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Abstract— Marine wave energy is a potentially valuable
renewable energy resource that can share the same
infrastructure as floating wind, with a complementary
power delivery pattern. Despite many small-scale sea trials,
most previous results are not in the public domain and the
technology remains immature. This programme aims to put
a 20 m long, kW scale, wave-to-wire multi-modal raft
attenuator into the sea in 2023/24, and make datasets ranging
from site wave resource surveys to real-time electrical power
generation available to researchers. This paper addresses
the project design stage, covering the full system integrated
hydrodynamic-electrical ~modelling and  hardware
specifications for both dry testing and sea trials. The
modelling reveals the inter-relationships between the
mechanical platform and electrical system constraints.
Models are applied to identify the operational limits of the
power take-off, particularly the generators, and show how
this impacts on total energy extracted with conventional
linear damping control. The exercise has identified the
energy-storage isolation transformer as under-specified —
this is a relatively low-cost item that can be upgraded. The
gearbox has emerged as a more significant limiting factor
for power scale-up.

Keywords—Wave energy, power take-off, simulation,
hardware demonstrator.

L INTRODUCTION

AVE energy is known to be a renewable energy

resource with worldwide capacity similar to wind
[1-2]. Potential for multi-MW capacity for grid supply has
been demonstrated at many sites but, despite a range of
demonstrator sites and devices [3-5], there is to date
negligible commercial-scale generation of electricity from
wave. Many wave energy converters (WEC) have been
proposed [4-6] without convergence on a particular
design, as there has been for wind. However, green energy
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COVID recovery programmes, combined with shortages
of natural gas have led to renewed commitment to marine
offshore energy [7-11].

This paper addresses a multi-float, articulated
attenuator WEC, the Moored Multi-Modal, Multi-float
(M4), which has been widely tested in wave basins and
modelled by linear diffraction/radiation methods [12-14].
To advance development, a 20 m demonstrator has been
designed, which is predicted to give kW-scale power
harvesting. Ocean tests are being planned for Albany,
Western Australia [11], which has
conditions for this scale of device. The aim is to learn about

suitable wave

aspects of ocean deployment from wave climate and
environment planning to realistic electricity generation,
albeit at kW scale, and create extensive open access
datasets.

In this paper, the emphasis is on the specification of
electrical drive train, which acts as the power take off
(PTO), converting the movement at the hinge to electrical
power. Sizing the PTO for the worst-case sea state is
prohibitively expensive, so power-shedding control is
required to protect the electrical system. Existing
hydrodynamic models have been integrated with Matlab
models of the electro-mechanical components, and tested
over the range of site conditions, as represented by a
scatter diagram. Section Il introduces the wave data for the
site. Section III briefly reviews the hydrodynamic and
electro-mechanical system models and explains
constraints on generator and energy storage voltages and
currents. Section IV reviews the full system design
including instrumentation. Section V evaluates the power
recovery subject to constraints. Conclusions evaluate the
power-limiting control, and identify the limiting factors.
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1L SITE CONDITIONS

Wave buoy data are available for the proposed site in
King George Sound, Western Australia. Sea-state data for
summer wave conditions on the site are shown in the
scatter diagram in Fig. 1, from [15]. The most likely
occurrences have mean periods in the range 3-7 s. The
significant wave height Hs and peak period Ty are used as
inputs to generate wave-forcing functions in the models,
following, e.g. [12, 13].

The M4 platform performs optimally in terms of power
generation with a Ty of 3.5 s or mean period of about 3 s.
Sea states with larger mean period are off resonant while
still generating significant power. The average Hs is about
0.5 m with a low probability of 1.25 m and above. Electrical
component costs scale with both voltage and current, so it
is not cost effective to size the PTO for high sea states, since
the total energy recovered is low. However, the PTO still
has to be designed to survive these conditions.

