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Abstract—The choice of control strategy for Direct Wave
Energy Converters (DWEC) is often discussed without taking
into account the limitations of electric Power Take-Off (PTO):
limits of torque or force and power, as well as losses in the
electric chain. These assumptions leads to large and expensive
electric systems, that prevent leading to a global minimization of
the per-kWh cost. We propose herein a simple loss model in
order to design a better control strategy.

Keywords—Wave energy conversion; Point absorber; Control
strategies; electric Power Take-Off (PTO); irregular waves

1. INTRODUCTION

Achieving sustainable development requires the use of
more renewable sources in the energy mix. Renewable marine
sources like tidal current and wave energy devices offer
consistent potential with low environmental impact and hence
might become a part of the future solution [1].

Many principles have been developed for the purpose of
converting energy from water waves. Among these principles,
Direct Wave Energy Converters (DWEC) with electric Power
Take-Off (PTO) are the most direct and most flexible [2]. They
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may make use of mechanical transmission (gear box, rack and
pinion, etc) or may not (direct drive) [3]. They lead to the
possibility of higher efficiency and reliability, yet feature
higher power fluctuations in the grid than WEC with hydraulic
or mechanical storage systems.

In order to minimize the per-kWh cost of this technology,
the efficiency of both the electric chain and control must
increase without excessive oversizing. DWEC use a resonance
mechanism for converting wave energy. To generate
resonance for various sea states, a large PTO may be
introduced, so as to correct the natural resonant frequency
relative to wave pulsation [4].

Control design however must take into account the
limitations of an electric PTO, i.e.: power limitations, force or
torque limitations, losses in the electric chain. But the problem
is often see as decoupled. Thus, two types of papers classically
deal with control strategies in DWEC: the theoretical
optimization of control with no or very little considerations for
the limits of realization [5]; and optimization using a given
electric system [6]. Only a few papers have dealt with the
coupling between control strategy and sizing [7,8].

II.  'WAVE ENERGY CONVERTER MODEL

In this study, we will be focusing on the control of a
generic point absorber device with a single degree of freedom.
The system considered is a floating vertical cylinder
constrained to only move in heave motion only, under the
action of wave excitation forces (see Fig. 1). The theoretical
work presented herein may be applied to other floating bodies,
but this simple example will be useful for illustrating and
comparing various control strategies.
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Fig. 1. Simplified model of a direct coupled point absorber in heave.

A. Linear Hydro-Mechanical Model

The equation of motion for the considered WEC, under the
hypothesis of small perturbations around the equilibrium
position (linearity), can be written as [9]:

(M +a &)+ [, n(x)E(—t)dr+Ke=rf,, D
with [, = f .= f pro 2)

where & is the vertical position of the buoy, v=E the vertical
speed of the buoy, M the buoy mass and K a hydrostatic
stiffness. f... and frro denote respectively the wave excitation
force and PTO force. We apply the Cummins decomposition
[10] of radiation forces through an added mass term a. and
convolution product with a kernel A(f), which is typically
called the radiation impulse response function.

This equation can now be rewritten in the s-domain (i.e.
Laplace transformation) using mechanical impedance Zz.(s),
in order to use an electric analogy in the following:

ZBuay(s): (3)

With 2, (81217 0, (5) @

Upper case characters are used for the s-domain and lower
case for the time domain, hence: Z(s), V(s), H(s), Fu(s) are
respectively the Laplace transform of &(¢), v(¢), A(f) and fi(?).
In the case of equation (1), the buoy impedance is:

2 $)=(M+ @) s+ H ()47 s)

The values adopted in this study correspond to a buoy with
a radius of 5 m and a height of 10 m. The parameters have been
computed in the AQUAPLUS seakeeping code for
hydrodynamics simulations [11] (see Table I). It should be
noted here that the real part of buoy impedance depends only
on the radiation transfer function with s = j ®. This real part

must be positive in order to respect the law of conservation of
energy:

R(Zpp, (jo))=R(H (o)) (6)

The excitation force f...(¢) is correlated with wave elevation
el(?), and this relationship can be written in the Laplace domain
as follows:

