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Semi-active feedforward control of a floating OWC
point absorber for optimal power take-off

Tao Sun and Sgren R.K. Nielsen

Abstract—The performance of a floating oscillating water of the pressure, which causes an increased power absorption
column wave energy converter is depending on the variation of at the succeeding reopening. The optimal control problem was
the pressure above atmospheric pressure in the pressure Chamberderived by a variational approach with Hamiltonian formalism
above the water column. The pressure can be semi-actively -, .
controlled by the opening and closure of a valve between the [4], and solved by the conditional Qfao!'e”t method [5]. IF
pressure chamber and the generator. In the paper a control is Shows that phase-control of the oscillating water column is
suggested, where the closure time intervals of the valve are taken feasible for irregular waves and that energy-capture can be sig-
as a fixed fraction of the peak period of a given sea-state. The pificantly increased by applying a flow-control in the power-

control relies on an estimation of the external wave loads, which 4 ersion system. Reference [6] performed a numerical anal-
in turn depend on the prediction of the future surface elevation

in a given prediction interval, for which reason it is classified
as a feedforward (open loop) control strategy. A Kalman-Bucy
filter has been devised for the indicated prediction. The optimal
fraction of time of the sub-optimal controller with a closed valve
is determined by comparison with the performance of the optimal
control obtained by nonlinear programming. For a given sea-state
it is demonstrated that the reduced performance of the sub-
optimal controller is primarily related to the estimation error of

ysis of latching control of an OWC spar-buoy wave energy
converter considering for regular waves. The compressibility
of the air in the chamber plays an important role because it
allows a relative motion between the floater and the internal
free surface.

Further, in order to increase wave energy conversion, some
studies for turbogenerator control of the OWC device have

the wave loads. been performed. The aerodynamic design of the Wells turbine
to the OWC performance was investigated by Brito-Melo
et al., [7]. Garrido et al. presented a sliding-mode-control-
based vector control scheme to improve the lacks of accuracy
and robustness of parameters for Pl controller [8]. A control
scheme including a rotational speed control and an airflow
N Oscillating Water Column (OWC) wave energy concontrol has been introduced to improve the wave energy
verter (WEC) extracts energy by driving an oscillatingonversion [9]. Flow behaviour between the air chamber and
water column which compresses or expands the air in a chaffle turbine was investigated through CFD simulation by El
ber not connected to the sea. The change of the internal eneygtjani et al., [10]. In the present paper, merely a Wells
of the air in the pressure chamber can next be transformggbine is considered.
to electric energy via the generated air flow through a valve Generally, in order to analyze the interaction between the
to the turbine. OWCs have been deployed as fixed structufesiter and the OWC, there are two different approaches,
at the shoreline or nearshore, or integrated in breakwat@ffown as the piston model [11] and the uniform pressure
and floating structures [1]. For the floating OWC device, thgistribution model [12], respectively. The piston model pre-
relative motion between the float and the internal free surfaggmes that the vertical particle motion of the water column
provides the air flow. One of the main advantages of floating constrained to move with the same displacement under the
OWC devices is that it is possible to widen the bandwidth @fssumption of limited pressure chamber dimensions compared
frequencies where the system performs well if the resonangethe incident wavelengths [2], [13]. In the uniform pressure
peaks from the floater and water column are tuned to or cloggtribution model, the governing equations are expressed
to the dominant wave frequency of the incoming wave [2jn terms of the dynamic air pressure on the OWC internal
In any case, in order to improve wave energy conversion g@e surface and flow rate displace by the OWC surface
effective control strategy of the relative motion between th@otion, rather than forces and velocities as in the modelling
float and the surface of water column for a floating OWGf oscillating body converters. Further, for the piston model
devices or the motion of the surface of the water column f@ie interaction between waves and the WEC can be analysed
a fixed OWC device should be devised. by using the wave-structure interaction theory [11], [14] for
Reference [3] applied latching control for control of fixedh two-body coupling system. Therefore, the piston model is
OWC wave energy converter including the air turbine numeihtroduced to calculate the hydrodynamic parameters for the
ically. A valve, which switches rapidly between a closed anibating OWC system.
an open state, was applied to further improve the performancerhe paper presents a sub-optimal solution for the control
of the device. The closing of the valve causes a rapid increagea floating OWC heave point absorber. Given the closure