On some WECs, mechanical protection has been used
such as end stops. In the M4 platform, submersion of the
floats occurs in high sea states, and this dunking action
restricts the hinge motion to +45°, passively protecting the
platform. This occurs above the electrical power rating of
the PTO, which is further protected by setting the power
generated to zero.

significant wave height [m]

2 4 6 ‘\ ].[J ].2 14
mean period [s]
Fig. 1 Scatter diagram showing occurrence of significant wave
height and mean period combinations for summer wave conditions
at the King George Sound site, from [15].

I1I. SYSTEM MODELS

The full wave energy system is shown in Fig. 2, which
encompasses the hydrodynamic, electro-mechanical and
control elements. Hydrodynamic system models were
initially developed in FORTRAN for the analysis and
design of the WEC platform and were extended and
transferred to Matlab for evaluation of real-time control
strategies for maximum extraction. These have been
validated on a range of 2 m long prototypes in tank tests,
through to the mechanical power take-off.

The electrical PTO has been modelled in Matlab to allow
initial sizing of the full wave-to-wire platform. The PTO
includes a permanent magnet (PM) generator, a super-
capacitor for power smoothing, and a resistive load, for
power dissipation, each with their associated power
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electronic converter. The need for power smoothing is
widely covered in the literature, and super-capacitors are
the most common choice of energy storage component [16-
19].

PM machines are the dominant technology in
applications ranging from wind turbines to electric
vehicles. [16-19] all use PM generators, due to their low
loss and large airgap. The induced voltage of a PM
generator is proportional to its speed. In [20], field
weakening is used to manage the terminal voltage,
preventing damage to the power electronics and
demonstrating a reduction in the levelized cost of energy.
With field weakening, torque reduces as speed increases.

In extreme sea states, the M4 PTO is disabled by
disconnecting the generator from the power converter,
which sets the current to zero. The generator insulation
must be rated to withstand the high open-circuit terminal
voltages. Protection through open-circuit was preferred to
the alternative of shorting the generator terminals, since in
the latter mode the generator must be continuously rated
for the resulting short-circuit current. Whilst it is possible
to design machines with low short-circuit current [21],
such machines generally have a poor power factor and
lower efficiency.

Electro-mechanical system

Energy
storage
Hydrodynamic models
ﬁCime;ﬁ—* Voltage
Wave Hydro Speed, qSpeed
= —{w —
Sea state | Force. dynamic T D Gearbox % Power | Current| Resistor
model model  [*M1 &S S e take off Chopper
Torque § To -

Real-time control

Measured
Linear damping Torque

control

Ref Torque

Fig. 2 System overview

1) Hydrodynamic models

The hydrodynamic modelling of the M4 platform has
been reported extensively in [12-14], which include tank
test validation. Key equations are summarised below but
readers are referred to [13] for further details of the state
space modelling.

The motion vector is defined as q = [x,, z,, 6;, 6,]"
where x and z represent surge and heave motion of the
hinge point, while 8, and 6, stand for the pitch motion of
the front and rear sections with respect to the hinge. The
relative pitch, 8 = 6, — 6,, is the angular rotation driving
the generator. The equation of motion based on linear
wave theory is:

Mg = fe,q + frd,q + frs,q + fpto,q (D

where M is the mass and inertia matrix, f,, is the
excitation force, f.q, is the radiation force, f.;, is the
hydrostatic and gravitational restoring force and f,, 4 is
the torque T, provided by the generator, acting through a
gearbox with ratio g.
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fpto,q =[0 0 —gT; gTe]T @)

The radiation force is modelled using Cummins’
method and used to derive some state-space sub-systems.
The equation of motion can be rewritten as:

M + moo)q - frd,q +Kq = fe,q + fpto,q 3)
Zs = Aszs + Bs g 4)
frd,q =Csz;+ Ds q 5)

where m,, is the infinite frequency added mass matrix, K
is the restoring stiffness matrix, z; the auxiliary state for
radiation sub-systems, and A, Bs, C;, D; are the state-space
matrices.

