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Determination of optimal parameters for a hydraulic
power take-off unit of a wave energy converter in
regular waves
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Abstract: Wave energy has the potential to be a major provider of renewable energy, especially
in the UK. However, there is the major problem of producing efficient devices for a wide variety of
sites with different operating conditions. This article addresses the time domain modelling of a
heaving point absorber connected to a hydraulic power take-off (PTO) unit in regular waves. Two
cases for the hydraulic PTO unit are considered: an ideal model and a model containing losses.
Component losses are included to give a more accurate prediction of the maximum power pro-
duction and to discover if the parameters to optimize the device change when losses are included.
The findings show that both cases are optimized by varying the size of the hydraulic motor and
the optimal size is only dependent on wave period and the trend is the same for both cases.
Results also showed that to maximize the power produced for both cases, there is an optimal force
that the unit produces, which can be derived from theory. Finally, power reduction as a result of

the hydraulic losses is also observed with efficiencies reducing at larger wave heights.
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1 INTRODUCTION

It is estimated that the worldwide power available
from sea waves is 2 TW, which is comparable to the
magnitude of the world’s electricity generation [1]. To
extract this power, a wave energy converter (WEC)
must resist wave forces in a carefully controlled
way. An extensive review of the many methods pro-
posed to perform this is available in Drew er al. [2].
The most common approach is to use a hydraulic
power take-off (PTO) unit due to its high power den-
sity and robustness, which is an obvious advantage
for offshore operations, where maintenance costs
can be very high [1, 3]. A direct drive electric genera-
tor is an alternative design for the PTO unit but the
drawback is that the generator will encounter lower
speeds than typical high-speed rotary generators,
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which means that there is a requirement for a
physically larger machine [4]. Both types of system,
however, will require a grid connection as demon-
strated in Rahm er al. [5]. A significant problem is
the optimization of hydraulic PTO devices in sea
states of varying wave amplitude, direction, and fre-
quency. Sub-optimal configuration can result in very
inefficient energy conversion [6], so understanding
the design trade-offs is the key to the success of the
technology.

Previous work has focused on developing control
methods for point absorbers to maximize the energy
absorbed. Falcdo [7] used a simplified hydraulic PTO
unit connected to a point absorber to develop an
algorithm to optimize the converter. The algorithm
was shown to be weakly dependent on wave period
and independent of wave height when simulated in
real sea conditions and to produce power levels sim-
ilar to a fully linear PTO unit. This work was contin-
ued in Falcdo [8] to include a strategy for phase
control by latching to increase the absorbed power
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further. In Babarit ef al. [9] three different latching
control strategies are compared to show their effec-
tiveness in different sea states with all three strategies
giving a considerably increased efficiency in irregular
waves. In Yavuz et al. [10] work focuses on assessing
the performance of a tuneable point absorber by
trying to fulfil the condition of resonance by varying
the PTO characteristics. Results showed a maximum
power capture of 50 per cent of the rated power
in regular waves. This work was continued in Yavuz
et al. [11] with irregular waves to show that power
capture can be maximized by continuously tuning
the natural frequency of the device to the incom-
ing wave frequency. More recently, in Folley and
Whittaker [12], a new control method called active
bipolar damping or declutching is proposed which
tries to shift the buoy’s velocity so it is in phase with
the wave force. When compared theoretically to other
methods, it shows a higher power capture than opti-
mum linear damping without the requirement of
reactive energy storage. This control method has
been investigated in Babarit et al. [13] using a hydrau-
lic PTO and compared to a control method which
tries to mimic the continuous behaviour of a viscous
damper. Results show greater power levels from the
declutching control method with the added advan-
tage of requiring a less complex system.

Most of these investigations use linearized models
and do not consider real hydraulic circuits and com-
ponents in their investigations. This study uses the
simulation of a combined hydrodynamic and realistic
PTO unit model to investigate and optimize the per-
formance in a variety of sea conditions by sizing cer-
tain key hydraulic components correctly. Section 2
describes the modelling and optimization of a linear
PTO unit (i.e. a viscous damper) in the frequency
domain. Section 3 covers the time domain modelling
of an ideal hydraulic PTO unit. Section 4 presents a
realistic PTO unit with losses. Finally, in section 5, the
conclusions are presented.