_ _ in¥ervals of the valve are taken as a fixed fraction of the
The authors Tao Sun and Sgren R.K. Nielsen are with the Department o

Index Terms—wave energy, oscillating water column, heave
absorber, semi-active control, feedforward control

I. INTRODUCTION

Civil Engineering (e-mail: tsu@civil.aau.dk; srkn@civil.aau.dk).
Manuscript received XX XX, 2019; revised XX XX, 2019.

peak period of a given sea-state, the semi-active control of
the opening and closure of a valve will be considered. Then,
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the wave load vector, the input to the system, needs ¢olumn from the MWL. Hence, the following approximation
be estimated. Finally, a numerical example is provided applies:
investigate the performance of the suggested control algorithm. n(wg,t) =~ ua(t) (1)

IIl. METHODOLOGY Equation (1) is known as the piston approximation. Since the
A. Equation of motion of the floating OWC device water column is assumed to be infinite rigid, the constraint
_.can be imposed at any position along the lertg#t the water

When the internal water surface moves up, or the deV'ESIumn, if the mass of the water column above the constraint
structure moves down, the volume of the pressure cham €L qded as a point mass;

becomes smaller, which creates an increased pressure in ﬂ]?etul(t) be the vertical displacement of the float in the

pressure chamber. The increased chamber pressure drive m:ection For the float, the pressure produces a foiggA
air out of the pressure chamber, and at the same time pus SShe system in the di,rection of the degree of freedarft)
the device structure upward and the internal water surfagﬁd a force—p(t)A on the water column in the direction, of
downward, so that the air volume is enlarged. the degree of freedom;(t), where A = ZD? indicates the

a) b) surface area of the water column. Further, the vertical compo-

~ Generator
? > nents of the dynamic restoring force from the mooring system
sooyaney - D are given by the linear stiffness relatigh,(t) = k., ui(t),
@ ek P i) | where km is the combined stiffness coefficient from all cables.
25 b o wwiot L __fe(t) § N EGE. Due to the piston model, the following vectorial Cummings
. W equation applies:
b fm@®] ;
Referenial tatc ‘ul(t) fs,2(f)‘/‘ | fea(t) Mu(t) + f,,A(t) + r(u(t)) = fe(t) — fc(f,) , ﬁE]to,tl]
equilibrium state
of float
R —— u(to) = up , u(ty) = o
tank  ~ 2)
my
where
o, [ur,0(t) : t,0(t)
! u = ’ , Uy = |.”
0 _Uz,O(t)] 0 [Uz,O(t)
Fig. 1: Loads on floating OWC device. a) Static equilibrium state. b) Dynamic state. _Ul (t

a) = [m0] w0 =an0 = |74
Fig. 1a shows the floating OWC device in the static equilib- -

rium state, where andb indicates the parts of the float abover, () = fe 1(t)} . r(u(t) [(km + pwgAi) ul(t)}

and below the mean water level MWk.is the height of the [fe(?) pwg Aua(t)

pressure chamber, ainds the submerged part of the pressurq}/[ _[m1 +mai(c0) mi2(00) ]

chamberh specifies the water depth. The outer diameters of | mai(c0) ma + Mgz (00)

the buoyancy tank and ballast tank dpe and D, and D is 3
the diameter of the water columm; is the structural mass fo is the initial time, and:, the terminal time of the control
including the ballast. horizon. ug and u, signify the initial value vectors of the

The motion of the point absorber is referred to an inertigystem at the initial imey. A; = 7(Df—D?) is the sectional
(1, x2,23)-coordinate system with théx,,z)-plane posi- area of the float surrounding the pressure chamber.
tioned in the MWL-plane, and thes-axis orientated in the fe(t) is a vector storing the external wave load vector and
upwards direction. The origin of the coordinate system ®(u(t)) specifies the restoring force from buoyancy and the
placed at the centerline of the point absorber. The surfa@®oring systemp,, indicates the mass density of the water
elevationn(zs,t) is considered positive in thes-direction. and g is the acceleration of gravityM signifies the mass
Index notation of two-dimensional vectorial quantities is agnatrix. The componentsu,s(oc) indicate the added mass
plied with Greek indices ranging over, 3 = 1,2 and Latin Mmatrix of the water outside the float and below the piston at
indices ranging ovek = 1,2, 3, respectively. The summationinfinite frequency £, (t) represents the radiation damping of
convention is abandoned by means of parentheses arotfiisystem given as:

dummy indices, i.ea, by, = a1b1r + azbs, Whereasi(,)b(q) t
merely indicates the product ef, andb,,. £.(t) = / h,(t —7)a(r)dr 4
The water flow is considered incompressible, irrotational to

and non-viscous, and linear (Airy) wave theory is assumed.The related frequency response matrix is given by the
pw Signifies the mass density of the watefxy, ¢) signifies Fourier transform:

the thermodynamic pressure of the air in the pressure chamber o S
above the atmospheric pressyrg The pressure is assumed H,(w) = / e “'h,(t)dt = / e “'h.(t)dt (5)
to be constant throughout the pressure chambep(sg, t) ~ - 0

p(t). wherei indicates the complex unit. In the last statement it has
The surface elevation(zs,t) inside the pressure chambebeen used thah,(¢) is causal, i.eh,(t) = 0, ¢t < 0, which
is dominated by the mean surface elevatigiit) of the water makes a rational approximation fo(¢) possible.
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The external wave load vector may be represented by tHe

b)
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following convolution integral of the surface elevatigty): !

L - [ T bt - r)n(r)dr ®)

—00

N

hya1(t) [kN/m]

& o

whereh,(¢) indicates a non-causal impulse response vect

1 (£) [N /m)]

2 (t) [kN/m]
h

h,

becauseéh,(t) # 0,t < 0. Due to the non-causality di.(¢),

the prediction of the surface elevatig(ir), 7 > ¢ is necessary rig. 6: impulse response matrix for the

1

15 2 25 3 [} 05 1 15

in order to calculate the wave loads at the time - - - :The OWC.

The hydrodynamic parametens,s, h,(t), h(t) are com-
puted based on the boundary element program WAMIT [15].
Fig. 2 shows the submerged geometry discretization for the
floating OWC device. The kinematic constraint has been
specified at the bottom of the water column as marked in blue.

160

40

120

25 3

radiation force vecte—:The float.

Correspondinglyms = p,, Ab.

-20

-25
10 5
5

[ '
Y-axis (m) X-axis (m)

Fig. 2: The submerged geometry discretization for the flga@WC device.

a) b)

0 1 2 3 a [ 1 2 3 4

b)

Chn(w) [kN/(m/s)]

ReH,12(w) = ReH, 1 (w) [kN/(m/s)

ReH,»(w)

0

0 1 2 3 4

w/w, wfuw,

Fig. 4: Imaginary part of the frequency response matrix fer thdiation force vector.
——:The float.- - - : The OWC.

a) b)

ImH, 11 (w) [kN/(m/s)]

b &5 b A o N & o

I

ImH,15(w) = ImH, () [KN/(m/s)]

0 1 2 3 4

w/w, wfw,

°

1 2 3 4

Fig. 5: Real part of the frequency response matrix for theatémh force vector.
——:The float.- - - : The OWC.

hea(t) [kN/(ms)]

o

he,1(t) [kN/(ms)]

)
)
=
o |
[N
N
@
S

t/T,
Fig. 7: Impulse response vector for the excitation force siect——:The float.
- --:The OWC.

Fig. 3 shows the hydrodynamic added mass for the float
and the OWC. Figs. 3-7 refer to the absorber shown in Fig.
1 with the parameter values given in Table | in the numerical
example. The angular frequeneyhas been normalized with
respect to the peak angular frequengy = QT—’T whereT), is
the peak period of the considered sea-state.

The real and imaginary parts of the related frequency
response matrix for the radiation force are shown in Figs.
4 and 5. Merely the function values for positive angular
frequency, given thaRe(H, ,3(w)) is an even function and
Im(H, .p(w)) is an odd function ofu.

The impulse response matrices for the radiation force and
wave load vectors are shown in Figs. 6 and 7. The impulse
response matrivh,.(t) is symmetric, i.e.h,(t) = hl(t) as
indicated in Fig. 6b. In turn this means that the frequency
response matrid,(w) and the related added mass matrix
m = ZIm(H,(w)) become symmetric as well. As seen,
hen,a(t) ~ 0 for |t| > T,. Hence, surface elevations beyond
one peak wave period ahead will not affect the present wave
load vectorf, ().