The state-space model built from the equation of motion
by introducing a state vector x = [q, ¢, z;]" takes the
form:

X =Ax + B(foq t fptoq) (6)
y = Cx (7)

where output y is the platform rotational velocities.

Writing M; = M +m,,, and n as the selected model
order for the radiation sub-system, system matrices are
given by:

044 Lyxa O4xn (8
A=|-M,"*K —-M,"*D, —-M,"*C,
0n><4 BS AS
044 )
B=|M""
Onxa
C= [01><4: 010111 _11 len] (10)

2)  Platform Control

The focus of this project is to gain sea trial experience for
the wave energy platform. For this reason, protection has
been prioritised over power-optimised control. Hence,
initial sea trials will use standard linear damping control.
As shown in Fig. 2, the mechanical platform sets the speed
of the generator, where w, = g6. This speed is used in the
controller to set the reference torque, denoted with *. In the
motoring conventions used throughout the paper, the
negative sign indicates generation (power out).

Te = _kptowg (11)

There are constraints on PTO current and voltage, which
may prevent generator torque from following its reference
so actual torque is fed back through the gearbox to the
platform model. It is also fed back to the controller for
future development of constraint-limited control
strategies. Further information on PTO constraints is
presented in the next section.

3)  Electrical system models

Matlab models have been created for the PTO to
represent the PM generator and its converter and the
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super-capacitor energy storage. The PM generator analysis
uses a second-order non-linear state space model in the
synchronous reference frame assuming an isolated star
connection and using motoring conventions.

diz 1 , . (12)
E = E(Ud — Rld + quelq)
di, 1 , . (13)
d_z = E(Uq - qu - deeld - lpmwe)
T, = p[¥miq + (La — Lo)igial (14)

Where v is voltage, i is current, Y, is magnet flux
linkage, w, = pwy is angular electrical speed, p is pole
pairs, R is resistance, and L is inductance. Subscripts dg
refer to the synchronous axes, with the constant power
transform. Saliency, saturation, thermal variations, iron
loss and mechanical loss are neglected.

The generator uses conventional field oriented control,
based on measured angular position, with proportional-
integral (PI) current control. Under normal operation, field
weakening current is zero and torque current is derived
from reference torque, based on (11) and (14).

If the generator peak line-line voltage exceeds the
converter DC voltage v ., it is no longer possible to control
the generator torque. This could result in failure of the
power converter, generator and gearbox. The generator
voltage constraint is given in (15), assuming space vector
modulation.

0< v§+v§<@ (15)
V3

However, field-weakening current iz can be used to
reduce the generator terminal voltage; see [22] for full
details of the algorithm. Too much current can result in
catastrophic failure of windings and power electric
devices, so there are also constraints on the current, where
Imay is determined by the lesser of the generator or inverter
current limits.

~lnax < i:; <0 (16)
(17

% 2 _.*2
ig| < |lhax — ig

The platform spans multiple timescales, from a 3-hour
sea state, to sub millisecond electrical time constants, so in
practice, reduced order models of the PTO have been
developed [23] to be suitable for both design optimisation
and real-time predictive control. In these models,
differential terms in (12) and (13) are neglected and the
converter is modelled using power balance.



500-4

ilm C -'.m- [
3 g " H1 : i" !_ —_——

; Viryss — — — —
. | Vi _L t — | R C,. | :
T T Ve v N Ryl | |

HV-

i L ] : "T I : |
PM DAB '-—————!I)-I |
generator — ]
Super- Chopper
capacitor and load

Fig. 3 PTO electrical circuit; mechanical and gating signals have
been omitted for clarity

The DC circuit is shown in Fig. 3. The demonstrator is a
standalone system with super-capacitor energy storage C;.
which is interfaced to the DC bus with a bi-directional
isolated dual active bridge (DAB) converter [18]. The DAB
converter uses a single PI controller to regulate the DC link
voltage, with tuning transfer functions based on [24].
Whilst full circuit modelling has been used for controller
development, in this paper, DC link voltage regulation is
treated as ideal, so high frequency power fluctuations are
exchanged with the super-capacitor P, whilst the chopper
acts in current control mode to dissipate the average power
P in the load.

