Effect of non-ideal power take-off on the electric output power of a wave
energy converter under suboptimal control
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ABSTRACT: This work investigates how the physical limitations and losses of an electric power take-off
(PTO) system affect the production of power for a wave energy converter (WEC) under suboptimal control
strategies. The damping of the PTO system is either continuously tuned to the time-varying wave excitation force
frequency, which is referred to as passive control (PC), or tuned to the mean centroid frequency of the spectrum,
which is referred to as passive loading (PL). The time-varying frequency is estimated by the Hilbert-Huang
transform (HHT) method. Numerical simulations with the wave-to-wire model of a WEC including a non-ideal
PTO show that the limitations and losses of the system modify the output power for both control strategies,
when compared to the ideal PTO case. Furthermore, the benefit of applying the time-varying damping obtained
from HHT for certain types of wave spectra differs significantly from the cases when only the hydrodynamic
model with an ideal PTO system is considered. While for an ideal PTO system, the greatest improvement of PC
over PL is obtained for wideband spectra, this behaviour is not observed when the non-ideal PTO is considered.

1 INTRODUCTION

Different control schemes have been proposed to im-
prove the energy absorption of wave energy convert-
ers (WECs) for a variety of operating conditions.
Although the performance of most of these control
schemes have been evaluated through the use of nu-
merical simulation models with ideal power take-off
(PTO) systems, a few numerical studies have consid-
ered non-ideal PTOs in the control problem formula-
tion, e.g., Bacelli et al. (2015), Sanchez et al. (2015).

Additionally, the impact of PTO limitations and
losses on the energy output of reactively controlled
WEC:s have been studied, e.g., for the Lifesaver WEC
(Sjolte et al. 2013) and generic non-ideal PTO sys-
tems (Falc@o and Henriques 2015, Genest et al. 2014,
Tedeschi et al. 2011). Optimal hydrodynamic control,
and reactive control, imply bidirectional power flow,
which requires highly efficient power take-off (PTO)
systems. For a Western Atlantic site and a generic
WEC, Genest et al. (2014) have shown that while

reactive control can improve the WEC mean annual
power absorption by a factor of 10 with an ideal PTO,
such a factor is reduced to 4 for actuators with 90%
efficiency and further reduced to 2 for actuators with
80% efficiency. If the efficiencies are below 50%, the
losses are so high that the use of this control strategy
is not meaningful.

Similar behavior has been observed for the wave
energy converter Lifesaver. Due to large accumulated
average losses and limited efficiency of the genera-
tor, Sjolte et al. (2013) have shown that the electric
PTO system of this WEC has limited potential for in-
creased production by reactive control. Simulation re-
sults have indicated that an annual increase in energy
production of only 1% could be obtained when com-
pared to the passive loading (PL) case.

This paper will investigate the impact of non-ideal
PTO system on the electric output power of a pas-
sively controlled WEC. To this end, the hydrody-
namic model of an oscillating body is connected to an



all-electric PTO system like the system of Lifesaver
(Sjolte et al. 2013). We consider the PTO damping
of the WEC to be either tuned to time-frequency es-
timations obtained from the Hilbert-Huang transform
(HHT) method or to the mean centroid frequency of
the excitation force spectrum.

Previous studies using HHT on the control prob-
lem formulation (Garcia-Rosa et al. 2017, Garcia-
Rosa et al. 2019) have focused only on hydrody-
namic models, where the WEC performance under
passive and reactive control has been measured in
terms of absorbed power and PTO rating. Non-ideal
PTO systems have not yet been considered for con-
trol schemes based on HHT. In this study, the WEC
performance under the HHT passive control will be
evaluated in terms of electric output power by using
a fully coupled wave-to-wire model, which includes
the physical limitations and efficiency of the PTO.

2 WAVE-TO-WIRE DYNAMIC MODELLING

The WEC considered in this paper is a single oscillat-
ing point absorber, moving only in heaving motion.
The body is a vertical cylinder, and it is connected to
an electric PTO system like the PTO of the wave en-
ergy converter Lifesaver (Sjolte et al. 2013).