B. Thermodynamics of the air

The air is considered an adiabatic, isentropic ideal gas.
Then, the pressure is given by the constitutive equation [16]:

p(t)poﬂ?o _ (%)V L oy =2~14 @)

wherep(t) indicates the time-varying mass density of ai,
is the referential value at atmospheric pressure, gndnd
¢, indicate the specific heat at constant pressure and constant
volume.

po turns out to be significantly larger than even extreme
values ofp(¢) in a practical OWC device. Hence, equation (7)

1949-3029 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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can be linearised to provide the following approximation for The dynamic of the system is given by (2) in combination

p(t): to (13), corresponding to:
p(t) =~ po (1 + fy%) (8)  Mii(t) + £.(t) + r(u(t)) = £.(t) — £.(t) , t €lto, t1]
The pressure variatiop(t) in the air chamber is related to p(t) + %(t};(t) (V(t) + kﬁ(t)p(t)) =0,p(t) >0

the volume flow rate of air through the turbine (positive for .
outward flow). The pressurized air is driven out in exhalation;(t) + (vpo + p(t)) V() + 1ok BOPE) _ 0, p(t) <0
while in inhalation, the atmosphere air with the dengiyis 40 49

inhaled. Thus, the air volume flow rate during exhalation an§i(fo) = w0, (o) = o, p(to) =0

inhalation should be considered different due to the different

mass densities corresponding to:

1 d(p@t)V(t))

(16)
The semi-active control of the system is related to the time

variation of the functiong(t). The optimal control is the

trajectory of 5(t), which optimizes the absorbed energy in

o p(t) dt » Pt 20 g e interval[to, ¢1] given as:
CO=N T apn ve) ©) . .
_% dt , p(t) <0 E = P(r)dr = kB(T) pQ(T) dr a7
to to

whereV () = Vo + A (u1(t) — ua(t)) is the volume of the
air chamberly = A a is the initial volume of the air chamber.C Rational imation to radiation f ;
Then,V(¢) can be written as: . Rational approximation to radiation force vector

In the following, an approximate finite dimensional state

V(t) = A(ia(t) - i (1)) (10)  vector representation of.(¢) will be introduced. It should
Differentiation of (8) provides: be noticed that the indicated state vector representation will
be used in the numerical time integration of (16), and the
p(t) = ﬂp(t) (11) nonlinear programming solution for the optimal power take-
Y Po off.
In the following a Wells turbine is considered, for which Then, each componer, .s(w) = H; ga(w) Of the fre-
the mass flow is given as [7]: quency response matrbl,.(w) defined by (5) are replaced by
a rational approximatiort, ,s(s) of the order(l,m) given
Q(t) = kB(t)p(t) (12)  as[21]:
where k is a constant which represents the damping of the - Py () _
turbine.8(t) represents the proportional opening of the valve Hrap(s) = m y ST w (18)

and is constrained to satisty < g(t) < 1.

Further, in order to avoid the stalling behavior of the Wellg/here
turbine when the airflow exceeds a certain value, greatl .
decreasing its efficiency, the airflow speed through the turbinexs(s) = Po.ass’ +PLags ™ + -+ +Pi-1,ap5 + Pras
must be limited, which can be carried out by the air-valvg),;(s) = s™ +q17aﬂ3m*1 4t Q1,085+ Gmap
control, which is widely used in OWC systems [17], [18].

Alternatively, control of the rational speed can be applied fthe  parameters pg og,P1,08:---,Pi-1,a8:Pl,a3  and
avoid the stalling behavior [19]. Qa8 Qm—1,08:9m,ap are all real. The order(l,m)

Combining Egs. (9), (10), (11) and (12), the followingpf the filters may be chosen freely with the only restrictions
differential equation is obtained, which relates the air pressubat! < m, and that all poles of),s(s) must have negative
variationp(t) to the relative velocity of the inner free surfaceeal parts in order to ensure stability and causality.