F,.(s)=H

exc

(s)EL(s) (7

exc

TABLE 1. PARAMETERS USED IN THE BuOY MODEL
M (kg) a.(kg) | K (kg.s?) H(s)(kg.s™)
3 3 —5 17910
772 247x10 758%10 210,682 510449

B. Energy Conversion Chain

A DWEC contains two major energy conversion in a (see
Fig. 2): hydro-mechanical and electromechanical. The hydro-
mechanical conversion is the transition from wave
hydrodynamic power to mechanical power; it is obtained
through the buoy and the PTO control strategy. The
electromechanical, on the other hand, is the transition from
mechanical power to electric power feeding the grid; it is
obtained through the electric chain, i.e. the electric machine
and the power electronic converters.

PWave PMe:ch. PGrid
Nc > Ne

Buoy-Control  Machine-Converter
Fig. 2. Energy chain with the various power conversions and round-trip
efficiencies: mc, the control efficiency; and mg the electric chain
efficiency. The average powers shown represent energy on a given
cycle.

According to the theory of impedance matching, in order to
maximize power transfer, the receiver impedance must be the
complex conjugate of the generator impedance. The theoretical
maximum wave power as a function of pulsation is then
expressed as:

()= L aems(®) _H Lo EL, (o)
P O R Z pon G ) AR(H(jo))

(®)

where Fi.ms(0) being the root mean square of a sinusoidal
excitation force of pulsation ®, Zz.,(jo) the generator
impedance defined in (5), H..(jo) the excitation transfer
function defined in (7) and EL,,,(®) the root mean square of a
sinusoidal water elevation of pulsation .

A reciprocity relationship exists between excitation and
radiation; this relationship can be written between the modulus
of the excitation transfer function |H...(j®)| and the real part of
the radiation transfer function. In the case of an axisymmetrical
heaving point absorber, within the framework of linear
potential theory and under the hypothesis of infinite water



depth [9], the excitation transfer function frequency response
gain is equal to:

3

IHexc(jw)|=\/49%(H(jw))§i; ©)

where p is the mass density of sea water (1025 kg/m?), and g
the earth's gravity (9.81 m/s?). The average wave power can
then be rewritten as:

3

Pre ©)=2EEL (0] (10)
2m

The average wave power can be determined by mean of the
integration in the frequency domain in so far as the elevation
spectrum is known; as an example:

PWavezfo pWave((’O) (11)

The mechanical power and grid power are both defined in
the time domain. The mechanical power is simply defined as:

PMerh(t):%(t)fPTO(t):V(t)fPTO(t) (12)

The grid power is defined from electrical losses within the
electric chain:

PGrid(t)zPMech(t)_Plo.xselec(t) (13)

Losses in the electric chain stem from multiple sources:
iron losses (hysteresis and eddy current losses) and copper
losses in the electrical machine; and conduction and
commutation losses in the power electronic converters. All of
these losses depend on the design and sizing of the various
electric chain components. The sizing of the machine-converter
set depends on the force-speed profile, and thus on the specific
control strategy. A strong correlation exists between sizing and
control. To resolve this issue, the choice is to introduce a
simple and generic loss model for the electric chain, i.e.:

P losselec (t )= Clns.v

This definition is illustrated in Fig. 3. The loss coefficient
Cioss lies between 0 (no loss) and 1 (no energy recovery). This
model remains simple, though the study is being conducted for
a preliminary design in order to limit the ratio between the
energy exchange and average power. The loss coefficient ¢y 18
chosen via a technological culture in order to match the
smallest loss coefficient capable of being achieved with a
reasonable cost. Upon initial sizing of the electric chain, the
model may be refined for greater precision. The average grid
power will thus be equal to:

VfPTo| (15)

PGia=V J 2107 Closs

In the following discussion, ¢, has been set equal to 0.1.

Production
phase

+Closs PMech.>O

<0 Consumption

Ptecn <0
Meeh phase

PGrid

Closs Pumech >0
Fig. 3. Definition of the electric loss coefficient cyyy.