2.1 Time-series of the wave elevation

Irregular waves are modelled as a finite number of si-
nusoidal waves with different amplitudes, frequencies
and phases. The elevation of an irregular wave can be
calculated as (Ricci et al. 2008)

N
¢(t) = Z 25 (wn)wy, sin(wyt + ¢, (1)

n=1

where S(w) characterizes the wave spectrum, w,, and
¢,, are the angular frequency and random phase of the
n-th wave component, respectively.

Various mathematical models can be used to de-
scribe the wave spectrum. Here, we consider the
Ochi-Hubble spectrum, which is a 6-parameter wave
spectrum decomposed into two parts: one contain-
ing low frequency components of the wave energy
(remotely generated swells) and the second includ-
ing high frequency components (local wind waves)
(Ochi & Hubble 1976). The wave spectrum can be
expressed as
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which has two sets of a three-parameter spectrum.
Each set consists of a spectral shape parameter )\;, a

significant wave height H,, and a modal or peak fre-
quency W, .

2.2 Hydrodynamic model

Using Newton’s second law of motion and assuming
linear hydrodynamic theory, the motion of the floating
body can be described as

mi(t) = fe(t) + fr(t) + fs(t) + fo(t), (3)

where Z(t) is the body acceleration, m is the body
mass, f.(t) is the excitation force, f,.(t) is the radi-
ation force, f,(t) is the hydrostatic force, and f, () is
the PTO force.

The hydrostatic force is the resultant force between
the gravitational force and the force due to buoyancy
when the body moves from its equilibrium position.
As a result, the hydrostatic force can be calculated as

fs(t) = —SIL‘(t), (4)
where S the hydrostatic stiffness and z is the body
displacement.

The excitation force is the force acting on the body
as it is held fixed in incident waves. The excitation
force is expressed as

fu(t) = / " et — T)C(r)dr, )

o0

where the inverse Fourier transform of the excitation
force transfer function H,(w) can be found by

h(t) = % /_ " HL ()t du. ©)

The radiation force is the force due to waves gener-
ated by the body motion. It can be expressed as (Cum-
mins 1962)

—fr(t) = my(00)i + /0 he(t = )a(r)dr, (D)

where m,.(00) is the added mass coefficient at infi-
nite frequency, and the integration kernel h,.(t — 7),
known as the fluid memory term (Greenhow & White
1997), 1s given by

™

ho(t—7) = 2 /OOO By(w)cos(w(t — ))dw, (8

where B, is the radiation damping.
The PTO force is defined as

f(t) = =By (8)2(1), ©)

where B, € R represents the PTO damping and 4 (¢)
is the velocity of the floating body.

The mean absorbed power for a time interval 7’ is
calculated as

Pa(t):—% /0 £ ()it (10)



2.3 Electric PTO model

The electric PTO system of Lifesaver generates elec-
tric power through a winch that is connected to the
mooring line, as illustrated in Figure 1. In order to
maintain a continuous rope tension, the generator
needs to operate as a motor whenever the device per-
forms a downward motion, and then, power flows
from the grid to the WEC. The generator produces
power only during the upwards motion of the device
(Sjolte et al. 2013).

Generator
‘Winch

Gearbox
Absorber

Mooring line

Figure 1: PTO of Lifesaver (Sjolte et al. 2013).

The stand-alone system consists of the following
components: 28-pole  surface-mounted perma-
nent magnet synchronous machine (SMPMSM);
inverter/rectifiers; ultra-capacitor bank; DC-link
charger; battery charger; brake charger and dump
resistor. In the synchronous reference frame, the
mathematical model of a SMPMSM drive system is
commonly expressed as (Vas 1990):

. d . .
Uds = Rslds + % (leds + \IJPM) - erslqs y (11)

. d . .
Ugs = Rylgs + dt (Lisigs) — wr (Lsigs + Wpnrr) , (12)

where ugs and u, are the stator d- and g-axis voltages,
t4s and 74, are the stator d- and g-axis currents, 7, and
L, denote the stator resistance and inductance, and
W pys is the permanent magnet flux linkage. The rotor
angular speed of the generator w, is calculated from
the hydrodynamic model as

e
2

where p, is the angular to gear ratio, and n, is the
number of poles of the generator.