2 MODELLING AND OPTIMIZATION WITH
A LINEAR PTO

The device, illustrated in Fig. 1, comprises a single
heaving buoy which is linked to the sea-bed or a reac-
tion plate by the PTO unit. Varying the force produced
by the PTO unit allows control strategies to be imple-
mented, effectively varying the PTO impedance to
optimize the power absorbed. In this study, all other
degrees of freedom are neglected and regular mono-
chromatic waves are used as an input. Regular waves
are an idealistic approach but it is a natural starting
point for the study, as shown in references [8], [9],
[12], and [13].
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Reaction Plate

Fig.1 Schematic of the WEC

The buoy is assumed to be a vertical cylindrical
body with an extended hemisphere at its lower end
to reduce viscous drag. There are no limitations on
the amplitude of motion of the buoy. The buoy
dimensions chosen are a mass of 39 tonnes, a
radius of 2 m, and a draft of 4 m, as these are similar
to dimensions of devices currently being prototyped.

Assuming an incompressible fluid with zero vis-
cous losses, linear wave theory can be used to solve
the governing hydrodynamic equations. The equa-
tion for the buoy motion is

mx = fo(1) + fn(?) (1)

where m is the mass of the buoy, X the buoy’s accel-
eration, f,(#) the vertical component of the total
wave force, and f,(#) the vertical component of the
mechanical force. The wave force can be further
decomposed as follows [14]

Ja(®) = fe(1) + fi(8) + fos(2) )

where f;(1), the excitation force, is the force produced
by the incident waves on an otherwise fixed body. The
radiation force, f;(?), is the force produced by an oscil-
lating body creating waves on an otherwise calm sea,
and fps(?) is the linearized form of the hydrostatic
force. With these assumptions, the excitation force
is proportional to the incident wave amplitude [7], so

fa() = D(w) g sinot (3)

where I'(w) is the excitation force coefficient which is
dependent on the body’s shape and the wave fre-
quency (w) [14] and H the wave height. The radiation
force can be decomposed into components in
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phase with the buoy’s acceleration and velocity such
that

Ji(@) = —A(w)X — B(w)x 4)

The coefficients A(w) and B(w) are the added
mass and radiation damping coefficients, respec-
tively, and are dependent on the buoy shape and
wave frequency [14, 15]. The hydrostatic force is
given by

Jos(2) = —pgSx )

where p is the water density, g the gravitational con-
stant, and S the buoy cross-sectional area in the
x-direction.

The mechanical forces acting on the WEC comprise
the vertical component of the force applied on the
buoy by the PTO unit and the mooring force.
Assuming the effect of the mooring force on the
buoy is sufficiently small to be neglected and the
PTO force to be a linear function of buoy velocity,
the mechanical force becomes

fm=-Cx (6)

where Cis the damping coefficient. Equation (1) may
then be re-written as

(m+ A)X + (B+ C)x + (pgS)x = fu(1t) (7)

2.1 Frequency domain analysis

To theoretically determine the criteria for maximum
energy absorption, it is useful to use the frequency
domain. Taking the Laplace transform of equation (7)
gives the following transfer function

X(s) 1 )
Fe(s)  (m+A)s?> + (B+ C)s + (pgS)
Transforming into the frequency domain
. F(jo
X(jo) = ele) ©)

—w?(m+ A) + jo(B + C) + pgS
Equation (9) can be re-written in terms of velocity, U,
to give

Fe(jow)
jo(m+ A) + (B+ C) + (pgS/jw)

U(jo) = (10)

Looking at the transfer of power in the system, the
time averaged useful power absorbed by the PTO is
given by

P:%C|U(ja))}2 (11)

Substituting for U(jw) using equation (10)

= %Fe(w)z
P= . (12)
(B+ C)* + (w(m + A) — (pgS/w))

There is an optimum condition to maximize the
energy conversion. The condition for the optimum
PTO damping rate, C,p, can be obtained from

€ = 0. This gives

2
Copt = J (32 + (a)(m +A)— Lf) ) (13)

Figure 2 shows that G, varies approximately line-
arly with the period of the incoming wave in this fre-
quency range of interest and equation (13) indicates
that G, is independent of wave height. There is also
an optimum buoy velocity amplitude, Uy, to maxi-
mize the energy absorption which is obtained by re-
arranging equations (3) and (9) and using the opti-
mum PTO damping rate C,p. This gives

Uspt = [(w)(H/2) (14)

J(Cop + BY + (c(m + A) — (pgS/w))°

Figure 2 shows that the relationship between Uy, and
the wave period is non-linear. However, equation (14)
indicates that there is a linear relationship between
U,pe and wave height. These two optimum conditions
can then be combined to give the optimum PTO force
amplitude @, which is given by

Cbopt = Copt Uopt (15)

Figure 3 shows that, as expected, ®,, does not vary
linearly with wave period. However, it does vary

250 T T T T T T T 0.6

Damping
- = = Velocity

COp " (kNs/m)
UOp . (m/s)

100 - - - » N - -
8 8.5 9 9.5 10 10.5 1 115 12
Period (s)
Fig. 2 Optimum damping coefficient and buoy velo-
city amplitude against wave period for a wave
height of 2m
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linearly with wave height, and the values shown are
for a wave height of 2 m.