III. CONTROL STRATEGY IN THE MONOCHROMATIC CASE

A. Control Objective Function

The simplest objective is to maximize average mechanical
power P, . This objective however could lead to over-sized
solutions since the reactive power flow is not being limited or
else to poor global solutions since electric chain efficiency is
not being taking into account.

The problem here is to maximize the function Pou, Which
is a linear combination of the average mechanical power and
the average of the absolute mechanical power:

conlrol(ccomrol) :PMech_Cconlml PMech (16)
where 0 < oo < 1 is a coefficient used to design the control
strategy for calibrating the objective function between a
maximization of the final energy and limitation of the reactive
power flow. All solutions correspond to a maximization of the
mechanical production with the minimization of power flow; a
trade-off between these two conflicting objectives is then

weighted by the coefficient ¢ onor.

According to the electric loss hypothesis adopted herein
(see (14)), the following relation between objective function
and grid power is obtained:

Pcontml( ccontml = clo.vs ) = PGrid ( 1 7)

Let's now rewrite the objective function with P, and

losselec *

Closs™ Ceontrol 5——
Plass elec ( 1 8)
Clom

control ( Ccuntrol) =L Gria —
Given the hypothesis adopted here for losses, solutions
With Ciss < Ceomar < 1 also represent also multiple trade-offs

between the two conflicting objectives, i.e.: final electrical



energy and losses in the electric chain. The fact that these two
objectives are conflicting is not natural, yet nonetheless
illustrates why the coupling between electric chain design and
control design is so important.

B. Design of a Control Strategy

To devise a new control strategy, a simple test case will be
studied, (see [4][12]). The excitation is assumed to be
sinusoidal:

fe,’(c(t):Ff,’XCVmS\/ECOS((l)t) (19)

The maximum mechanical power can thus be found by
applying (8).

F. F:
P — excrms — excrms 2 0
ave 4 iR ( ZBuov) 4 |Z Buoy| Cos ( eBuoy ) ( )

The pusation dependency is no longer show since the
pulsation in this case. The PTO force is choosen to be linear
with respect to the vertical speed of the buoy, i.e. the
relationship between PTO force and vertical speed can be
represented by a transfer function. At this point, let's introduce
the receiver mechanical impedance:

[x]

FPTO(S):ZPTO(S)S (S) (21)

with Z,,(s) :|ZPTO (s) e/t (22)

This choice introduce a major restriction. More specifically,
discrete solutions (latching, declutching) [12] lit outside this
family, although these controls seem to be suitable for a
hydraulic actuator and do not use all of the flexibility provided
by an electric chain. Power or force leveling [6] has not been
studied here either, as the goal of these leveling mechanisms
often consists of reducing peak values without significantly
reducing the production. It must be kept in mind that the peak
values may be significantly reduced thanks to leveling
mechanisms.

Under these conditions, we are permetted to use an
analogous electric system, as shown in Fig. 4. Both the speed
and PTO force are sinusoidal as well, since the system is
assumed to be linear:

E(t)=V V2008 (01— ) (23)

Srro (t)=|ZPTO| V ms V2 COS( W= Qg +8PTO) (24)

2

mes — F exc rms (2 5)
|ZPTO +Z Buuylz

The problem therefore is to choose Zpro that maximizes the
function P.puo presented in (16).

SZpuo(S)

IFPTO

Zprols)

Fig. 4. Structure of the controller and electrical analogy with a source (the
buoy) and a load (the Power Take-OfY).

max P = max (PMech_ccomrol |PMech

control —
Zpro€C ZproE€C

J (26)

This problem can be easily solved by calculating the
mechanical power function over time:

PMech (t): |ZPT0| meS

Cos (BPTO) +COS( 2wt _chspeed + ePTO)]
(27)

The average mechanical power is thus equal to:

V4
|¢|2C05(6Pm) (28)

o 2
P Mech ™ F

excrms

ZPTO + Buoy

The second term in the objective function can be write as:

|ZPT0’

c PMCCh =C control Fixcrmx 7 +7 2 b4 (ePTO) (29)
PTO

control

Buoy

where the integral g(0r70), shown in Fig. 5, which is defined as:

1 ¢T
g(GPTo)szo |COS(ePTO)+COS(2wt—2(pspeed+ePT0)|dt (30)

0.6

g Opro)

-90 -60 -30 0 30 60 90
Opro )
Fig. 5. Function &(0r70) :  Normalized average of the absolute
mechanical power in the monochromatic case as a function of the phase

shift between PTO speed and PTO force (see definition in (30)). Let's
note three particular points: g(0)=1 and g(+90°)=2/1~0.64.