-1

and the float. The componentf, .3(t) indicates the contribution to the
) . componentf, ,(t) of f.(t), when the system is driven by
POV (E) + (vpo +p(t)) (V(t) +k5(t)p(t)> =0, p(t) 2 componentus(t) of u(t) alone. Further, the relationship
t t . - . - :
%p(t} N (1 n %) V() + kA1) p(t) = 0, p(t) <0 betweenf, (¢), f.o(t), fr.ap(t) can be expressed as
0 0
(13) f (t) _ f'r,l(t) — fr,ll(f') + f'r,lQ(t) (20)
For the turbine, the instantaneous absorbed power can be " fra(t) fro1(t) + froo(t)

expressed as [20]:
P 1201 Then, f, .5(t) can be obtained as output of the following filter

P(t) = Q(t)p(t) (14) equations, given on the matrix form:

Insertion of (12) in (14) provides the following relation for f, .s(t) = Pr.(a)s) Zr, ()8 (1)

the instantaneous power take-off:

d .
Z72raB(t) = Ar(a)(8) Zr,(2)(8) (1) + Pr.(a)8)Up) (1), T € [to, o0

P(t) = kB(1)p*(1) (15) (21)
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where R T .,
Yap(t) ] 0
GiYas(t) 0
d2
Z’!‘,Ozﬁ(t) = Wyaﬁ(t) ) b'r‘,ozB =10 (22)
an Tl 1 R NN
_dtm'*lyo‘B( )_ % o5 1 15 2 25 3 35 S0 o5 1 1s 2z 26 3 35 4
0 1 0 0 0 Fig. 9: Rational approximation of orde(m,n) = (3,4) to H, 22(w).
a) Re(Hy 22(w)). ¢) Im(H, 22(w)). :Numerical determined target.
0 0 1 o 0 - - - :Rational approximation.
Ar,aﬂ = .
0 0 0 0 1 . b
—Adm,af —Adm—-1,a8 —Gm-2,a8 " —42,a8 —Aq1,a8
(23)
Pr.ap = [pl,aﬁ Pi-1,08 *'* DPlag Do 0 -+ 0}
(24)
Finally, equation (21) can be written on the matrix form:
d i
—z,.(t) = A, z.(t) + B,u(t)
dt (25 & i I _
g. 10: Rational approximation of orde(m,n) = (3,4) to H, 12(w).
£.(t) = Prz.(t) a) Re(Hy12(w)). € Im(Hyp11(w)). :Numerical determined target.
- - - :Rational approximation .
where
[A,1n O 0 O b,11 O
A, = 8 A812A0 8 B, = bO b’a” [11. NONLINEAR PROGRAMMING SOLUTION OF THE
21 721 OPTIMAL CONTROL PROBLEM
| 0 0 0 A 0 byog|
)] .
- 0o o 2“18 Based on Egs. (15), (16) and (25), the optimal control prob-
p, = |PritPri Lz, (t) = |72 lem subject to the following state equation can be expressed
0 O pr21Pr22 Zy 21 (t) as:
Zy 22(t) ’
(26)
. . . . t1
Fl_Jr_ther, the differential equ:?\tlon (25) should be solved with the max J[p, §] = k B(r) p(r)dr
initial value z,(to) = 0. Notice thatA, 12 = A, 21, by 12 = Jto
b, 21 andp,,12 = pr21 due to the symmetry oH,.(w). st
Figs. 8 - 10 show the rational approximatiéf). ,z(w) of r a(t) 1
order (I = (3,4). As seen, a good agreement is obtained _
( 7m) (37 ) g g ML (—PTZT(T) _ 1‘( (f)) ( (t) —ap(t)))

to the target frequency response functidfis,s(w). Further,

time has been normalized with respect to the peak péfjpd at) = A, z.(t) + Bru(t)

in the auto-spectrum density function for the surface elevation _JPo +p(f (V(t +EB() p(t )) ,p(t) >0
n(t) given by (29), and the angular frequency with respect to V) kA1) p()
wp = QT—’; T, = 6.77s was used, cf. Table I. —(ypo +p(t )W - % ,p(t) <0
0< B <1
Y a (27)
o where
: 2(t) = u®” w®OT z®OT p@)] (28

AN L T The surface elevatiom(t) can be generated from the
A A P S P double-sided JONSWAP spectrum defined by [22]:

Fig. 8: Rational approximation of orde(m,n) = (3,4) to H, 11(w).
a) Re(Hr11(w)). ©) Im(Hp11(w)). :Numerical determined target. 5 _5 4
- - - :Rational approximation. H; |w] 5/ w
Spp(w) = 0= [ — | exp|—2|— (29)
wWp wp 4 \wp
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6
here
W 0.0312
o = — 0.185
0.230 + 0.0336 ¢ Lot /
. 1 [ |w| —wp 2
=exp|—= | —— b)
p 5 o (30) 8
0.07 , |wl < wp z
1009, jw > w, ;
)
Hy is the significant wave height, andlis the peak enhance-
ment parameter, which controls the bandwidth of the spectrum. s
5 ‘ ‘ . . . . t/Tp
) Fig. 13: Time series of trajectories at optimal contret— w1 (t), w1 (t), 41 ().

_ ug(t), dg(t), ﬁg(t).

tu2(t) — ui(t).

1(t) [m]

. .
0 5 10 15 20 25 30 35
t/Tp

Fig. 11: Surface elevation process.

5
4 210 138 14 142 144 146 148 15 152

: : : : : T,
Fig. 14: p(t) and 3(t) at optimal control and sub-optimal controy = 0.12.
| | ——:p(¢) a optimal control. :p(t) a sub-optimal control—: 3(¢)

N

= 0
T at optimal control.——: 3(t) at sub-optimal control.
-40 5 10 fs 26 2‘5 30
b) t/Tp
2 1407 [ts, t5] denote the intervals with > 0 andp < 0. Further,
ot [t1,t2] and [ts,t4] indicate the subintervals with the valve
e closed corresponding t6(¢) = 0, which causes the pressure
<) to increase and decrease rapidly in these intervals. The valve
2 ‘ ‘ ‘ ‘ is opened at the times andt, corresponding ta3(¢t) = 1,
° ° Y S ” * which brings forward a temporarily decrease and increase of
Fig. 12: Components of the wave load vector. a) The float. b) QWeC. p(t), as indicated by local extremes of the pressure.

At the optimal control, the length of the time interval with a

Fig. 11 shows a time series of(t) generated from the closed valve varies somewhat due to the random sea-state. The
double-sided auto spectral density function in (29) with tH_Qea pf the coq5|dered sub-optimal control is to use a constant
parametersl, — 6.77s,H, = 2.5m,v = 3.3. This and time interval with a closed valve of the lengtf}, = to—t; =

p . y s — . ) - +Jd. . . .

equivalent time series will be used in the bench-marking of te — {3 &t both positive and negative dynamic pressure. Then,
below suggested sub-optimal control strategy. Fig. 12 shoife sub-optimal semi-active control of the valve can be written
the time series of the related wave load compongntgt) as

and f.2(t) on the float and the OWC as calculated by (6). B(t) = H(p(t) H(t —t — aT;) (31)
The indicated time series will be used as a reference in the +H(—p(t) H(t —ts — oT})
validation of the estimation problem described in Section 4whereH(t) is the unit step function, defined as:

The optimization problem in (27) can be solved by nonlinear
programming [23], as a benchmark for the validation of the 1, t>0
subsequent suggested control. Fig. 13 shows the trajectories H(t) = {0 t<0 (32)
of u(t), u(t) anduf(t) for the float and the OWC at optimal ’

control, using the time series for the wave load given in Fighe optimal control value ofa for a given sea-state is
12. Further, the relative displacement(t) — u1(¢) is shown obtained by maximizing the absorbed energy of the sub-
in Fig. 13a, which is determining the pressure in the presswptimal controller in a given control interval relative to the
chamber. absorbed energy at optimal control using the same sulfficiently
Fig. 14 shows the related time seriesgt) and 5(¢) at long realization of the surface elevation and the same wave
optimal control indicated with a blue signature;,¢3] and load vectorf,.(¢). In Fig. 14, the performance of the sub-
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optimal controller has been indicated with a red signature, Egs. (22), (23) and (24). Hence the optimal Kalman-Bucy
using the exact wave load vector and= 0.12. observer equation reads, [25]:
The computational cost of the nonlinear programming cal- .
culation i [ in- dY (t) Y v
grows exponentially with the length of the control in =AY (t) + K(t)(n(t) — p. Y (1)) (36)
terval. For this reason the statistical stable optimal solution for dt

a can hardly be achieved by merely usin_g a single realizati%erey(t) is the estimated state vectdf(t) indicates the
pf the wave Ioad.pro.ceﬁ(t). Instead a finite numbeN of e dependent Kalman gain vector, expressed as:
independent realizations of the wave load vector processes of

limited length is generated, each of which provides a sample of K(t) = p(t)pTi (37)
« based on nonlinear programming. Next, the final estimate of c?

