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Abstract
This article demonstrates the benefits of optimising the drivetrain to improve the level

and quality of electrical power output from a wave energy converter. The study consid-
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Email: natalia.sergiienko@adelaide.cdu.com trol system that maximises electrical power from the generator. Three different scenarios
are compared: (i) when the drivetrain is not optimised, (i) when only the gear ratio is
optimised, (iif) and when both gear ratio and flywheel inertia are optimised. The perfor-
mance of all three configurations is compated in terms of their effect on the generator
operating range, the natural frequency of the system, the amount of generated electti-
cal power, and control forces. The results demonstrate that the drivetrain optimisation
leads to a significant increase in the electrical power output while shifting the genera-
tor’s operating range to areas with the highest efficiency. Moreover, drivetrain designs
that utilise a flywheel reduce the power take-off loads and facilitate smoother power

production.

1 | INTRODUCTION

Wave energy converters (WECs) are designed to absorb energy
from ocean waves and convert it into electricity. Any WEC is a
complex system that consists of a structure that interacts with
waves, a power take-off (PTO) system that converts mechanical
or fluid power into electricity, a controller that determines the
amount of load applied to the structure from the PTO unit, and
power electronics that connects the system to the grid [1]. When
designing one of these subsystems, it is necessary to consider the
performance and requirements of other components to achieve
the optimal design solution from the techno-economic point of
view [2].

To date, the wave energy community has mainly focused on
improving the hydrodynamic efficiency of the structure (shape
or geometry optimisation [3]), developing active control systems
that maximise mechanical power [4, 5], and coupling geometry
optimisation and control strategy selection [6]. In this regard,
the dynamics of the PTO machinery and the electrical part of

the power conversion chain are usually omitted or assumed to
be perfect. However, power losses that occur during the power
transmission and power generation stages significantly affect the
real power production of the WEC [1]. Therefore, focusing only
on hydrodynamic performance and mechanical power may mis-
lead design solutions [7], lead to ineffective control algorithms
[8] and unrealistic expectations from a device [9].

To fill this gap, a number of studies have developed and val-
idated wave-to-wire models experimentally for WECs with dif-
ferent PTO systems [10]. Thus, it has been shown that relatively
simple electro-mechanical models of electrical generators and
power converters can capture most power losses [11] and are
suitable to be used for the WEC design optimisation [12, 13].
In direct mechanical drive power take-off systems, the WEC is
connected to a rotary generator through a drivetrain that con-
verts the linear motion of a buoy into the angular rotation of the
generator shaft [14]. Existing electric generators are designed to
operate with the maximum efficiency at full load conditions and
experience substantial losses duting partial load operation [15].
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Therefore, the drivetrain and control system should be designed
to ensure the most efficient transmission of motion and forces
from the buoy to the generator.

Few studies available in the public domain have incorporated
the drivetrain dynamics (or associated losses) in their wave-to-
wire models. Eriksson [16] and Zhou [17] have used an existing
design of the PTO machinery with two flywheels to develop a
reactive control system for the CorPower device. However, the
generator model was not included in the dynamics of the WEC,
and its effect on power generation was only represented by the
power conversion efficiency coefficient. Similarly, Sjolte et al.
[18] have investigated an already designed PTO system includ-
ing the drivetrain, the generator and the power converter, quan-
tified losses and corresponding power efficiency using experi-
mental campaign and used these results when calculating electri-
cal power generated by a WEC. Also, a number of studies have
considered a flywheel energy storage system [19, 20] to smooth
the power fluctuations of a WEC and improve its power output.
However, the main focus has been given to the choice of the
generator configuration while using pre-selected flywheel iner-
tia. A variable inertia hydraulic flywheel has been used in [21] to
adjust the inertia of the floating buoy to the incoming wave in
real time. The results demonstrate that the proposed system can
significantly improve the power production of a WEC, but its
benefits over the fixed inertia flywheel require further investi-
gation. Integrated optimisation of the WEC geometry, gearbox,
and control parameters has been performed by Sirigu et al. [2]
based on several objective functions including power generation
and capital expenditures. However, the generator dynamics has
not been included in the WEC model, and its performance has
been replaced by an efficiency coefficient independent of the
drivetrain configuration.