This yields a closed-form expression of the objective
function:

|ZPTO|
Zprot+Z

2
P control — F exc rms

2 (COS(ePTO)_Ccommlg(ePTO)) (€28

Buoy

Let's normalize this value with the wave power:

P

Peontrot = Pm’”’”(’/ (32)
p _ 4 |Z PTOI |ZBuoy COS(BBuay) ( Cos (ePTO) - ccuntra/ g (BPTO))
control —

|Z 10+ Z puy|”

Buoy

(33)

The solution can be written as a condition on both the Zpro
modulus and the Zpro argument:

|ZPT0| = | ZBuoy (34)
Sin (e PTO) + Sil’l ( 8Buoy )
dg (ePTO)
+cc0ntrul TPTO (1 +cos (ePTO_eBuoy)) (35)

+g( ePTO) Sin(ePTO_eBuoy) =0

The solution 8p70(0suoy, Cconro) 15 shown in Fig. 6, revealing
two particular classical solutions, namely:

¢ Coma=020p0==04,,: The complex conjugate
control strategy, which maximizes mechanical power
[13];

*  Coma—120,0=0: The passive control strategy,
which minimizes power flow [14].

The solutions for 0 < Ceoma< 1 involve a trade-off between the
passive control and complex conjugate control. To demonstrate
the advantages of this control strategy, let's compare three

90
e 60 ccontrol =00
g 30 Ccontrol =02
o ~ =
Qno Lcomrol 04
g 0 —cC =0.6
CD!::Q’ control :
= 30} c =0.8
Q control
3 60 c =10
@ - \ control )

-90
90 -60 -30 0 30 60 90
eBuoy( )
Fig. 6. Parametric function of the optimal PTO impedance argument
0p10(BBucy,Ceontrol)  (see  definition in (35)) vs. the Buoy impedance
argument Oy, as parameterized with the control coefficient Ceonor-

continuous controls using a system with a loss coefficient of
Cioss= 0.10. This control depends on the choice of c.om used to
find the maximum: complex conjugate control (ceoma = 0),
passive control (¢omo — 1) and optimum control for the global
CONVErsion Ceonror = Cross= 0.10, which will be referred as the
Trade-Off control.

C.  Results for the Monochromatic Case

The buoy impedance Zgz.,, of the system and the three
control impedances Zpr, for the three continuous control
strategies are represented in Fig. 7. It is important to have a
passive model of the radiation force for this study, to respect
the energy conservation principle.

12of
~ e
% \\ —
R AN
i PTO Buoy \
i 80 v

6
8.4 0506 08 1 12 16 2 25 3

[0} (rad/s)
90
45H _OBUOY
> 0 _GPTO cC
@ ePTo P
-45} o
_GPTO T-0
-90 —
04 05 0.6 08 1 12 1.6 2 25 3
o (rad/s)

Fig. 7. Zpro and Zg,,, for the three control strategies : Complex Conjugate
(C-C) (cconar = 0), Passive (P) (Cecoma — 1), and Trade Off (T-O)
(Ceonror™= Closs = 0.1).

The average of the power grid is given by the relation (cf.
(17) and (31)):

N |ZPT0|

grid — * excrms 2
Z PTO + Z Buoy’

(COS(GPTO)_Clamg(ePTO)) (36)

To identify production capacity losses due to a non-ideal
electric chain, an evaluation must be performed of: the control
efficiency mc, the electric efficiency mg and the global
efficiency 1ncne. The maximum mechanical power is given in
(20), the mechanical power in (28) and the electric grid power
in (36).