The electromagnetic torque of the generator is cal-
culated as

wy(t) = —py (), (13)

3an ,
= §?p\PPMZqS(t). (14)
From (11) and (12), a cross coupling between the
d- and g-axis voltage occurs. This can be avoided by

T.(t)

using a feedforward technique, where the reference
voltages are defined as

Vas(t) = ugs(t) + wy Ligs() (15)
Vs (t) = ugs(t) — wp Lsias(t) — eq(t) (16)

where e, 1s the induced voltage in the g-axis. By ap-
plying these equations to (11) and (12), two indepen-
dent first-order equations in the synchronous refer-
ence frame are obtained. Then, the transfer function
from the current ¢ to the voltage v is given by

1
i(s) R,
= L 17
v(s) 1+&s .
R,

and the current controller can be implemented as il-
lustrated in the block diagram in Figure 2.
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Figure 2: Block diagram of the current controller.

The transfer function for the PWM and converter
is set to unity because it is assumed that the voltage
from the converter follows the reference voltage per-
fectly. As a result, the simulation time is significantly
reduced and there is no need for a filter in the system
(Sjolte et al. 2013).

In order to ensure that the limitations of the PTO
are not exceeded, torque control is required. The ref-
erence torque is calculated using the machinery force
from the hydrodynamic model:

1
Ter(t) = p—fp(t), (18)
g

where f,, is defined by (9). Thus, the reference for the
g-current is given by

. Te,re (t)
bgses () = o2l

Enp\I/pM

(19)

The actual references for g- and d-axis currents
used for torque control are updated according to ¢ et
values (19) and the generator characteristics, as sum-
marized below (Sjolte et al. 2013):

1. If Iqs,min < Z'qs,ref < Iqs,mam» then Z.qs,ref = iqs,ref
and Z.ds,ref =05

2. If Ips min > tgsrepr and wy < Wy, then igg pep =
[qs,min and ldsref = 0;

3. Ifigs ey > [qs,mm and w, < Wy, then igs,cr =
[qs,max and ldsref = 0;



4. Otherwise, if w, > w,, then field weakening is
necessary.

Iys min, Lgs max are, respectively, minimum and maxi-
mum q-axis currents and w,,, is the field weakening
speed.

During field weakening, the d- and g-axis currents
are decided through a method described by Ching-
Tsai Pan and Jenn-Horng Liaw (2005). The method is
based on using the current and voltage constraints of
the SMPMSM drive system to calculate the real-time
upper and lower g-axis current bounds. Using the gen-
erator characteristics, the field weakening speed w;.,
(in rad/s) is given by

—2RuLinaaVprr + /QRoImar Venr)® — 4(Vay + L212,)(R2I2, — V2,,)
Wrm =
2(Why + L212,,)

(20)

The detailed properties of the generator and con-
verter are not exactly known. However, based on pro-
vided information on the efficiency at a number of op-
erating points, a polynomial expression for the com-
bined generator and converter losses has been deter-
mined by Sjolte et al. (2013). The power losses (7))
are calculated as a function of the generator torque 7,
and the angular speed of the rotor w, (in rpm):

|P| = a1 T + aoT? + az|lw,| + asw? +
as|w.To| + aglw,| T2 . (21)

3 POWER TAKE-OFF DAMPING

3.1 Constant frequency tuning

For passive loading, the PTO damping is set to a con-
stant value, i.e. Bp(t) = B,, for any time ¢, where
B, can be adjusted according to a chosen tuning fre-
quency. For an incoming regular wave, i.e. wave con-
sisting of only one frequency, the optimal PTO damp-
ing is calculated as (Falnes 2002)

B, = \/Br(w)2 n {w(m—i—mr(w)) - g N C:2)

A challenge with PL is to define the tuning fre-
quency for real ocean waves and irregular waves, as
these waves do not consist of a single frequency. Usu-
ally, the energy frequency or the peak frequency of
the wave spectrum is defined as the tuning frequency.
Then, the PTO damping can be tuned following an
hourly basis (sea state variations), a monthly basis
(seasonal variations) or an annually basis.