3 TIME DOMAIN HYDRODYNAMIC
MODELLING

Real hydraulic circuits are non-linear due to valve
switching, pressure losses, and many other compo-
nent characteristics. Therefore, analysis of realistic
systems must be conducted in the time domain.
Cummins [16] developed an approach for investigat-
ing ship response to sea waves, which has been widely
applied and accepted when investigating WECs. With
this approach, the equation of motion takes the form
t

(m+AQﬂﬂ+p$Mﬁ+/‘LU—ﬂhh

= Je(t) + fn(X, X, 1) (16)

where A, is the limiting value of the added mass
term, i.e. A(w) for w =o00. L() is a function represent-
ing the memory effect of the radiation force, which is
dependent on the history of the buoy motion. This
memory effect decays with time, which implies that
the force produced by the buoy motion no longer
affects the current movement of the buoy after a cer-
tain time. L(#) is given by the sine transform of the
radiation damping coefficient B(w) [14] such that

o0
L(t) = E/ Msin(a)t)da) (17)
T Jo w

To reduce computation time, this memory func-
tion has been approximated by a second-order trans-
fer function with the comparison shown in Fig. 4. The
excitation force is calculated in the same manner as
previously (equation (3)) and all non-linearities are
included in the PTO force acting on the buoy.
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Fig. 3 Optimum PTO force amplitude against wave

period for a wave height of 2 m

3.1 Ideal hydraulic PTO

The hydraulic PTO used in this study is shown in
Fig. 5. A rigid link between the buoy and the PTO
means that the motion of the buoy directly drives a
double-acting equal-area hydraulic piston working
within a fixed cylinder. This motion drives fluid
through a set of four check valves to rectify the flow
so that fluid always passes through the hydraulic
motor in the same direction (independent of the
direction of the buoy motion). A high-pressure accu-
mulator is placed on the inlet to the hydraulic motor
and a low-pressure one on the outlet of the hydraulic
motor. The pressure difference between the two
accumulators drives a variable displacement motor,
which is connected to an electrical generator. The
accumulators are included to keep an approximate
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Fig. 4 Memory function comparison

Fig. 5 Hydraulic PTO unit circuit diagram
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constant pressure differential across the motor so it
spins at an approximate constant speed and there-
fore, energy is transmitted at approximately a con-
stant rate. The thermodynamic transformations in
the accumulators are assumed to be isentropic,
which is reasonable considering the cycle time in
the device. In this study, the generator is modelled
as a simple rotational damper with varying damping
coefficient. This means that the resistive torque
imposed by the generator can be altered by varying
this damping coefficient. A boost pump and pressure
relief check valve are required to prevent cavitation
and maintain a minimum pressure in the system,
which depends on the pressure relief valve setting.
In this case, the valve is set to a pressure of 12 bar.

The link between the buoy and the PTO unit is
based upon preliminary designs for point absorber
devices, which have not yet been proven. However,
the fundamental action and design of the PTO unit
remains valid and could be applied to many different
types of WEC design. In reality, there will be losses
throughout the hydraulic circuit such as friction in
the piston, pressure losses in the pipes, leakage in
the motor, and torque losses due to friction in the
motor and generator. These losses will depend on
the specific operating conditions in the unit, which
are determined by the size of certain components and
the constantly changing wave conditions.

As a starting point to help understand the PTO unit,
it has been simplified so there are no losses in the cir-
cuit. Section 4 will investigate the unit with losses.
With these assumptions, the following equations
hold true for the hydraulic circuit.

PTO force

®=(p1—p)Ap (18)

where p; and p, are the pressures in the piston cham-
bers and A, the piston area.
If sign(x) is positive

. Vidp
Aok = — o =5~ F (19)
If sign(x) is negative
. Vo dp2
ApX — g3 — (s = B dr (20)

where V; is the volume of oil in piston chamber,
i=1, 2 and B the bulk modulus of the oil.