. P e - 4 |Z ZPTO| COS(eBuoy) COS(ePTO)
C_P -

Wave |Z PTO + ZBuoy Iz

Buoy

(37)



P i :COS(BPTO)—Clmg(BPm)
mech COS(GPT())

ne= (3%

v

For the three control strategies, the efficiency of both the
control (n¢) and electric chain (nz) can be compared. The
graphs in Fig. 8 display these three efficiencies as a function of
pulsation. The first solution could consist of using the complex
conjugate control near the natural resonance of the buoy and
the passive control far from the resonance. It is obvious
however that the Trade Off control offers a much higher
global efficiency than either of the two others, even when
combined.

For ¢ = 0.1, the effect of the control coefficient ¢ oo for
a given pulsation (w = 0.70 rad.s™) can be observed in Fig. 9.
The global recovery is naturally maximized when Ceomror 1S
equal to cus (0.1), though the global efficiency for
Coonror€10.065;0.167] is still greater than 90% of the
maximum. Hence, the strategy appears to be sufficiently
robust.

100p —C-C
—P
80 T-O

ne (%)

04 05 0.6 08 1 12 16 2 25 3

Q(rad/s)
100 —C-C
80- p /’\
T-O I\
g A
&40 / \
20 \
0 |
04 035 06 08 1 12 1.6 2 25 3
o (rad/s)
N
0
04 05 06 08 1 12 1.6 2 25 3
o (rad/s)

Fig. 8. Comparison of control efficiency nc, electric efficiency ng and
total efficiency nc me vs. the pulsation for the three control strategies:
Complex-Conjugate (C-C) (Ceomrar = 0), Passive (P) (Ceomv— 1) and
Trade-Off (T-O) (Ceontro™= Cioss = 0.1).
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Fig. 9. Control efficiency nc, electric efficiency s and global efficiency

Ncne vs. the control parameter Ceomo for @ = 0.70 rad.s”, under the hypothesis
Closs = 0.10

IV. POLYCHROMATIC CASE

A. Wave Elevation Spectrum and Capture Width

The time-domain model expressed in (1) can be easily
simulated. A time-series excitation force is required however
to run a simulation. In order to evaluate some of these
examples, it is necessary to examine the wave elevation. A sea
state is characterized by the energy spectrum of the wave
elevation. The modified Pierson-Moskowitz spectrum
recommended by the International Ship Structure Committee
(ISSC) is used in this paper; this spectrum accurately models
the behavior of real sea waves [15]:

5 op |21V 5(2n )
oT )eXp 4(wT ) (39)

Sel(o‘)>za st p

P p

where H, is the significant wave height and 7, the peak wave
period. We are now able to complete (10):

0P =LE5 (0)do  (40)

pWave(U))z pg EL
2w

20

The theoretical maximum energy for a given sea-state
(H,, T,) can then be derived as follows:

= [ PE 5 (0)dw~948HT] (41)

with Py, in watts, H, in meters and 7, in seconds. This is a
unique result for a given system and hypothesis.

In order to better define the resource for all wave systems,
the wave energy transport Jy... is expressed in watts per meter
of wave front, i.e.:



Wave f P g S

o du)~421H T, (42)
2w

with Jya.. in watts per meter, H, in meters and 7, in seconds.

The equivalent capture width is thus a common
measurement in the wave energy system, it is the ratio of the
converted power to the wave energy transport Jyu.. For an
axisymmetric heaving buoy, with the spectrum used herein, the
upper limit for the capture width is:

PWave
L =0.225T" (43)

max
J Wave

with L, in meters and 7, in seconds. This result corresponds
to a unitary global efficiency (i.e. both control and electric).
The transition between efficiency and width ratio is a very
simple one:

L:nC(H.Y’ Tp)TIE(H.Y’ Tp) LmzL\’(Tp) (44)

where L is the capture width of the complete system.