o is obtained by an ensemble average of these sample valy@gere P(¢) = Ele(t) e(t)?] is the covariance matrix of the

In this case, the calculation time merely grows linearly WitBrror vectore(t) = Y (t)— Y (t). The stationary value dP(t)

N. Assuming that all involved stochastic processes are ergogi; —, ~ is given by the following algebraic Riccati equation,
both of these approaches are equivalent. 25]:

With 8(t) given by (31), the state variablest) and p(t)
can be obtained by numerical time integration if the wave load A _P + PAZ _ pr%pcP + b, bCT -0 (38)
vectorf,(¢) can be estimated, (¢) depends on future surface ¢
elevations, which needs to be predicted at least one peak perio@ihen, the prediction equation is expressed as:
T, ahead, cf. the discussion related to Fig. 7. The prediction ¥ ()

will be performed by a suitable Kalman-Bucy filter. — = A.Y(r) , TEtt+ T, (39)
V. ESTIMATION OF WAVE LOAD VECTOR whereY (1) is the predicted state vector at the timget the
At first a rational approximation te,,,(w) driven by unit Présent ime and;, the prediction horizon. _
intensity Gaussian white noise is devised, given as Hence, the predicted surface elevatifim) can be obtained:

P(s)P(-s) 1

Spp(w) = S ——=—=—
s —s) 27
Q) Q(=s) wheree- 7 signifies the exponential matrix function, and the

Fig. 15 shows the rational approximation of orders) = jnjtial vector Y (¢) is the smoothed estimate from (36).
(3,6) to the double-side JONSWAP auto-spectral density

function S,,,(w) for the surface elevation given by (29).

S = iw (33) n(1) = Ppe Yv(T) = Pec efhe (7-1) Y(t) , T E [t,t+Ty] (40)

V. NUMERICAL EXAMPLE

The following parameter values have been applied. As seen,
the stiffness of the mooring system is ignored in the example.

TABLE I: Heave absorber and wave excitation parameters

Parameter  Value Unit Parameter Value Unit
a 2.00 m m1 8.3695¢10° kg
ol 2 : b 5.00 m mi1(o0) 3.4515¢10° kg
Fig. 15: Rational approximation to JONSWAFRS,,(w) of order (3,6) 10000 m miz =ma1 25644107 kg
. : nn(w ,6).
— Sy (w). - - - :Rational approximation. D 5.00 m ma2(00) 0.3736<10” kg
Dy 1000 m H; 2.50 m
Then, the state equations for the surface elevation can b&2 000 m - ) Ty 6.77 s
expressed as, [24]: PO 1225 ke/ o7 33 i
Pw 1025  kg/m? | k 1x10 m-s
dY(t) Po 101325 Pa c 0.1 m
— = ALY (t) + beowi(t) (34) _km 0 N/m
n(t) =pc Y (1) + cwa(t)
wherecws(t) is the measurement noisejs a constant indi- ) b
cating the noise levekw; (t) andws(t) are the unit intensity
Gaussian white noises defined by the following mean valu _— - '
function and auto-covariance function: = S0
t_z =
Elw,(t)] =0 *
a,B=1,2. (35) ) ;
Elwa(t) wg(t + 7)) = dap 6(T) ’ ’ ’ “ 6 8 10 % 15 16 17 18 10
t/Tp t/Tp

Whereé(-) is the Dirac function andaﬂ is the Kronecker’s Fig. 16: Prediction offj(¢) of the surface elevation for different start times with noise
delta. The column vector¥X (¢) , b,, the row vectorp. and levelc = 0.1m. 7}, = 6.77s, H, = 2.5m, v = 3.3. a) Start atr = 5.27},. b) Start
the system matrixA. has the similar expressions as showp ™ = 15-3Tp. :Referencen(t). —— : Predicteds(7).
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Fig. 19: Instantaneous Power take-off for different costre— : Power take-off at

optimal control. : Power take-off at sub-optimal control with exact wave
‘ ‘ ‘ ‘ ‘ ‘ ‘ loads,a = 0.12. —— : Power take-off at sub-optimal control with estimated
6 8 e wave loadso = 0.12.