_ 0 : pm>ps
ql—{_K /——————'pB_pl . pB>I71} (21)
_ 0 : pa>m
%_{KWﬁ—m: m?m} 22)

0 : p2>pB}
= 23
& {—Kx/ps—i?z L =D (@3)
N 0 : Pa > P2
9s = {K«/Pz —PA © P2=Pa } 24

Kis chosen to be very large so that the pressure drop
across each check valve is negligible.
Flow to accumulator ‘A’

dr = G2 + Gs — Gm (25)

Volume of oil in accumulator ‘A’

t
VA(I') = / qu[ (26)
0
Flow to accumulator ‘B’

B =dm — q1 — 43 (27)

Volume of oil in accumulator ‘B’

VB(t):/O qut (28)

Assuming the compression in the accumulators to
be isentropic, the pressure in each accumulator is
given by

pVY = poVy (29)

where p, is the pre-charge pressure, V, the volume of
each accumulator, and y the adiabatic index.
Flow to motor

Gm = Dnon (30)

where D, is the motor displacement and w,, the
motor speed.
Rotational acceleration

_ Du(pa—pp) — T
J

where pj, is the pressure in accumulator ‘A’, pg the

pressure in accumulator ‘B’, and J the inertia of the

generator.
Generator torque

Ty = Cyom (32)

®Om

@1

where G, is the damping coefficient of the generator.
Motor torque

Tm = (pa — P8)Dim (33)
Mechanical power produced by the PTO
Py = Thonm (34)

Table 1 presents the values of the parameters which
remained constant in this investigation. These values
are not based on any specific design but are a repre-
sentation of suitable sizing for the buoy size. In this
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idealized case, the effect of the boost pump is
negligible.

3.2 PTO and buoy behaviour

How the PTO unit behaves during one cycle of the
buoy motion will now be described. This will first
help to determine whether the unit can be compared
to the case of a simple viscous damper investigated
before. Second, it will help to determine possible
ways in which the unit can be optimized.

It is clear from Fig. 6 that the previous assumption
of sinusoidal motion made for the case of a viscous
damper does not hold true when an ideal hydraulic
PTO unit is introduced. It can be seen that the piston
is arrested at its endpoints and remains almost sta-
tionary for approximately 2s. The following points,

Table 1 PTO unit component values

Equal area piston
Area 0.007 m?

Stroke limit +2.5m
HP gas accumulator ‘A’

Pre-charge pressure 30 bar

Volume 200L

Y 1.4
LP gas accumulator ‘B’

Pre-charge pressure 10 bar

Volume 200L

Y 1.4
Variable displacement motor

Maximum displacement 0.15L/rev
Generator

Damping coefficient 1 Nm/(rad/s)

Inertia 2 kgm?
Boost pump

Displacement 0.05L/rev

Notes: HP, high pressure; LP, low pressure.

with the help of Figs 6 to 9, will explain the sequence
of events which is occurring during the cycle for a
wave period of 8s.

1. At time =390.5s, the piston approaches its end-
point and the pressure in the piston chamber falls
below the accumulator pressure so the check
valve closes and there is zero flow to the high-
pressure accumulator.

2. At this point, the piston changes its direction
of motion so the high-pressure piston chamber
becomes the low-pressure chamber and visa versa.

3. When the piston is at its endpoints, the wave
force is insufficient to overcome the piston
force so it is held there for approximately 2s
(time =390.5-392 s). However, due to the inertia
of the buoy, there are still small piston oscilla-
tions during this period (Fig. 9).

4. When the check valves are closed, this forms two
columns of oil in each piston chamber and join-
ing pipeline. As the piston oscillates during this
period, it compresses one column of oil and
increases the pressure while the other column
of oil has a reduction in pressure. This oscillation
causes the chamber pressure and piston force
oscillations which can be observed in Fig. 8 at
time=391s.

5. The wave force is trying to move the buoy and as
it increases, the pressure in one of the chambers
increases sufficiently to open the check valve.
This causes a small spike in the flow, which can
be seen in Fig. 9 at time=391.5s.

6. When the check valve opens, the pressure reduces
and the check valve closes again, resulting in zero

X (m)

U (m/s)

1
384 386 388 390
Magnified Section

384 386 388 390

392 394 396 398 400
Time (s)

Fig. 6 Piston displacement, velocity, and flow to accumulator ‘A’ for an ideal hydraulic PTO
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Fig. 7 Accumulator ‘A’ pressure, volume, and motor speed for an ideal hydraulic PTO

T T
Magnified SeclionN:

1 1 1
384 386 388 390

1 1 1
394 396 398 400

@ (kN)

~100 1 1 1

384 386 388 390

392
Time (s)

394 396 398 400

Fig. 8 Piston chamber pressures and piston force for an ideal hydraulic PTO

flow. This occurs because the wave force is still
insufficient to overcome the piston force and
maintain a piston pressure higher than the accu-
mulator pressure to keep the check valve open.