B. Time Series Excitation Force

The transfer function H..(s) gives the relation between
wave elevation and excitation force:

S, ()=, (jo)'S,(o) (45)

exc

Let's now approximate the excitation force by summing
monochromatic excitations:

N
exL z Fexzrmsk ZSIH(U‘) t+q)k) (46)

k=1

The phases oy are set randomly. The pulsations w; used are
981 regular spaced pulsations (Aw; = 10 mrad.s™) between
0.2 rad.s’ and 10rad.s’. In our case, this configuration is
similar to the solution of a reconstructed wave elevation with a
random phase, as presented in [12]. Thanks to (45), the
following approximation can now be written:

Fexcrmskz|Hexc(j(’0k)|\/Sel U)k A(Dk (47)

C. Approximation of the Monochromatic Strategies

The optimal solutions for control impedance are provided
in (34) and (35). For the monochromatic case, it is easy to
perform the control; however, it is difficult, or even impossible
in some cases, to respect the two relationships for multiple
frequencies. In particular, passive control with a frequency-
dependent damping coefficient is impossible to achieve.

As a next step, the strategies presented in the previous
section will be approximated using a classical tunable reactive

form [16] in order to confirm that this strategy yields good
results in a more realistic case:

Kppo(T,)
ZPTO(S):MPTO(Tp)S+BPTO(T/J)+% (48)

where Mpro, Bpro and Kpro, are respectively an emulated mass,
an emulated damping and an emulated stiffness.

To choose the optimal values for these three coefficients,
the choice here was to maximize a cost function given by:

Pcantrol poly: J‘O pcnnlml( w ) Pwave ((’0) (49)

with peonra(®) given in (33). The assumption made here is that
the frequency approach yields results that closely compare to
the time-domain results, even though the Parseval's identity
cannot be used (as the loss model is not quadratic). This
assumption proves to be very useful in reducing computation
time.

Average mechanical power or average grid power can now
also be predicted:

Mech f nC pWave((D) (50)

P;rid:‘l‘: nC(U‘) nE(m)pWave<(D) (51)

with (o) and nz(®) given in (37) and (38).

D. Stability Constraints on the Emulated Terms

Emulated terms must be used carefully due to the stability
limits. Stability margins are reduced whenever negative mass
or spring terms are emulated. It can indeed be seen, we can see
in Fig. 4 that the open loop (OL) transfer function of the
system (buoy and control) is given by:

Zpro
HOL(S)ZKVES (52)
_MPTO<Tp)s2+BPTO(TIJ)S+KPTO(T1))
HOL(S)_ (M—i—aw)sz—i-H(s)s—i-K 53)

In our case, we can easily calculate two important limits for
the overall system stability (H(jw) has finite limits in zero and
positive infinity):

K T
lim H ,,(j) :4”0( p) (54)
=0

M T
}’111;10 HOL(]UJ): A;Ti(a p) (55)



The critical point is Ho (fjo) = —1. In order to control the
distance between the open loop transfer function and this
critical point (and thus control the system stability), the choice
for two of the three coefficients must be constrained. Three
cases have been tested herein: no constraint, a weak constraint
and a strong constraint. The weak constraint (wc) corresponds
to a gain margin of 6 dB:

MPTOW(,'(Tp)>_(M+aao)/2 (56)
KPTOWC(Tp)>_K/2 (57)

The strong constraint (sc) corresponds to an infinite gain
margin, i.e.:

MPTOSC(Tp)>0 (58)

KPTOSC(Tp)>0 (59)

Hydrodynamic tests must be conducted in order to select
the stability limits to be used in this case.

E. Results for the Polychromatic Case

Since the numerator of the mechanical impedance transfer
function in (48) has a higher degree than the denominator, the
transfer function is not causal and, as such, can not be realized.
The function used for the time-domain simulations is as
follows:

KPTO(Tp) 1
K I+7Ts

ZPTO(S): MPTO(Tp)S+BPTO(Tp)+ (60)

with time constant t being small compared to the wave
pulsation (set here at 10 ms). This is a causal, flexible and
easy-to-implement control strategy; moreover, it features the
same equations as a Proportional-Integral-Derivative (PID)
controller.

The case studied here as an example corresponds to a sea-
state with a significant wave height H= 3 m and a peak wave
period T,= 9 s. The simulations last 628 s and are repeated 20
times with different random draws for the excitation force
phases. In all, 100 different values of c..... have been tested.
The  time-domain  simulations were run  using
Matlab/Simulink.