Power flow is managed with a low pass filter with time
constant 7r according to [18], where the low frequency
term is fed to the load resistor (18), and the high pass term
to the super-capacitor (19), where s is the Laplace operator.

F (18)
Pr=—"—+p
R™ 1+ sty 7
. STngen (19)
1+ sty

Desired super-capacitor current ig. can be related to the
voltage v;, and power transferred across the DC/DC
converter through power balance (20). Solution of the
quadratic simplifies to (21), due to the low value of
equivalent series resistance R,

P — igcVse — i;éResr =0 (20)
L P @)
sc Voo

To prevent saturation of the transformer in the DAB,
there is a constraint on super-capacitor current, Isp:

lse = lim{isc}, where —Isyim < e < Isaim (22)

The actual current will charge capacitance Cy. with
leakage path resistance Ry,:

dvse 1 . Usc (23)

dt = C_Sc(lsc - R_p)

To prevent over-voltage of the DC link, any additional
power Py has to be dissipated.

Prs = Poe — isc(Use + Regrise) 24
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The excess power is passed to the load resistors (18). To
extend super-capacitor lifetime, a limited voltage range
from Vi min t0 Vie may is defined:

Vsc,min < Usce < Vsc,max (25)

In practice, a small additional current is required by the
super-capacitor to maintain its average state-of-charge,
which is managed by a proportional-only controller.

IV. FULL SYSTEM DESIGN

1) Platform

The mechanical platform is shown in Fig. 4. The
platform measures approximately 20 m in length by 9.5 m
wide. The 1-2-1 configuration has a single bow float
(purple), two central floats (red), and a single stern float
(yellow). As waves propagate along the platform the
forces on bow/mid/stern floats experience different phases
exciting rotation at the hinge points. The forces are
principally heave and surge. Because both hinge points
connect to the same front and rear sections, the speed is the
same at both take-off points. This gives a low-speed, high
torque reciprocating rotary motion.

Fig. 4 CAD image of the 121 M4 wave energy platform from BMT

The platform is constructed from steel, with the hollow
floats
distribution have been designed to provide sufficient
buoyancy, stability and structural strength [14]. The WEC
is moored by a tether to a fairlead on the bow float.

containing ballast. Dimensions and mass

2)  Power take-off

The electrical power take-off for one of the two identical

channels is illustrated Fig. 5. Components are:

1) A high ratio 739:1 (WEC:generator) gearbox,

2) An off-the-shelf permanent magnet generator, which
gives three-phase variable voltage, variable frequency
AC outputs.

3) Switchgear to protect the converter from high voltages
at excessive speeds

4) An AC/DC power electronic converter, which
provides closed-loop control of the generator torque-
producing current, with additional field weakening at
high speeds as outlined in section 2.3.



APSLEY et al.: INTEGRATED HYDRODYNAMIC-ELECT. HARDWARE MODEL FOR WAVE ENERGY WITH M4 OCEAN DEMO.

5) A DC breaker to connect the converter to the 600 V DC
circuit

6) Filter capacitors to stabilise the DC voltage.

7) A dual active bridge DC/DC converter, which
interfaces with the super-capacitor energy storage to
regulate the 600 V DC circuit.

8) The super-capacitors, power
smoothing by exchanging energy with the DC circuits

which  provide

9) A chopper circuit.

10) A resistor bank. This act with the chopper circuits as a
variable resistance load for dissipating the generated
energy.

11) A centralised controller.

=t 2a @ -
AC Cireuit ~ Power D Circuit
. . Breaker  Electronic  pregker
Epicyelic PMSM Converter
gearbox Generator
Centralized ; ;
Controller ot DC/DCE
4 4 |~
Z_T1 Power Electronic
Super- Converter
capacitor
= - /—3
;\C dback Resistive IGBT
eedback Load Switches
Control Signal H l—
*— |pc+
= DC- Capacitor

Fig. 5 Electric system overview of a single channel.