7. At time=392s, the wave force becomes greater
than the piston force and the pressure in the
piston chamber has increased to overcome the
pressure in the accumulator. The check valve
opens and the piston is now moving freely,
which creates flow to the accumulator.

8. Asthe piston velocity increases, the flow increases
until the maximum at time = 393.5 s. At the point
of maximum piston velocity and flow, the wave

10.

11.

force becomes less than the piston force again
and the piston velocity decreases, which means
that the flow begins to reduce.

. Figure 7 indicates that flow from the piston

causes the pressure and volume of oil in the accu-
mulator to increase after a short delay.

The motor speed also increases with the accumu-
lator pressure after a short delay.

As the pressure in the accumulator increases, the
pressure in the piston chamber decreases slightly.
At time =394.5 s, the pressure in the accumulator
becomes greater than the piston chamber pres-
sure and the check valve closes.
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Fig. 9 Magnified section of piston displacement, flow to accumulator ‘A’, and piston pressure for

an ideal hydraulic PTO

12. When the check valves are closed and there
is zero flow from the piston, the motor tries
to maintain a constant speed by drawing oil
from the accumulator. Therefore, the accumu-
lator volume and pressure fall during this
period, causing the motor speed to reduce as
well.

13. The accumulator then re-charges when there is
maximum flow from the piston as there is more
flow than is required by the motor during this
time.

14. This repeating cycle causes the oscillations in the
motor speed, accumulator pressure, and accu-
mulator volume around an average value.

It can be clearly seen that the system does not
absorb energy in the same sinusoidal manner as a
viscous damper. The force from the piston resembles
a square wave so the behaviour is more like that of a
Coulomb damper.

3.3 Optimization method

If the PTO unit behaves like a linear viscous damper, it
has been shown that there is an optimum damping
condition which maximizes the energy absorption.
Therefore, even though the hydraulic PTO unit does
not absorb energy in the same manner, it is still rea-
sonable to assume that a similar optimum condition
to maximize the power produced could be found by
altering the effective damping of the hydraulic PTO
unit.

Referring the generator characteristic to the piston,
the following ‘effective damping’ term, «, can be

formulated with the same units as a linear viscous
damping coefficient

2
o= <S—P) C (35)

To change «, any of the three components can be
varied in size; the piston area (Ap,), the motor dis-
placement (D), or the damping coefficient of the
generator (Cg). However, for the purpose of this
study, only the motor displacement will be varied,
as in practice, it is the easiest of the three components
to vary. This means that the variation of Dy, is being
expressed in the form of « in this study. Varying this
effective damping will alter the power absorption by
varying the pressure in the two accumulators and
hence change the force acting on the buoy from the
PTO unit.

3.4 Optimization results

When regular monochromatic waves are used as the
input to the system, a pseudo steady state condition is
reached where the angular velocity and torque pro-
duced by the motor oscillates about an average value,
as shown in Fig. 7. The amplitude of this oscillation is
dependent on the size of the accumulators. In this
study, the result presented will be the average value.

To determine if the power produced by the PTO
unit can be maximized by changing «, simulations
were run with a regular monochromatic wave input
of 1m amplitude for four different wave periods.
Figure 10 shows that the power produced by the
PTO unit can be maximized by changing « but that
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the optimum values of effective damping, ooy, are
dependent on the wave period. Furthermore, it can
be seen that the maximum power which can be pro-
duced shows a reduction with increased wave period
in this range.

The power of the incident wave is proportional to
the square of the wave height [17]; so, if the system
was fully linear, this relationship would also hold true
for the mechanical power produced by the PTO unit.
Simulations were, therefore, run to investigate this
theory for a wave period of 10s with three different
amplitudes. Figure 11 clearly shows that at larger
wave heights, the value of mechanical power normal-
ized by the square wave amplitude reduces, which

Power (kW)

0 . . . . . .
50 100 150 200 250 300 350 400 450 500
o (kNs/m)

Fig. 10 Mechanical power against effective damping
for varying wave periods for a wave height of
2m

Normalised Power (kW/mZ)

50 100 150 200 250 300 350 400 450 500
o (kNs/m)

Fig. 11 Normalized mechanical power produced
against effective damping for varying wave

heights for a wave period of 10s

indicates that, as expected, the system is non-linear.
However, for optimization trends, Fig. 11 also shows a
minimal variation in «.,; when the wave height is
varied for the same wave period.