In any practical application studies, tuning the PTO
damping to the frequency of the waves will require
an estimation of the frequency. In Garcia-Rosa et al.

(2019), simulation studies indicate that the extended
Kalman filter, which is a state observer commonly
used in real-time applications, estimates the mean
centroid frequency of the excitation force spectrum
(w1,£.). Thus, in this paper, PL uses this frequency for
tuning the damping.

The mean centroid frequency (w ) is a statistical pa-
rameter of the wave spectrum given by the spectral
moments m; and mg as w; =my/my. Spectral mo-
ments of order n are calculated as

My, = /OO w'S(w)dw. (23)
0

3.2 Time-frequency tuning using the Hilbert-Huang
Transform

For a passive control (PC) scheme that tunes the PTO
on a wave-by-wave basis, B,(t) can be calculated as

(24)

where wy(t) is the estimated time-domain frequency
of the wave excitation force. The reason the excita-
tion force is used rather than the wave elevation is
because, in this way, some of the high frequency con-
tent of the wave elevation is filtered by H.(w). As in
Garcia-Rosa et al. (2017), the frequency in this paper
is estimated by the HHT method.

HHT is a two-step method for analyzing non-
stationary and nonlinear signals. Firstly, the empirical
mode decomposition (EMD) decomposes the original
signal into intrinsic mode functions (IMFs). Secondly,
the Hilbert transform (HT) is used on each IMF com-
ponent to estimate the instantaneous frequency and
amplitude (Huang et al. 1998). The EMD identifies
the different frequencies of the signal f.(¢) through
the process of sifting, as summarized in the following
algorithm:

Step 0: Set: = 1and r(t) = f.();
Step 1: Identify local maxima and minima in 7(t);

Step 2: Create upper and lower envelopes defined
from the corresponding maxima and minima us-
ing cubic spline interpolation;

Step 3: Calculate the mean of the envelopes m(t);

Step 4: Subtract the mean from the signal, h(t) =
r(t) —m(t);

Step 5: If h(t) can be classified as an IMF, go to the
next step. Otherwise, set (t) = h(t) and repeat
the process from 1;



Step 6: Setc;(t) =r(t). Calculate r(t) = r(t) — ¢;(t),
set © = 2,..., N and repeat the process from 1.
Define the IMF components as ¢;(t), ..., ¢y (t)
and the residue as r(t).

After the EMD has been completed, the IMF com-
ponents are given in a sequential order from the high-
est frequency component to the lowest. Next, the en-
ergy of each IMF signal is calculated in order to locate
the IMF with the highest energy content (Garcia-Rosa
et al. 2017),

T
E. = / | i) [* dt, (25)
0

where ¢;(t) is the i-th IMF component. The IMF with
the highest energy content is the dominant component
ca(t). Finally, the HT is applied to c¢,(t),

valt) = %P{ /oo %d’f}, (26)

—00

where P is the Cauchy principal value. Then, the dom-
inant IMF component can be expressed as an analyti-
cal signal,

za(t) = calt) + joa(t) = aq(t)e? /a0 (27)

where d,4(t) is the instantaneous amplitude,

aa(t) = 4/ cg(t) + vg(t), (28)

and wy(t) is the instantaneous frequency,

il = L (40 "

The instantaneous frequency (29) is used as the tuning
frequency in the PTO damping calculation (24).

4 NUMERICAL SIMULATIONS

In order to evaluate the effect of a non-ideal PTO on
passively controlled WECs, a comparison of the elec-
tric output power is considered for the cases when the
PTO damping is tuned to

e a constant frequency of the excitation force spec-
trum, which is referred to as the PL approach.
Here, the mean centroid frequency, w, ¢, , is con-
sidered;

e frequency estimated by HHT, wy(¢), which is re-
ferred to as the PC approach.

Firstly, a comparison of the results considering only
the hydrodynamic model (Section 2.2) is performed.
In this case, an ideal PTO system is assumed, and the
mean absorbed power F, is the output power.