Corresponding part numbers,
constraints are listed in Table 1. Items 4, 5, 6, 7 and 9 are
rack-mounted power electronic prototyping cards, which
interface with the RTU box control board, item 11, and are

supported by Simulink library blocks allowing code-

parameters and

generation from Simulink. This allows full flexibility for
control of start-up and shut-down sequences, and
adjustment of protection limits and tuning gains.
Procurement of the PTO highlighted challenges with the
gearbox, which would make scale-up to higher powers
difficult. Very few suppliers could provide a gearbox with
such a high gear ratio, combined with the high torque
capability. Higher torque would require larger gears, but
clearance distances need to be preserved to ensure equal
power sharing between gears and minimise backlash,
leading to very demanding tolerances on manufacturing.
Table I gives both the generator nominal continuous
rating and derived constraints. The generator has a high
peak-to-mean duty and typically is rated for rms torque
rather than peak torque, so the DC/AC converter has been
sized to allow a short-term overload of twice rated current.
Voltage and speed constraints are calculated based on 600
V operation, rather than the 800 V limit. The Siemens
generator replaces the generator listed in Table II, because
the inertia of the old generator was too large, resulting in
overload of the gearbox during rapid acceleration and
deceleration. Both generators are compared in Section V.
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TABLE L
PTO COMPONENTS, PARAMETERS AND CONSTRAINTS

Pescnpt— Part Constraints Parameter

ion Number

Gearbox Boneng 42 kNm 95% efficiency
P3SA, 11,

Generator ~ Siemens 138.1A pk dq Rs, 0.29 Q
Simotic 14242 V pk dq! Ld, 7.9 mH
1FK7103- 110,300 rpm Lq, 79 mH
2AC74- 211 A rms kr, 2.45 NmA-1
1AA1 2400 V rms 4 pole pairs

25.5 kW UPm, 0.386 Vs
22000 rpm J, 0.0104 kgm?

AC/AC EC6304D0G- 214 A rms 30 kHz

converter 43A 2380 V rms

DC/AC RTM- 25 Arms 20 kHz

converter PEHB8025IF 800 V DC

Capacitor ~ RTU Cap 800 V DC 4 mF

board 2.1 Aripple

DC/DC RTM- 800 V 200 kHz

converter ~ PEH8035SF 35 ADC

Trans- Custom 300:600 V -

former 20:10 ADC

Super- MK-270V- 220 A DC 27F

capacitor P27FLJM 270 VDC 38 mQ

Chopper Infineon 800V, 600 A -

FF600R12M
E4

Resistor Wirewound, - 500 Q, 3 kW
porcelain each

Controller RTU Box - 10 s
206

Derived from motor data assuming 600 V DC system, 2Continuous

TABLE 1T
PREVIOUS GENERATOR PARAMETERS AND CONSTRAINTS

Descript- Part

Constraints Parameter

ion Number

Old SMP300XS- 135.33 A pk dq Rs, 0.1442 Q)

Generator ~ 45-01 14242 V pk dq’ Ld, 3.27 mH
13100 rpm Lq, 575 mH
210.2 A rms kr, 3.745 NmA-!
2415 V rms 8 pole pairs
26 KW Pm, 0.270 Vs
21500rpm J, 0.1646 kgm?

Derived from motor data assuming 600 V DC system, 2Continuous

3) Sensing and instrumentation

As listed in Table III, sensing is embedded into the real-
time platform for control and protection. This primarily
consists of voltage and current sensing in the power
electronic components. Absolute angular position sensing
of the generator shaft is a fundamental requirement for the
control. Additional instrumentation and data logging will
be provided for long-term evaluation of performance, with
upload to shore. Further monitoring may be added as
budget allows, particularly vibration and strain at
locations in the hull, mechanical shaft torque, and
temperature of power electronic components. For a 3-7 s
mean wave period, long term monitoring will log data ata
100 ms update rate.