Therefore, the two trends found from Figs 10 and 11
are that the optimum damping, ap,, is highly depen-
dent on wave period but shows little variation with
wave height. This follows the linear theory for a vis-
cous damper, but it remains to be found if the values
of optimum damping are the same for the different
cases.

It has been shown already that the hydraulic PTO
unit does not absorb energy in the same manner as a
viscous damper. Therefore, it is necessary to deter-
mine if the theory derived to optimize a linear viscous
damper PTO can be applied with confidence to a
hydraulic PTO unit. To compare both cases, « is
varied to find the power maxima over a range of
wave periods. At each power maximum, ® and « are
calculated to discover how these values compare to
the values calculated for a viscous damper.

In Fig. 12, the maximum power output against
wave period is plotted for a viscous damper and an
ideal hydraulic PTO unit with optimal damping
values for both cases. It is observed that the maxi-
mum power produced by the ideal hydraulic PTO is
higher, across this range of wave periods, compared
to a viscous damper. However, the difference in
power decreases as the wave period increases. As
the wave period increases, the wave excitation force
also increases, which causes a pressure increase in
the accumulator. This, in turn, increases the PTO
force, which means that the buoy is arrested for
a longer time at its endpoints and so the buoy
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Fig. 12 Maximum mechanical power produced
against wave period for an ideal hydraulic
PTO and a viscous damper PTO for a wave
height of 2m

Proc. IMechE Vol. 226 Part A: J. Power and Energy



Determination of optimal parameters for a hydraulic power take-off unit 107

displacement is reduced. This causes a lower flow
from the cylinder over one cycle and therefore a
power reduction from the motor.

Figure 13 shows the comparison between the
values of optimum damping for a hydraulic PTO,
aopy and those for the linear case of a viscous
damper, C,p. The viscous damper and the trend for
the hydraulic PTO, both show a linear relationship to
wave period, but the magnitude of the values is mark-
edly different, which further demonstrates the differ-
ence between a viscous damper and a hydraulic PTO.

Another comparison to consider is the optimum
PTO force amplitude, @, for both cases. It is clear
from Fig. 14 that the trendline of @, for a hydraulic
PTO unit shows a strong correlation to the values
derived for a viscous damper over this range of
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Fig. 13 Optimum damping against wave period for an
ideal hydraulic PTO and a viscous damper PTO
for a wave height of 2m
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Fig. 14 Optimum PTO force amplitude against wave
period for an ideal hydraulic PTO and a vis-
cous damper PTO for a wave height of 2m

wave periods. This implies that there is an optimum
PTO force amplitude, which remains similar irrespec-
tive of the type of PTO unit used.

4 HYDRAULIC PTO UNIT INCLUDING LOSSES

To determine more accurately what magnitude of
power can be produced from this PTO unit, it is nec-
essary to include losses in the model. This will also
show whether the trends previously found to opti-
mize an ideal hydraulic PTO unit still hold true
when losses are included. The losses now included
in the hydraulic unit are:

(@) friction in the cylinder;

(b) friction in the pipework;

(c) pressure loss across the check valves;

(d) internal flow leakage in the motor;

(e) viscous and coulomb friction torque losses in the
motor.

The cylinder friction simulates the friction between
both piston and piston rod and the cylinder body and
is the sum of the coulomb and viscous components.
The pressure losses in the pipework are calculated for
a fully developed flow, g, and the pressure drop, Ap,
across the check valve is obtained with the orifice
equation for turbulent flow

2Ap

= KA
q ¥ Po

(36)

where A, is the valve area and p, is the oil density. The
motor losses have been approximated using the
Wilson [18] model with three dimensionless coeffi-
cients: the slip coefficient (C;), the viscous friction
coefficient (C,), and the Coulomb friction coefficient
(Cy). The motor torque and flowrate are thus given by

Tm = (1 — G)Dn( Pa — pb) — G D pwm (37)
Qm — W = Dpom (38)

where p is the dynamic viscosity of the oil. The gen-
erator and grid connection losses have not been
incorporated at this stage as the main focus of this
article is on the hydraulic transmission. Table 2 pre-
sents the size and loss coefficients of the components
in the circuit.

Initially, to show the reduction in power as a result
of the losses in the PTO unit, a simulation was run to
compare the two models. The wave conditions and
component sizes in the PTO unit remained constant
(Table 1) with D,, =0.1 L/rev. The PTO unit efficiency
is the ratio of the power generated by the unit to the
buoy capture power. There is also the ratio of the
buoy capture power to the incident wave power,
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which is defined as the buoy capture efficiency. These
two terms are combined to give the overall WEC
efficiency.