4.1 Simulation Parameters

Ochi-Hubble spectra (2) are generated from the real
wave data of the Belmullet wave energy test site used
in Garcia-Rosa et al. (2017). The spectral shape pa-
rameters (A1, Ao, Hy,, Hy,, Wy, , Win,) are set to mimic
three sea states from that paper: S1, S2, and S6 (which
is renamed as S3 here). The simulation interval is
T'=30min with sampling frequency of 1.28 Hz. The
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Figure 3: Simulated wave spectra S1, S2 and S3.

spectral densities of the excitation force for the given
sea states are shown in Figure 4. Comparing the wave
and excitation force spectra, it can be seen that some
of the high frequency content in the wave spectra have
been filtered out by H,(w). The heaving cylinder used
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Figure 4: Spectral density of the excitation force for sea states
S1, S2 and S3.

in Garcia-Rosa et al. (2017) is also considered here.
The main specifications of the electric PTO system
are listed in Table 1, and the generator characteristics
are shown in Table 2 (Sjolte et al. 2013).

By assuming a simplified converter bridge with
PWM, the time constant 7; in the PI-controller
(Fig. 2) becomes equal to the armature time constant,
and the gain K, is set as 0.8.



Table 1: Main PTO specifications.

Property Value
DC-bus voltage, Va0 600V
DC-bus current, 1,4, 481.2679 A
Angular to linear gear ratio, p;,  38.5 1/m
PTO maximum force 100 kN
PTO minimum force 10 kN
Table 2: Generator characteristics.
Property Value
Number of poles, n,, 28
Stator resistance, I, 0.038 ©2
Stator inductance, L 1.4 mH
Permanent magnet flux linkage, W p, 0.257 Wb
Maximum qg-current, Iy ymaq 481.2679 A
Minimum q-current, /44 min 48.1268 A
Field weakening speed, w;..,, 561.1284 rpm

4.2  Hydrodynamic model

For the hydrodynamic model with an ideal PTO sys-
tem, the ratios between P, with PC and P, with PL
are shown in Table 3.
Table 3: Ratios between P,(PC) and P,(PL).

Ratio S1 S2 S3

P,(PC)/P,(PL) 101 132 1.03

For all sea states, the output power is greater for
PC than for PL tuned with w; ;, where the advan-
tage of using PC and HHT frequency estimation is
more evident for S2, a sea state with mixed waves
spread over a wide band of frequencies. These re-
sults agree with previous results shown in Garcia-
Rosa et al. (2017). Figure 5 illustrates the energy ab-
sorbed for both schemes.

4.3  Wave-to-wire model

As explained in Section 2.3, the generator produces
power only during the upwards motion of the device.
Thus, to verify the effect of the control methods on the
output electric power, the average electric power (/)
is split into positive (P, ) and negative (FP._) compo-
nents, following the upward and downward motions
of the body.

Figure 6 illustrates the generated energy for PL and
PC over the 30-min simulation interval in sea states
S1, S2 and S3. As expected, a comparison with Fig-
ure 5 shows that the energy output levels for the fully
coupled ware-to-wire are lower, due to PTO limita-
tions and losses. Furthermore, a different behaviour
is observed when PL and PC are compared for each
sea state, and the advantage of using PC with HHT is
more evident in S3. Thus, the greatest improvements
of PC over PL, previously associated with wideband

Energy (J)
N
&

L L L L L L L L |
0 200 400 600 800 1000 1200 1400 1600 1800

Figure 5: Absorbed energy for PL and PC over a 30-min simula-
tion (hydrodynamic model with ideal PTO).
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Figure 6: Generated energy for PL and PC over a 30-min simu-
lation (wave-to-wire model with non-ideal PTO).

spectra, have not been observed for the fully wave-to-
wire model. This is further indicated in Table 4, which
shows all the ratios of average eletric power and the
ratio of power losses between PC and PL.

Although PC results in more production of power
than PL, it also results in at least twice as much neg-
ative power than PL, i.e. more power is flowing from
the grid to the WEC when PC is applied, as shown
in Table 4 (third line). As a consequence, the average
electric power (F,) becomes almost the same for PL.
and PC.