The global efficiency as a function of control parameter
Ceonror 18 shown in Fig. 10. The frequency computations are
shown in dashed lines: the approximation appears to be correct,
and the assumption is thus considered to be verified. The three
control strategies are illustrated with examples of power time
series in Fig. 11.

The control strategies determined with Ceonror > Cioss fOrms a
Pareto front in a production-loss diagram (See Fig. 12 (a)). For
a given production, the result is the solution offering the
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Fig. 10.  Global efficiency as a function of control parameter ceomro for
T, =9 s under the hypothesis ¢, = 0.10. The Global efficiency is the
product of the control efficiency n¢ and the electric efficiency nz Solid
lines represent the time-domain simulation and dashed lines the
approximation in the frequency domains. Blue lines correspond to the
solutions without stability constraints (w/o c.), green lines with weak
stability constraints (wc) and red lines with strong stability constraints

(sc).
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Fig. I1.  Example of power time series for a given random draws for the
excitation force phases. The graphs compare the three control strategies:
Complex-Conjugate (C-C) (Ceomrar = 0), Passive (P) (Ceoma— 1) and
Trade-Off (T-O) (Ceontro™ Cioss = 0.1). The loss coefficient is ciss = 0.10,
the sea-state is 7, = 9 s and H, = 3 m. The constraint for stability is weak
(see (56) and (57)). Note that the scale for the power in the three case are
not the same.



minimum losses. The solution with the minimum stability
constraint always yields better results in this diagram.

Production maximization is not the ultimate goal of these
control strategies. Given the over-sizing required to achieve the
production maximization, the solution with maximum grid
power is not optimal for per-kWh cost. A complete study of the
cost of both the generator and its converter is needed in order
to draw a conclusion on the best control strategy.
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Fig. 12.  (a) Average losses vs. average production; (b) Ratio between peak

and root mean square values for the Power Take-Off force and average
production power vs. average production power; (c) Ratio between peak
and root mean square values for the Power Take-Off force and average
production power vs. average production power. All the three graphs are
subject to the same conditions: the loss coefficient is ¢, = 0.10, the sea-
state is 7, = 9 s and H, = 3 m. The control coefficient ccou varies from
0.1 to 1.0. Blue lines correspond to the solutions without stability
constraints (w/o c.), green lines with weak stability constraints (wc) and
red line with strong stability constraints (sc).

We can reasonably suppose that the peak and root mean
square value of the force are correlated with the linear
generator cost. Fig. 12 (b) therefore depicts the two following
ratios for comparing these various solutions:

_ f PTO rms d _ f PTO peak
an I"f peak —

[ ——
frms
P grid P

(61)

grid

We can also reasonably suppose that the peak and root
mean square value of the mechanical power are correlated
with the converter cost. Fig. 12 (c¢) then represents the two
following ratios for comparing these various solutions:

P
__ T mechrms __ = mech peak
Y prms = P and ereak_ P (62)
grid grid

V. CONCLUSION AND OUTLOOK

This paper has focused on the potential resource for a
Direct Wave Energy Converter, in a global context of kWh
cost minimization. Electrical chain losses and force or power
amplitude constraints play an important role in designing the
electric chain, and hence in its cost. Moreover, they play a key
role in the conversion mechanism. For this reason, the control
strategy and the electric chain design are highly correlated.

This paper has proven that taking account of electrical
losses in the design of a control strategy improves global
efficiency of the conversion chain compared to classical
solutions, i.e.: a passive strategy or complex conjugate strategy.
Power and force leveling must be tested with this strategy in
order to minimize the chain size introduced to achieve a given
production.

Converted energy maximization may help to minimize the
per-kWh cost; however recovery optimization is not an end in
itself. The final system, including the electric chain and control
strategy, must minimize the per-kWh cost. In the case
presented here, the continuous variation of a control parameter
offers multiple possibilities. Economic considerations must be
taken into account when approximating the per-kWh cost
optimization.
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