Sea state information is initially required to evaluate
system performance. Weather data will be used to shut
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down the PTO remotely if high sea states are expected.
Longer term, there would be scope to use real-time sea-
state data for advanced optimal power control methods.

SENSING AND INSTRUMENTATION

TABLE IIT

1Use Description Sensors Measurands

M/C/P Ocean waves Wave buoy Height, Period
Direction.

M Wind Anemometer Speed,
Direction.

M Mooring Load cell Cable tension.

M Hull Inertial Orientation,
measurement Acceleration
unit

M PTO Strain gauge Torque.

(mechanical) Encoder Hinge angle,
Speed.
M/C Generator Position sensor Absolute
position,
Speed,
Current Estimated
torque,
Flux current.

M/C/P  AC/DC converter Integrated DC current,
current & DC voltage,
voltage Recovered

power.

c/p DC/DC converter  Integrated Current, High
current & side voltage,
voltage Power.

M/C/P  Super-capacitor Voltage DC voltage

M/C/P  Resistor/Chopper  Current Recovered

power.

M= monitor, C= control, P=protection

V. CONSTRAINT LIMITED POWER RECOVERY PREDICTION

This section presents simulation results for one of the
two identical channels in typical sea states, with some
power limiting. In these models, the DC voltage control
has been treated as ideal.

1) Effect of constraints

Fig. 6 shows PTO waveforms for 30 s of an above-
average sea-state with 7,=4.2 s and Hs=0.75 m, with the
old generator, to illustrate the effect of the constraint-
limited control. Below 997 s and above 1012 s, torque is
linearly related to speed, due to the linear damping (11).
Both waveforms have the same shape, but the torque is
inverted. These regions are within the constraints, so field
weakening current iz is zero, and torque current i, is
proportional to the torque. Power is the product of torque
and speed, so gives a double-frequency fluctuation.
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Fig. 6 Effect of constraints (dashed lines) on PTO with old
generator on power recovery; from top (blue lines): electrical power,
generator field weakening current s torque current 7; and voltage
magnitude | val, generator torque and speed.

At 998 s the negative torque limit of the gearbox is
reached. The control correctly limits the torque, so both
torque and torque current are flat until 998.5 s when the
wave subsides and the torque magnitude reduces again.
The speed constraint is not reached and the field
weakening current remains zero. This represents the first
level of power limiting, through torque limiting. For the
UWA demonstrator, this limit was defined by the need to
protect the gearbox.

In the region from 1002 s to 1003 s, the voltage limit of
the generator is reached. The control injects field
weakening current /g to limit the voltage, so the voltage
trace is flat. It can be seen that the torque current i, has to
be reduced, in order to meet the current constraint, so both
torque and power reduce. This represents the second level
of power limiting, through voltage limiting.

In the extreme case, for example between 1006 s and
1007 s, the field-weakening limit of the generator is
reached. The converter current is all field cancelling
current, iy there is no torque current Jj; and hence no
torque, so no power is generated. It can be seen that the
voltage magnitude exceeds the voltage limit. This would
require immediate intervention to protect the power
converter, either by shorting the generator terminals, or by
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disconnecting the generator. In the demonstrator, the latter
method is preferred since the generator is not rated to
withstand the short-circuit currents. A contactor has been
fitted for this reason. This represents system shutdown.

’2:15'3-3-3
E1&E-E-3
g 5000

15 1020
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E
=
g
=
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E
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B
&
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Fig. 7 Effect of constraints (dashed lines) on PTO with new
generator on power recovery; from top (blue lines): electrical power,
generator field weakening current /s torque current J; and voltage
magnitude | val, generator torque and speed.