Building upon existing literature, the present work aims to
take an additional step forward towards the optimal design of
a wave energy converter with a particular focus on the drive-
train design. The main contribution of this paper that distin-
guish this work from above mentioned studies is twofold: (i) to
demonstrate the importance of including a full generator model
with load-dependent efficiency in the system optimisation; and
(ii) to demonstrate how the drivetrain design affects the operat-
ing range of the generator and the hydrodynamic performance
of the entire system. As a result, different configurations of the
drivetrain are optimised for the given buoy, generator, and con-
trol system to improve the electrical power generated by the
WEC. The case study used in the paper is a spherical floating
buoy connected to a permanent magnet synchronous generator,
together with a model predictive control to maximise electrical
power from the generator.

2 | WAVE-TO-WIRE MODEL OF A WAVE
ENERGY CONVERTER

A generic floating half-submerged sphere that absorbs power
from one degree-of-freedom, heave, is chosen as a case study
(see Figure 1). The buoy is directly connected to the mechanical

Drivetrain Generator

z, Fpp
Buoy
FIGURE 1 Schematic of the wave energy converter (adapted from [13])
TABLE 1 Parameters of the WEC and PTO unit
Parameter Value
WEC
Buoy radius, « 5m
Wiater depth, A 50 m
Mass, 7 1.99 X 10° kg

Initial drivetrain

Gear ratio, I, 38.5 rad/m
Generator
Generator PMSM
Rated power 83.7 kW
Maximum torque 3700 Nm
Nominal speed 400 rpm
Maximum speed 1800 rpm
Number of poles, IV, 28
Stator resistance, £ 0.038 Q
Stator inductance, L 1.4 mH
Generator inertia, /, 1.31 kg m?
Permanent magnet flux, Apy 0.257 Wb

drive PTO system that consists of a drivetrain and a rotary gen-
erator.

The drivetrain is presented as a system with inertia (flywheel),
a torsional spring, and a damper representing mechanical losses.
A surface-mounted permanent magnet synchronous machine
(PMSM) designed for the Fred Olsen BOLT Lifesaver project
is used in this study due to its publicly available detailed spec-
ifications [15, 22]. As this PMSM can operate in both genera-
tor and motor modes, it is suitable for the reactive control of
the WEC [15]. Parameters of the entire system are specified in
Table 1.
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2.1 | Hydrodynamic model of the WEC

The vertical motion of the buoy under the wave and power take-
off loads can be described by the following equation:

m3(t) = Fexe(t) + Fraa (1) + Fis(0) + Foo (), M
where

Fly 1s the wave excitation force;
F;,q is the wave radiation force modelled as:

Fag = —Axi = / Kot =1)2(0)dT = —AI — 11, ()

—00

where Ay, is the infinite frequency added mass coefficient,
and K,q(#) is a retardation function, and £7 is replaced by a
state-space model using the Marine System Simulator toolbox
developed by Perez and Fossen in [23]:

pr = Arpr + Br%’
k= Crpr'

©)

Here, p, € R*! is an auxiliary vector without any physical
meaning (for details see [24]), A, B, and C, are the state space
matrices. The frequency-dependent coefficients of the excita-
tion and radiation forces are obtained using WAMIT [25];
H is the linearised net restoring force:

B (1) = —Kyz(t) = —pgra’z (), )

where K is the hydrostatic stiffness, o is the water density,
and g is the acceleration of gravity;

Fo 1s the force exerted on the buoy from the PTO unit.
2.2 | Drivetrain dynamics

The vertical velocity of the buoy (%) and PTO force (£},) are
converted to the rotational (mechanical) speed of the shaft (w,,,)
and mechanical torque (7y,,) using the gear ratio (V) as:

T, = —. G)

According to [20], the drivetrain dynamics can be modelled
as a linear mass-spring-damper system:

Ly, = 1 — Ty — By, — K;lem’ ©)
where 6, is the angular displacement of the shaft with respect

to the reference/ground, 7¢ is the electromagnetic torque from
the generator, /; is the drivetrain inertia (including the genera-

Stator

FIGURE 2 g reference frame of the PMSM [27]

tor inertia £,), By is the drivetrain and generator shaft viscous
friction, and Kj is the drivetrain stiffness coefficient.

2.3 | Rotary generator model

The electro-mechanical equations of the PMSM are adapted
from [27] and presented in the rotating dg reference frame (d-
axis is always aligned with the rotor magnetic axis, ¢g-axis is 90’
ahead in the direction of rotation), as shown in Figure 2. The
voltage equations for the stator are [27]:

. d . .
VJ{] = Rsz.rd + Ls Elﬂl - wcLstq’ (7)
. d. .
qu = Rszfq + Lsngq + w. L7y + Apn)s ©))

where 7, and 7, ate the currents in the dg axes, R is the stator
winding resistance, L is the stator inductance, @, is the rotor
electric frequency in rad/s, and Apy is the rotor permanent mag-
net flux.