With PTO unit losses included, the buoy capture
efficiency is lower compared to the case of the ideal
PTO unit, indicating that the inclusion of losses
causes the overall device to behave differently. It
can be seen from Table 3 that even for a wave
height of 2 m, there is still a significant power loss of
4.32kW from the PTO unit, giving a PTO unit effi-
ciency of approximately 80percent. To identify
where the biggest losses occur in the PTO unit, the
power loss from each of the components is presented
in Table 4, which indicates that the motor is the main
contributor to power loss in the circuit. Hydraulic
motors have an optimum speed to pressure ratio,
which maximizes the overall efficiency of the motor
and it is important to be working close to this value.
Therefore, this loss will depend on the specific oper-
ating point of the motor, which will vary depending
on the wave conditions.

There is also a significant loss from the friction in
the cylinder and the pressure drop across the check
valves. The viscous component of the cylinder fric-
tion will increase with buoy velocity and the pressure

Table 2 PTO unit component loss parameters

Cylinder
Coulomb friction 3.5kN
Viscous friction 0.1kN/(m/s)
Variable displacement motor
Cs 2x107°
C, 2x10°
G 0.03
Check valve
Maximum area 250 mm?
Flow discharge coefficient 0.7
Cracking pressure 0.3 bar
Pipework
Diameter 50 mm
Total length 20m

Table 3 Power loss for a wave height of 2 m and period

of 8s
Wave power 125 kW
Buoy capture power 21.44kW
Power generated 17.12kW
Power loss in PTO unit 4.32kW
Buoy capture efficiency 17.2%
PTO unit efficiency 79.9%
WEC efficiency 13.7%

Table 4 Power loss in the hydraulic circuit
Power loss (kW)

Cylinder 1.14
Check valves 1.42
Pipework 0.06
Motor 1.70

drop is similar to a viscous friction effect, so it will
increase when piston velocity and flows increase at
larger wave heights. To minimize this pressure drop,
the flowrate in the circuit could be reduced using a
smaller piston area. However, this approach must be
matched by the requirement to choose a piston area
which is still large enough so as to not violate the
maximum system pressure when the piston is work-
ing at its stroke limit.

Figure 15 shows the PTO unit efficiency over a
range of wave heights for a wave period of 8 s. It indi-
cates, however, that the PTO unit efficiency only
reduces slightly at large wave heights due to a
number of reasons. First, the cylinder friction is
Coulomb dominant and so the overall loss from the
cylinder does not increase greatly with wave height.
Second, the motor efficiency remains approximately
constant for all wave heights as the relationship
between pressure differential across the motor and
motor speed remains almost constant. However, as
expected, the pressure drop across the check valves
increases exponentially with wave height, which pro-
duces the slightly reduced overall unit efficiency.

4.1 Optimization results

The final part of this study compares the optimization
results for an idealized PTO unit with the results for a
realistic PTO with losses. Therefore, the same simu-
lations were run with the motor displacement, D,
being varied to alter the effective damping of the
PTO, «.

Figure 16 shows the result that is equivalent to that
in Fig. 11. It is clear that the maximum mechanical
power normalized by the square wave amplitude is
lower than before at each wave height. Furthermore,
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Fig. 15 PTO unit efficiency against wave height for a
wave period of 8s and D,, =0.1 L/rev
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it is noted that this reduction increases with wave
height due to a reduced buoy capture efficiency and
a reduction in PTO unit efficiency, for the reasons
previously discussed. However, in relation to optimi-
zation trends, Fig. 16 shows that o, does not change
with wave height for the same wave period. This is the
same trend as before and the values of o, are similar
to Figure 11.

The similarity between the values of optimum
damping for a hydraulic PTO unit with losses and
an ideal PTO unit are shown in Fig. 17. It can be
seen that both cases produce a near identical linear
trend line of optimum damping against wave period,
which is encouraging as it allows these devices to be

Normalised Power (kW/mz)
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Fig. 16 Normalized mechanical power produced
against PTO effective damping for varying
wave height for a wave period of 10s with

losses included
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Fig. 17 Optimum damping against wave period for
an ideal hydraulic PTO, a hydraulic PTO with
losses, and a viscous damper PTO for a wave

height of 2m

optimized using the simpler model of the ideal PTO
unit. However, neither case is comparable to a vis-
cous damper, indicating that the hydraulic PTO unit
absorbs energy in a different manner.