The amount of speed range extension due to voltage
limiting depends on the design of the generator [20] and
gives trade-offs between speed range and power factor.
Fig. 7 shows PTO waveforms for the same excitation force-
time profile as Fig. 6, but with the new generator. In Fig. 7,
torque limiting is encountered sooner, at 991 s, where both
the torque and current J; traces become flat-topped, and
occurs more often. This is due to the lower torque constant
of the new generator. Voltage limiting applies over the
same part of the waveform in both generators, but the
amount of field-weakening current /s is lower in the new
generator, and so the reduction in torque current i; is
smaller. Unlike in Fig. 6, the field-weakening current jx
does not reach its limit. However, torque current is still set
to zero, for example between 1006 and 1007 s, but this is
because the generator has reached its datasheet maximum
speed of 5000 rpm, rather than due to the voltage limit. The
shutdown prevents excessive losses due to the over-speed.
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Fig. 8 shows corresponding energy storage and resistive
load waveforms for the same 30 s section of the same sea
state as Fig. 7, to illustrate the effect of the constraint-
limited control on the energy storage. The power-sharing
control has been set with a 7,=10s filter constant, so that
slowly varying currents are passed through to the load,
but fluctuations at the wave cycle frequency are absorbed
by the energy storage. It can be seen that below 1000 s and
above 1010 s this strategy is working correctly. The 4.7 kW
average power (averaged over for the full 20 min test
duration) is delivered to the resistors, and the super-
capacitors manage the power fluctuations. The super-
capacitor voltage fluctuation is less than 7 V, which is
acceptable, and the magnitude is below the 270 V limit.

However, although the DC/DC converter has a 35 A
limit, its isolation transformer has a 20 A low side current
limit. Between 998 s and 1020 s, this limit is reached
repeatedly. Grid standards do not allow this sort of power
fluctuation, so normally this power would have to be
discarded, usually into a dump resistor. For simplicity, in
the demonstrator this additional power has been passed
through to the resistor load. Hence, the resistor current
shows fluctuations whenever the super-capacitor goes into
current limiting mode.
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Fig. 8 Effect of energy storage constraints on power recovery, from
top: super-capacitor voltage vs., super-capacitor and load currents,
super-capacitor and load power.

The model over-predicts this behaviour, since gearbox
converter and generator iron losses have been neglected,
due to lack of data. However, it would be better to match
the power limits of the energy storage system, including
the isolation transformer, with those of the generator. This
is a relatively low-cost item that can be upgraded. Initial
calculations were done for a full state-of charge, whereas it
is usual to run the energy storage for some safety margin
on state of charge.
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2)  Evaluation of power recovery.

The simulation was run for a 20 min duration with a
wave period 7, of 4.2 s for three different sea states, with
a wave height Hs of 0.5 m, which is a probable operating
condition, 0.75 m (still likely) and 1.25 m (extreme),
referred to as normal, high and extreme respectively.

Figs. 9-11 show power and energy at the top, with
generator electrical parameters, field weakening current g,
torque current j; and voltage magnitude below. Dashed
lines indicate limits. Since the gearbox is the limiting
factor, torque is shown across the gearbox, and speed is for
the platform side, although the speed limit is imposed by
the generator. Energy values assume that operation will
resume as soon as the over-speed condition is removed,
which is the most optimistic scenario. In practice, sea trials
will be much more conservative than this, and the
generator will not be reconnected until the sea state has
reduced.
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Fig. 9 PTO operation at normal conditions, from top: electrical
power, generator field weakening current /s torque current f; and
voltage magnitude, gearbox torque and hinge speed.

Fig. 9 shows that in the normal sea state, torque limiting
is applied occasionally (i; reaches its limit), but field
weakening is not triggered (no dips in i although voltage
comes close to the limit), and no speed violations occur.
Average power is 1.39 kW per channel, with a peak/mean
power ratio of 11.3.
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Fig. 10 PTO operation at high conditions, from top: electrical
power, generator field weakening current iy torque current Jg and
voltage magnitude, gearbox torque and hinge speed.