The speed @, is related to the actual mechanical rotor speed
@

m as:

We = —~ W (9)

where [V, is the number of poles.
The electromagnetic torque generated by the PMSM is:

3N,

Té = T ..V{/APM = ’éTZ..f ’ (10)

where &r = 3/4N,Apy; is the torque constant.

When the generator operates in the normal speed range
(below rated), the d-axis current is kept as 0 (4; = 0). When
the rated speed is exceeded, the field weakening (7; < 0) tech-
nique is used to keep the back-EMF from exceeding the rated
voltage of the motor. According to [28], the field weakening
speed of this PMSM is 561 rpm (58 rad/s). For simplicity, it
is assumed that the generator velocity will not exceed this value,
so d-axis currentis set to 0 A, and only Equation (8) will be used
further.
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2.4 | Combined wave-to-wire model

Combining Equations (1)—(10), it is possible to derive the wave-
to-wire model of the system shown in Figure 1 in a state-space
form:

X. = Ax.+ By +F.r, (11)

YC = CCXC ’ (1 2)

where the state vector x., the output vector y, the control vari-
able #, and the external input 4, are defined as:

R

X = . ) Y. = . 5 U = V;qs Ve = Ji > (13)
Zﬂ/ Z.fq €
o

I.=m+Aym + ]ngZ is used to denote the effective inertia of
the system, and the state space matrices ate:

[ 0 1 0,4 0 |
Ky = KaNg  =BiNy kN, —C,
I I I I
A[ — € € € € , (14)
0 Z/éTNg RS 0
3L, L, 14
| 0,1 B, 0, A
0 0
| o |1 [t 0o 0,4 o0
B.=| , |'F=|, ,CC—[O 0 o0 1]. (15)
1/L, 0
2.5 | Power output

The average mechanical power absorbed by the WEC over a
period of time 7" is:

e e
Prech = _?/ j?pto(f).z@)df = _7/ Tm<f)wm(t)dl'
0 0
16)
The average electrical power generated by the generator is
equal to [11]:

31 !
Paw =37 /0 iy OV (). @

2.6 | Control system

The WEC is equipped with a model predictive control (MPC)
system that maximises electrical (not mechanical) power out-

put. Due to the cumbersome equations that define the MPC,
the algorithm, including the discretisation of the continuous-
time system, system prediction and formulation of the objective
function, are outlined in the Appendix. In general, at each time
step, the controller uses predicted values of the excitation force
Fy as well as the dynamic wave-to-wite model of the WEC,
Equations (11)—(12), and attempts to find values of the genera-
tor voltage 17, such that the average electrical power generated
by the WEC over the prediction horizon 7}, is maximised. For
this study, the prediction process of the wave excitation force is
assumed to be petfect. The controller optimisation problem is
formulated as a quadratic cost function with linear constraints
(the maximum DC-bus current is limited by 481 A).

3 | DRIVETRAIN OPTIMISATION

The drivetrain optimisation process has been performed using
fOWECCntrl MATLAB toolbox developed by Sandia National
Laboratories, US [12]. This toolbox uses an in-built MATLAB
solver fmincon to find optimal PTO vatiables, in particular,
drivetrain configuration and control parameters, that maximise
electrical power in a given sea state assuming a causal impedance
matching control approach [29]. The optimisation is done in the
frequency domain assuming linear dynamics of the WEC, the
drivetrain and the generator, and does not take into account any
motion or force constraints. The default interior-point optimi-
sation algorithm is used with the maximum number of function
evaluations and the maximum number of iterations set to 10°.

According to Figure 1, parameters of the drivetrain that can
be optimised include the gear ratio /V,, the stiffness coefficient
K, and the flywheel inertia ;. The main focus in this study
is given to NN, and /y variables only. The optimal value of the
stiffness K for this case study always turned out to be nega-
tive due to the presence of hydrostatic stiffness. This value is
considered impractical even though some engineering solutions
exist to achieve negative stiffness using the magnetic system. So
Ky = 0 is kept fixed and is not considered as the optimisation
variable.

This study does not intend to optimise the drivetrain param-
eters for a specific location, but rather to demonstrate what
effects the optimal design has on the generator operating
region, power quality, required PTO forces, and power conver-
sion efficiency. Moreover, optimisation results obtained using
fOWECCntrl MATLAB toolbox are insensitive to the wave
height due to the linear dynamics assumption. Hence, the value
of the generated power is proportional to the square of the wave
height leading to the same optimised parameters regardless of
the wave height value. As a result, the analysis is presented for a
range of sea states with different peak wave periods and a fixed
significant wave height.