It is important to discover the reduction in power
produced when losses are included in the PTO unit.
Figure 18 shows that, in this range of wave periods,
the power produced from the PTO unit including
losses follows a similar trend to the ideal PTO unit.
For this wave height, the PTO unit shows an efficiency
of between 79 and 82 per cent, for the optimal case,
with efficiency slightly increasing with wave period
due to the reduced buoy velocity. It is also noted
that the PTO unit with losses included shows a
higher maximum power than the case of a viscous
damper over part of the range of wave periods. This
is encouraging as it could be assumed that an ideal
viscous damper would produce a substantially larger
power over the full range of wave periods.

It has been shown that the values of optimum
damping are not related to those for a viscous
damper. However, for the values of optimum PTO
force amplitude, @, Fig. 19 indicates that the
trend line for the PTO unit including losses shows a
strong correlation to the trend line for the ideal PTO
unit and the case of a viscous damper. This indicates
that irrespective of how the device absorbs energy,
there is an optimum force which the PTO unit
should produce to maximize the power output. This
implies that the device could be optimized by ensur-
ing the hydraulic PTO unit produces a specific force,
which could be calculated from the theory for a
simple viscous damper, by varying the effective
damping of the PTO unit.
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Fig. 18 Maximum mechanical power produced

against wave period for an ideal hydraulic
PTO, a hydraulic PTO with losses, and a vis-
cous damper PTO for a wave height of 2m
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Fig. 19 Optimum PTO force amplitude against wave
period for an ideal hydraulic PTO, a hydraulic
PTO with losses, and a viscous damper PTO
for a wave height of 2m

5 CONCLUSION

This study has described a time domain analysis of a
floating buoy, oscillating in heave with a hydraulic
PTO unit in regular monochromatic waves. It is fully
understood that monochromatic sea waves do not
occur in reality but it is useful to fully comprehend
the operation of these complex WEC devices in regu-
lar waves before they can be investigated under more
realistic conditions.

It has been shown that a typical hydraulic PTO unit
behaves similar to a Coulomb damper producing a
square wave force rather than the sinusoidal nature
of a viscous damper as previously assumed. The
hydraulic PTO unit was modelled as both an ideal
unit and a unit including losses so that a realistic
power output and PTO unit efficiency could be pre-
dicted. The PTO unit efficiency was found to only vary
slightly with wave height.

It has been shown that a hydraulic PTO unit can be
optimized, in the same manner as a viscous damper,
by altering the motor displacement, which varies the
effective damping of the unit. The optimum damping
of the PTO unit has a linear relationship to wave
period but only a minimal variation with wave
height. The inclusion of losses in the model has no
effect on the optimum values for the effective damp-
ing of the PTO unit. The optimum value is not the
same as that of a viscous damper.

However, all three cases investigated showed a sim-
ilar trend for the optimum PTO force amplitude
against wave period. This implies that for a given
wave period, regardless of PTO design, there is an
optimum force amplitude which the PTO unit
should produce to maximize the power generated.

Hence, the next stage of study will be to investi-
gate a force control strategy and develop a control
algorithm to optimize the device in varying sea con-
ditions. Furthermore, it will be necessary to investi-
gate the response of the device in irregular waves and
determine whether similar optimum conditions and
trends exist.

© Authors 2011
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APPENDIX

Notation

Alw) frequency-dependent added mass

Ao added mass at infinite frequency

A, piston area

A, valve area

B oil bulk modulus

B(w) frequency dependent radiation damping
coefficient

C viscous damper coefficient

G Coulomb friction coefficient of motor

Cq generator damping coefficient

Copt optimum viscous damper coefficient

Cs slip coefficient of motor

C, viscous friction coefficient of motor

Dy, motor displacement

Je wave excitation force

f wave force

fhs wave hydrostatic force

Jfm mechanical force

I wave radiation force

F.(s) Laplace transform of wave excitation force

g gravitational acceleration

H wave height

j imaginary unit, v/—1

J generator inertia

(Dopt

Wm

flow coefficient

radiation impulse response function
mass of buoy

pressure

pressure in piston chambers i=1, 2 and
accumulators i=A, B

initial accumulator pressure

average power

mechanical power

flowrate

flowrate in check valves i=1, 2, 3, 4 and
accumulators i=A, B

flowrate to the motor

buoy cross-sectional area

time

generator torque

motor torque

velocity in the frequency domain
optimum buoy velocity

oil volume in piston chambers i=1, 2 and
accumulators i=A, B

initial oil volume in accumulators

buoy displacement

buoy velocity

buoy acceleration

Laplace transform of position, x(#)

effective PTO damping
optimum effective PTO damping
adiabatic index

wave excitation force coefficient
oil dynamic viscosity

water density

oil density

dummy time variable

PTO force

optimum PTO force

wave frequency

angular velocity of the motor
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