3 Not enough WEC heave motion (global)
u4 Medium-High WEC heave motion (global)
u5 Low WEC heave motion (global)
u6 Turbine at 90% max. generator speed
u7 Turbine below 90% max. generator speed
u8 Turbine over max. speed
u9 Half of time over max. speed passed

u10 Functional failure
u11 Half of admissible time in overload passed
u12 No suitable controller found

This yields the set of all events Σi = Σc,i ∪ Σu,i.
To describe the transition between the states in
Qi via the events in Σi, the transition function
δi : Qi × Σi → Qi is commonly used. Note
that the event c3S is blocked for the server array.
Uncontrollable events are always able to occur.
This fully describes the automaton for each WEC

Gi = (Qi,Σi, δi, q0, Qm,i), (25)

with the initial state q0 being the STOP state for
the entire park.
2) Global Array State: We model the global array
state based on a the server array motion, the
failure state of the WECs and the current state
of charge to determine the amount of power that
should go to the grid transmission. The resulting
Automaton is trivial, with the functional states
baseload BL, over/under base load, and STOP. We
do not present the Automaton and supervisor,
because of the multiple ways to define the grid
load, e.g. with a simple Fuzzy Logic.

III. CONTROL DESIGN

In this work the controllers only take into ac-
count the dominant dynamics. Therefore, we ne-
glect both the much faster current dynamics of
the electromagnetic energy conversion and the
switching dynamics of the power electronics.

A. Low Level Controllers

First we briefly introduce the local controllers
for the park’s main purpose, power production,
followed by control algorithms for protection
and power shedding.

1) Turbine/Generator Control: Henriques et. al.
present an ideal feedback relation for the gen-
erator control torque based on the instantaneous
turbine rotational speed [9], [24], namely,

ugen,i = min
(

abepx
2

Ω,i, P
rated
gen /xΩ,i, T

max
gen

)

. (26)

It is ideal in terms of the maximization of the
aerodynamic efficiency of a fixed OWC which
runs the identical biradial turbine and is limited
by the physical generator constraints, namely the
rated power P rated

gen and the maximal generator
torque Tmax

gen . The parameter abep is analytically
determined from the turbine power characteris-
tics at the best efficiency point [24]. This gener-
ator control will function as a benchmark in the
time domain simulation.
2) Turbine Reference Speed Following: In [17] we
show that the benefits of Sliding Mode Con-
trol in terms of power improvements mostly
occur in low energetic sea states and need an
appropriate reference velocity for the potential
available wave energy. Due to the randomness of
ocean waves, low energetic responses of WECs
occur in the order of minutes due to changing
sets of waves, even in high energetic sea states.
Therefore, the idea pursued in this work is to
detect areas of low WEC response and switch
from (26) to a 2nd order SMC control law for
reference following [17], namely,

ugen,i

= Tmax
gen

∫
{

−uidt, if |ui| > csw,i

−α sgn(σ̇i − g(σi))dt if |ui| ≤ csw,i.

(27)

Here σ denotes the switching surface, which is
the error to the reference velocity and g(σi) =
−λ sgnσi|σi|

γ ensures convergence to the sliding
surface when the gains are chosen properly [25].
We consider the physical constraints with,

csw,i = min
(

1, P
gen
rated/(T

max
gen xΩ,i)

)

. (28)

The reference speed comes from the server array,
which will continue to be controlled with (26).
We use a primitive wave estimator, based on the
knowledge of incidents of free surface peaks of
the three WECs in the server array. Over time,
this give us an estimated incident wave angle
θest and a group velocity vest.The reference speed
generator negatively offsets and time delays the
instantaneous rotational speed of the first two
server WECs based on θest and vest for the cor-
responding client WEC, to obtain a low pass
filtered reference speed signal.
3) Stop Valve Position Control: The HSSV can limit
or cut off airflow through the turbine and con-
sequently reduce conversion between pneumatic

72103-



8

and mechanical power. This power shedding
is useful in times, when the mechanical power
would exceed the generator constraints. Previ-
ously, the HSSV is closed entirely when Ωmax

gen is
reached [24]. But, the generator efficiency map
in Fig. 2 indicates that the efficiency ηgen is drop-
ping significantly beyond 0.9Ωmax

gen . Therefore, the
HSSV control used here limits the mechanical
power by partially closing the HSSV, which is
physically possible between 0.4 (60% closed) and
1 (open), for an efficient electro-mechanical con-
version. A closure > 0 and < 0.4 is physically not
possible since the pressure due to the restricted
cross-area is too low for the HSSV to maintain it’s
position, thus the HSSV would need to be closed
entirely. When the HSSV position control is ac-
tivated we use a straight forward PID controller
with anti wind-up structure to maintain 0.9Ωmax

gen ,
when possible within the HSSV constraints.