3.1 | Initial (not optimised) drivetrain

The PMSM generator specified in Table 1 was designed for
the Fred Olsen BOLT Lifesaver project to be used with a
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FIGURE 3  Performance of the WEC (motion, forces, and power output)
in the irregular wave of /4, = 1 mand 7, = 10 s with the initial drivetrain
design. The WEC is actively controller by the MPC

gearbox NN, = 38.5 rad/m. As the generator current is limited
by 481 A, the maximum PTO force that can be exerted on
the buoy with this gear ratio is 100 kN (/35" = N, 7;7"™ =
Nykrigy™ = 38.5 rad/m - 5.397 Nm/A - 481 A = 100 kN).
Figure 3 demonstrates the performance of the WEC with
the initial drivetrain configuration in the irregular sea state
of H;=1 m, and 7, =10 s defined by a Bretschneider
spectrum [30]. The WEC is actively controlled by the model-
predictive controller.

As the initial drivetrain is not optimised for the
WEC/generator combination, and MPC is designed to max-
imise electrical (not mechanical) power, the WEC velocity is not
in phase with the excitation force leading to poor hydrodynamic
efficiency. The control force reaches its maximum value of
100 kN at almost every cycle. This situation is undesirable from
the design point of view, which means that the PTO system
configuration, in particular, a combination of the PMSM with
this drivetrain design, is not suitable for this particular buoy and
the control system.

3.2 | Optimisation of the gear ratio

According to Equation (5), the gear ratio determines the oper-
ating range of generator torques and speeds, directly affect-
ing the power conversion efficiency of the entire system. Fig-
ure 4 shows what should be the value of the gear ratio
(with no added flywheel) to maximise electrical power of the
WEC/generator system using causal complex-conjugate con-
trol across a range of irregular sea states. The drivetrain iner-
tia is assumed to be equal to the generator inertia of [y = /, =
1.31 kg m%. It is clear from Figure 4 that the optimal gear
ratio increases with peak wave period. This can be explained
by the fact that longer waves require higher control forces
and lower buoy velocities. Therefore, to keep the same oper-
ating range of the generator torque and speed with mini-

N, optimised

w
(SN
o

300

[ NI )
[
oS O

Gear ratio N, [rad/m]
&
(e}

—_
(]
o

5 10 15
Peak wave period [s]

FIGURE 4 Dependence of the optimal gear ratio (no flywheel) on the
peak wave period 7, significant wave height is set to /7, = 1 m

N, =253 rad/m
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FIGURE 5 Performance of the WEC (motion, forces, and power output)
in the irregular wave of /4, = 1 m and 7, = 10 s with the optimised gear ratio.
The WEC is actively controller by the MPC

mal power losses, the gear ratio should be increased as per
Equation (5).

The performance of the WEC with an optimised gear ratio
of N, = 253 rad/s for the sea state of /4, =1 m and 7, =
10 s is demonstrated in Figure 5. As IV, has been increased
compared to the initial drivetrain configuration, the max-
imum allowed control force has increased correspondingly
to 657 kN (Fig" = Nykriy™ = 253 rad/m - 5.397 Nm/A -
481 A = 657 kN). Moreover, the average electrical power pro-
duction has improved significantly (from 6.2 to 27 kW). How-
evet, it should be noted that an increase in loads on the PTO
system directly affects the design requirements and cost of the
mechanical drive. Moreover, some gearbox designs have gear
ratio limitations to allow back drive.

3.3 | Optimisation of the gear ratio and
drivetrain inertia

The drivetrain inertia can be altered by adding a flywheel to
the system. Flywheels act as energy storage and can be used
to smooth out the electrical power output. To achieve the best
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FIGURE 6 Dependence of the optimal gear ratio and flywheel inertia on
the peak wave period 7}, significant wave height is set to /4, = 1m
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FIGURE 7 Performance of the WEC (motion, forces, and power output)
in the irregular wave of /4, = 1 mand 7, = 10 s with the optimised gear ratio
and flywheel inertia. The WEC is actively controller by the MPC

effect from using flywheels, the drivetrain should be equipped
with a clutching mechanism that can engage or disengage the
flywheel from the shaft when required. In this study, all the
results are presented for the scenario with an engaged flywheel.
The simultaneous optimisation of the required gear ratio /N,
and drivetrain inertia /j has been performed using fbWECCntrl
MATLAB toolbox, and the resultant optimal values are shown
in Figure 6 across a range of sea states.