Fig. 10 shows that in the high sea state, torque limiting
is applied regularly (i; reaches its limit), and field
weakening is triggered quite frequently (dips in 7). Six
speed violations occur in the 20 min period, but speed
excursions are small. The challenge in the sea trials will be
to manage these speed violations and keep the platform
operational. Average power is approx. 4.72 kW per
channel with a peak/mean power ratio of 3.34

Fig. 11 shows that in the extreme sea state, torque
limiting is applied on most wave cycles and field
weakening is triggered regularly. Frequent speed
violations occur in the 20 min period. The
recommendation would be to disconnect the generator in
this sea state. Average power of 6.12 kW per channel is
above the generator rating and is not sustainable.
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Fig. 11 PTO operation at extreme conditions, from top: electrical
power, generator field weakening current /s torque current fq and
voltage magnitude, gearbox torque and hinge speed.
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Fig. 12 Comparison of old generator torque-speed operating region
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high and extreme sea states.
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Figs 12 and 13 compare the torque speed operating
range of the old and new generator for the three sea-states.
The straight-line trajectory indicates linear damping
control. The flat top shows the torque-limiting mode to
protect the gearbox. For the old generator, in Fig. 12, this
was is lower than the peak generator torque. The curved
envelope shows the voltage-limiting mode. Points along
the speed axis outside this envelope show speed violation.
The figures highlight that in the normal sea state, the PTO
is operating within design limits. It also shows the
significant increase in speed under extreme conditions,
where PTO is
recommended. Over speed is managed better with the new
generator, due to its wider field-weakening range.
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Fig. 13 Comparison of new generator torque-speed operating region
(black line) and actual operating points (blue circles) for the normal,
high and extreme sea states.

However, this is not the full picture. Table IV compares
the power recovery from the two generators. The power
recovery is similar for both generators in the nominal sea
state, with the old generator recovering 3% more power.
The new generator appears more effective in the high sea
state, recovering 41% more power, but the constraint
applied is for short-term peak current. Continuous current
must also be managed to prevent the generator
overheating. The rms current in Table IV is above the
continuous rated value of the generator, listed in Table I,
and would not be sustainable for more than a few minutes.
Further work is required to adjust the constraints
dynamically, according to the thermal state of the machine
and the duration of the peak powers.
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TABLE IV
POWER RECOVERY
Ph.
Description Sea state  Average power ase
current
Old Generator ~ Nominal 1.43 kW 6.0 A
High 2.95 kW 8.8 A
Extreme  4.16 kW 13.7 A
New Generator Nominal 1.39 kW 98 A
High 4.72 kW 159 A
Extreme  6.12 kW 174 A

VI CONCLUSION

This paper has outlined the mathematical modelling
and hardware design phases of a 20 m, kW scale, 121 M4
WEC which is due to go for sea trials in 2023/24. Only uni-
directional waves have been considered in this paper.
Average power figures should be treated with caution, as
some loss mechanisms have been neglected in the PTO and
the DC voltage control has been treated as ideal. The
design stage has identified the current limit in the energy-
storage isolation transformer as under-specified — this is a
relatively low-cost item that can be upgraded. The gearbox
has emerged as a more significant limiting factor for power
scale-up. Field weakening range and both short-term and
continuous current rating are important for the generator.

The models show that the specification of the generator
and in particular the power-limiting constraints have a
major effect on power recovery, so system co-design is
important. The demonstrator platform uses an off-the-
shelf machine, so is constrained by availability of products.
The focus is on collecting operating data over a range of
sea states, rather than long-term reliability. Work on
appropriate setting of limits is ongoing, since inclusion of
PTO losses and thermal conditions need measurements
from future dry tests. Development of shutdown and re-
start strategies when the speed limit is reached is ongoing.
Future work will extend loss models and incorporate the
DC link voltage regulation. Ultimately, the efficacy of the
system can only be demonstrated in ocean conditions.
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