From Table 4 (last line), it can be seen that PL
results in higher power losses than PC. The power
losses depend on both the generator speed w, and gen-
erator torque 7., as indicated by (21). In the polyno-
mial expression, the torque values are raised to the
fourth power, and then, the losses become higher for
cases with higher torque.

The losses are calculated on the basis of copper
losses here, but in a SMPMSM machine, iron losses
are also a significant fraction of the total losses (Meier
2002). It is also important to note that continuously
modifying the operating region of the generator may
cause other losses related to wear and tear over time,



Table 4: Ratios between average electric powers, and ratios be-
tween power losses.

S1
3000 !

3000

S2

3000

S3

2500 |

2000 |

1500

Ratio S1 S2 S3
P.(PC)/P.(PL) 1.02 09 099
e+(PC)/P (PL) 1.14 1.04 125

P,_(PC)/P,_(PL) 151 1.8 222
Pz(PC)/ (PL) 097 08 0.9

which are not considered in this study.

Figures 7-11 show samples of time-series simula-
tion for the generator speed, generator torque, PTO
damping and electric currents for both PL and PC.

The generator speed is very similar for both control
schemes (Fig. 7), showing only slightly differences
at the peaks. However, the generator torque (Fig.8)
exhibits more pronounced differences when the con-
trol schemes are compared, since the torque control
reference 1s directly proportional to the PTO damp-
ing (Fig.9), which oscillates over a wide range for
PC. For both control schemes, the generator torque
frequently switches between its maximum and min-
imum values, i.e. the electric PTO system works at
the boundary of its capacity. However, PL results in
higher torque values than PC, which explains PL ex-
hibits higher power losses.

Due to the proportionality between the generator
torque and the g-axis current (14), PL gives higher
145 values than PC, as illustrated in Figure 11. Addi-
tionally, it can be noticed S2 is the only sea state that
results in field weakening (Fig. 10), which is caused
when the generator speed is higher than w, ,,, (Fig. 7).
The benefit of using the time-varying damping is re-
duced for sea state S2 when compared to S1 and S3.
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Figure 7: Generator speed for the time interval 1000s and 1200 s
for PL (dashed red) and PC (solid blue). Black dashed line is the
field weakening speed wy.p, .

5 CONCLUSION

For an ideal PTO system, the greatest improvement
of passive control with HHT frequency estimations
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Figure 8: Generator torque for the time interval 1000 s and 1200 s
for PL (dashed red) and PC (solid blue). Black dashed line is the
maximum generator torque.
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Figure 10: D-axis current for the time interval 1000 s and 1200 s
for PL (dashed red) and PC (solid blue).

over passive loading is obtained for wideband spec-
tra. This behavior is not observed when the non-ideal
electric PTO of the Lifesaver WEC is considered. For
instance, for the two-peak wideband spectrum consid-
ered here, the field weakening region of the generator
is activated, and the benefit of using a time-varying
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Figure 11: Q-axis current for the time interval 1000 s and 1200 s
for PL (dashed red) and PC (solid blue). Black dashed line is the
maximum q-current Iy ymaz-

damping is significantly reduced when compared to
the ideal case. However, for sea states S1 and S3, the
benefit of using HHT is increased. Future works will
further investigate this behavior.

Simulation results indicate that the WEC generates
more electric power with PC than with PL, even with
the non-ideal PTO and the inherent losses and limi-
tations of the system. However, PC requires signifi-
cantly more power from the grid to operate correctly
during the downwards motion of the floating body.
The considered WEC generates power only during
upwards motion of the body.

Additionally, higher power losses are observed
with PL than with PC. Higher losses are derived from
higher generator torques, and hence, higher stator cur-
rents. The torque control reference is directly pro-
portional to the PTO damping, which is constant for
PL and oscillates over a wide range following the
frequency bandwidth of the sea state for PC. In the
wave-to-wire model, the power losses are found only
through the stator copper losses, even though iron
losses are also significant in a SMPMSM machine.
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