Interestingly, when both parameters are optimised, the
required gear ratio is relatively insensitive to the peak wave
petiod and is within a range of 115-130 rad/m. In con-
trast, the required flywheel inertia increases with a wave period
demonstrating that higher energy storage is needed when a
WEC operates at sea states characterised by longer wave peri-
ods. An example time-series of the WEC performance in
a sea state /4, =1 m and 7, =10 s with optimised driv-
etrain parameters is shown in Figure 7. The limit on the
control force has changed to 327 kN due to the optimised
value of N, =126 rad/m (ﬁ,‘;‘fx = N,krig™ =126 rad/m -
5.397 Nm/A - 481 A = 327 kN). The level of average power
production remain approximately the same as compared to the
case when only /V, is optimised (refer to Figure 5). However,

s Jn0ptimised

s Ny Optimised

3000 Ny, I; optimised

2000

1000

Generator efficiency

0

Mechanical torque T;, [N.m]

0 500 1000 1500
Generator speed wy, [rpm]

FIGURE 8 Indicative generator operating range in a sea state of

Hg =1mand 7} = 10 s for three drivetrain configurations. The motion traces
are plotted on top of the generator efficiency map which is calculated as

n= Felec/]_)mech using Equations (6)—(17)

the advantage of adding a flywheel can be clearly seen when
comparing instantaneous power output in Figures 5 and 7. In
the latter case, the power fluctuations are less, and the electric
power remains in the range of positive values.

4 | PERFORMANCE COMPARISON

The drivetrain links the hydrodynamic part of the WEC, a buoy
with its hydrodynamic efficiency (wave to mechanical power
conversion), to the electrical part of the system, a generator with
its efficiency map (mechanical to electrical power conversion).
Thus, the generator operating range, in particular, the range of
required torques and speeds, is highly dependent on the driv-
etrain parameters, as demonstrated in Figure 8. The coloured
lines indicate the range of speeds and torques experienced by
the generator (approximately 90% of the time) in a sea state
of Hy =1mand 7, = 10 s for three drivetrain configurations
when the WEC is actively controlled by the MPC. This infor-
mation is shown for 1/4 of the efficiency map only that cor-
responds to the power generation mode when both speed and
torque are positive. When the drivetrain is not optimised, the
generator is required to provide high torques at low speeds lead-
ing to high power losses. When only [V, is optimised, the gen-
erator starts to operate in a wide range of speeds and torques
covering areas with higher power conversion efficiency. When
both /N, and /; are optimised, the operating range tends (but
not fully aligned) to the area with the highest efficiency.

As Figure 8 is related to the electrical part of the WEC, Fig-
ure 9 demonstrates how the drivetrain optimisation affects the
hydrodynamic performance of the buoy, in patticular its natu-
ral period in heave. Thus, for each sea state, an optimal set of
Nj and /; from Figure 6 has been used to calculate the natural
frequency as:

K + KIN?
w, = - —, (18)
m+ Alw,) + LiN;

where K; = 0 in this study.
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FIGURE 9 The natural period of the WEC with different drivetrain
configurations

The natural period of this spherical WEC with the initial
drivetrain configuration is 4.4 s, and optimising only /N, (the
drivetrain without a flywheel) has minimal effect on the natu-
ral period of the system. However, the added inertia from the
flywheel allows the natural period to be tuned to the incom-
ing wave. Thus, it can be concluded, that /N, is responsible
for optimising the operation of the electrical part, while a
combination of NN, and /; acts to improve the performance
of both the hydrodynamic and electrical parts of the WEC.
In the latter case, when the buoy is operating close to reso-
nance, there is no need to provide reactive power from the
generator, and it will work only in a generator (not motor)
mode.