t/Tp

Fig. 17: Estimate of wave load vectfir(7) with noise leveke = 0.1m corresponding to

continuous predicted surface elevations. a) Predicted wave load comp@ne(t). b) . .
Predicted wave load componefit, > (7). : Referencef. (¢). : Estimated Fig. 19 shows the instantaneous power take-off for the op-

£ (7). timal control, the sub-optimal control using exact wave loads,
and the sub-optimal control with estimated wave loads. All

) - _ curves have been obtained as the average of the results from
Fig. 16 shows the prediction of surface elevation compareggl, previously mentionedV — 4 independent realizations of

to the reference time series given in Fig. 11. As seen, predife gyrface elevationy = 0.12 is used in both sub-optimal
tions beyondl, becomes inaccurate.

Fig. 17 shows the related estimatefgft). At each instant of
time, the surface elevation has been predicted one wave peak

controls.

period ahead. Then, in combination with the previous surface . ]
elevations of the time series, the estimatefgf) has been Vo
obtained from (6). At practical applications of the control, the 5., ]
previous surface elevations are assumed to be available from Bl
continuous measurements. The deviation from the reference
value is a consequence of the prediction error of the surface ik — — =)

elevation and the measurement noise. a
Next, based on the average df = 4 independent realiza-
tions of the lengtB07), of the surface elevation for a given

sea stat_e, the optmal_v_alue of the control paramatgran The black line in Fig. 20 indicates the average absorbed
be obtained by maximizing the absorbed energy as 'nd'catgrqergy of the sub-optimal controller with — 0.12 and

bi; (17b).(;l'he red curve |fn F|?. 20 Shor‘]NS thtf] varlatu:n of tht?stimated wave loads for th® = 4 considered realizations
absorbed energy as a function of where the eXacl Wave ¢ the surface elevation. The performance of the controller
loads related to the time series of surface elevations have b?se% 93% below that of the optimal controller anz.31%
applied. As seen, a maximu_m is obtained a_pproximatt_alyagélow that of the sub-optimal controller wiihn = 0.12 and

o = 0.12, where the reduction compared with the optimal,, -+ \aye oads. Hence, the primary reason of the indicated

absorbed energy gs indicated by the blue iné.#5%. For .reduction is related to the estimation error of the wave loads.
a = 0, corresponding to a constantly open valve, the reduction

is 10.24%.

Fig. 20: Absorbed energy of sub-optimal controller as a fiancof .

VI. CONCLUSION

? L The paper focuses on the optimal control of a floating
oscillating water column wave energy point absorber for power
take-off. The piston model has been used for simulating the
motion of the water column, and a linear model was used for
the mass flow to the turbine. A semi-active control algorithm
‘ ‘ ‘ ‘ ‘ ‘ ‘ was suggested, where the opening and closing of the valve
g s e s between the pressure chamber and the turbine is given as
Fig. 18:p(t) and 5(t) at optimal control and sub-optimal control with estimated wavea fixed fract|o.n of the peak peno.d of the considered ;ea—
load vectora — 0.12. . p(t) at optimal control—— : p(t) a sub-optimal  State- The optimal value of the said fraction was determined
control. : B(t) at optimal control.——: 3(t) at sub-optimal control. by comparison to the optimal solution obtained by nonlinear
programming. The devised control strategy relies on the esti-
Fig. 18 shows the comparison of the variationdf) and mation of the wave loads on the float and the wave column,
p(t) at optimal control and sub-optimal control with= 0.12  which were obtained by a Kalman-Bucy filter prediction of the
and the estimatefi (¢) indicated in Fig. 17. A small deviation future sea surface elevation. The performance of the devised
is obtained between the pressure variation at optimal aodntroller has been compared to that of the optimal control
suggested sub-optimal control. obtained by nonlinear programming. It is demonstrated that

p(t) [1 x 10"Pa]
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the reduced performance primarily is related to the errors [@#] S.R.K. Nielsen, Z. Zhang, “Stochastic Dynamics”. Aarhus University

the wave load estimation.

[25] L. Meirovitch, “Dynamics and Control of Structures”, John Wiley &
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