B. Supervisory Controller

We follow the standard supervisory control ap-
proach [22] to constrain the behavior of the
previously presented Automaton, combined with
some elements presented for the work on wind
turbines [11]. The supervisory controller ensures
a safe operation of the individual WEC and the
WEC park by enabling the different local control
schemes. Furthermore, the supervisor aims to
improve the efficiency of the electromagnetic en-
ergy conversion for the client array, by enabling
(27) in times of low WEC response. Ultimately,
the supervisor Si is a discrete event Automaton
Ti, driven by the states of the WEC park Gi,
with an output map φi, that imposes a certain
behavior onto Gi through a control action γi. We
name the desired Automaton

Di = (QD,i,Σi, δi, q0, Qm,i). (29)

A language of an Automation is the (infinite) set
of sequences of events along its path (see paths
in Fig. 4). We denote the general language of Gi

as L(Gi) and the language of the behaviour over
the marked states Lm(Gi). The language through
the marker states Qm, controlled by Si in Gi is

Lm(Gi, Si) = Lm(Gi) ∩ L(Gi, Si). (30)

This is the desired closed loop language.
1) Controllability And Supervisor Formal Design:
Now, let the language of the desired behavior of
Automaton Di be denoted Ki. Generally, the aim
of the supervisor is not to modify L(Gi) itself, but
to achieve the desired language Lm(Gi, Si), while
maintaining the nonblocking behaviour. The nec-
essary conditions for this language controllability
[ [22], prop. 4.1 ] are restated in

Continuous Discrete state

rot. speed
xΩ,i

(1)
[0; 0.025)

(2)
[0.025; 0.9)

(3)
[0; 1)

(4)
≥ 1 ×Ωmax

gen

valve pos.
uHSSV,i

(1)
= 0

(2)
[0.4; 1)

(3)
= 1

elec. power
Pelec,i

(1)
≤ −1

(2)
(−1; 1)

(3)
≥ 1 ×P rated

gen

array motion
moving RMS

(1)
[0; 0.2)

(2)
[0.2; 0.4)

(3)
[0.4; 1)

(4)
≥ 1

battery charge
xSOC

(1)
[0; 0.1)

(2)
[0.1; 0.2)

(3)
[0.2; 0.9)

(4)
[0.9; 1)

TABLE I
VIRTUAL DISCRETE EVENT OBSERVER

Proposition 1. Fix a nonblocking Automaton G
with closed language L(G) and marked language
Lm(G).

1) For nonempty K ⊆ L(G) there exists a super-
visor S such that L(G,S) = K iff K is prefix
closed and controllable.

2) For nonempty K ⊆ Lm(G) there exists a super-
visor S such that Lm(G,S) = K, and the closed
loop system is nonblocking iff K is controllable,
and K̄ ∩ Lm(G) = K

Further, K is controllable if

K̄Σu ∩ L(G) ⊆ K̄. (31)

Here, K̄ denotes a prefix of K. Therefore, (31)
requires that any previous sequence of events
in K, if followed by an uncontrollable event u,
needs to be be a prefix of another sequence in K.
This makes K̄ invariant under control action of
Σu. Clearly, due to the desired cyclic behavior
of our designed supervisor Di, this condition
is satisfied. The Automaton Gi can always be
pushed back into a sequence of events in Ki

and furthermore, as the marked states are part
of Di, Ki is Lm(Gi)-closed, satisfying the second
condition in proposition 1. Consequently, the
supervisor can be realized with (Ti, φi).
2) Virtual State Observer: The Automaton Ti ,
which is a component of the supervisor Si func-
tions similar to an observer. It uses the state
space states, to detect the current discrete event
state qi ∈ Qi. At this stage, knowledge about the
system is incorporated into the numeric values
that function as thresholds. The first three rows
of Table I are taken for each WEC i, whereas the
last two rows are global states. The extreme val-
ues originate from the physical constraints. The
intermediate intervals for the rotational speed are
determined from the efficiency of the generator
shown in Fig. 2. It has to be noted that the value
for the array motion which is based on the mean
moving average root-mean-square (RMS) heave
position of the three server WECs is somewhat
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arbitrary, but based on the observations of the
time domain simulation model power generation
capabilities.
3) Decision Maker: We use all five states detected
in Table I to construct the state transition func-
tion φi for the supervisor Si. We use a 5-tuple,
with the respective dimension for the inputs, i.e.
Z
4×3×3×4×4 for every WEC i to implement a

mapping from the instantaneous state qi to a con-
trol action. The only difference between server
and client array is that instead of activating c3S ,
the supervisor will force the WECs in the server
array to activate c4. The consequence of reaching
a state with no predefined control action is c9,
stopping the WEC.

IV. DYNAMIC SIMULATION

We conduct the time domain simulations with
MATLAB-Simulink using the fixed time step Eu-
ler (ode1) solver because of the solver’s reli-
ability when handling discontinuous dynamics
(∆t = 0.001s). To illustrate the effectiveness of
the proposed control architecture, we use a high-
energetic sea state, emulated by a random wave
created with a Pierson–Moskowitz spectrum. We
use a significant wave height Hs = 4.5m and
peak period Tp = 10s over 1200s simulation time
to go through different phases of WEC response.
The detailed time evolution of important quan-
tities from a client WEC (Nr.3) are illustrated in
Fig. 5 as an example. For the discussion we are
focusing on three time intervals, A, B and C.

A: Power shedding. The supervisor activates
the partial HSSV control multiple times to
ensure the rotational speed stays between
the 0.9Ωmax

gen (dotted) and Ωmax
gen (dashed).

B: More power is transmitted to the grid, since
xSOC is close to one. In the same interval, the
reference following is briefly activated.

C: Reference speed following. The server ar-
ray has little motion response to the waves,
thus the client WEC goes into the reference
following SMC control. The peak-to-average
power ratio decreases, but the electromag-
netic energy conversion is forced to a higher
efficiency.

V. CONCLUSION

We demonstrated a safe operation of WEC park,
simulated in all DoFs, with a classical super-
visory control approach that switches between
ideal local controllers. We used power shedding
based on more than just physical constraint,
but also as a means of maintaining high ef-
ficiency. The proposed controller shows poten-
tial for further investigations with different lo-
cal controllers, optimized for different operating
regimes.
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