Optimisation results presented in Sections 3.2 and 3.3 have
been obtained for a range of sea states using the frequency-
domain analysis assuming an approximate complex-conjugate
control [29] with no constraints applied to the WEC dynam-
ics. As the drivetrain should be designed for a specific wave cli-
mate, it was decided to optimise the drivetrain for one sea state,
and test these design configurations in the time domain. Under
this scenario, the WEC is actively controlled by the MPC, and
the rotor current, and, consequently, the PTO force, is limited.
The targeted sea state for drivetrain optimisation, A, =1 m
and 7, = 10 s, is chosen arbitrary for this analysis, but is rep-
resentative of a commonly occurring sea state at many energetic
sites. As a result, the performance of the WEC with three differ-
ent drivetrain configurations (unoptimised, /V,, is optimised, and
both IV, and /; are optimised) are compared in Figure 10. The
electrical power production of a WEC is shown in Figure 4. The
dashed line indicates the maximum mechanical power that can
be absorbed by this WEC in each sea state not considering vis-
cous draglosses (tefer to the upper bound on the Budal diagram
[31])- Both optimised designs demonstrate similar power pro-
duction levels that are about 5 times higher than that obtained
using the initial drivetrain settings.

Breaking down the power conversion chain into two stages,
Figure 4 shows the amount of wave power converted into
mechanical power, and Figure 4 demonstrates how much of
this mechanical power is further converted to electricity using
three drivetrain configurations. The WEC with the initial driv-
etrain design demonstrates the highest hydrodynamic efficiency
at sea states with 7, =5 and 6 s, the periods closest to the
natural period of this WEC (4.4 s). Nevertheless, the hydro-

dynamic efficiency of this WEC configuration drops signifi-
cantly at longer wave periods, reaching less than 10% for 7 >
10 s. The optimised drivetrain designs improve the wave-to-
mechanical power conversion efficiency in the majority of sea
states. However, less than half of the maximum possible wave
power can be absorbed by the WEC with the optimised driv-
etrain as the controller is designed to maximise electrical (not
mechanical) power. With regard to the conversion of mechan-
ical power into electrical power (refer to Figure 4), the initial
drivetrain allowed only 50—70% efficiency, while with optimised
designs it is possible to convert up to 93% of mechanical power
and the limit is mostly dictated by the generator efficiency map.
These results can be related to Figures 8 and 9 demonstrating
that the optimised drivetrain improves the hydrodynamic per-
formance and the operating range of the generator at the same
time.

Despite similar average power outputs and power convet-
sion efficiencies of the two optimised drivetrains (without and
with a flywheel), the quality of the electrical power output is
significantly different as demonstrated in Figure 4. The reader
is reminded that both configurations have been optimised for
a peak wave petiod of 7, = 10 s. The system with a flywheel
has a peak-to-average power ratio of approximately 5 at sea
states 7, > 10 s, while this value for the system without a fly-
wheel is twice higher (= 10). However, the chosen flywheel does
not benefit the system at lower wave periods due to the lower
energy storage capacity requirements. Therefore, the flywheel
should be disengaged from the generator shaft at low energy
sea states. In addition, the system with a flywheel requires lower
control forces from the power take-off system as shown in Fig-
ure 4 that may significantly affect the cost of the mechanical
drive. Both optimised designs lead to similar motion amplitudes
of the WEC as shown in Figure 4, while the system with the
initial drivetrain configuration experiences less displacement in
heave.

5 | DISCUSSION

This study focuses only on one aspect of the wave energy
converter design, namely the drivetrain, while the buoy shape,
generator configuration and control system are kept fixed. For
the techno-economic optimisation of the entire converter, it is
required to consider all of the above-mentioned parameters as
optimisation variables to achieve the best design solution for a
particular deployment site. Building upon previous work in this
domain, it is recommended to extend the existing WEC design
optimisation studies to follow the control co-design approach
where the buoy parameters (geometry, mass chatracteristics etc.),
drivetrain, generator with its load-dependent efficiency and con-
trol system are optimised and designed as an integrated system
with the main focus on the electrical power production. Elimi-
nating one or several subsystems from the design optimisation
process might lead to sub-optimal solutions and delay com-
petitive wave energy technology development. However, this is
out of the scope of the current paper and will be explored in
future research.
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Effect of optimised drivetrain configuration on the performance of a wave energy converter: (a) average electrical power output (dashed line

corresponds to the maximum amount of energy that can be removed from the sea), (b) wave-to-mechanical power conversion efficiency, (c) mechanical-to-electrical

power conversion efficiency, (d) peak-to-average power ratio, (e) standard deviation of the buoy displacement in heave, and (f) standard deviation of the control

6 | CONCLUSION

This paper demonstrates that a drivetrain is an important part of
any wave energy convertet, so its poor design may lead to signif-

force. The wave height is set to /7 = 1 m. The drivetrain parameters are optimised for a sea state of /4, = 1 m, 7, = 10's
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icant power losses. The floating buoy and the electrical part have
been assumed fixed, while the drivetrain configuration has been
optimised for a particular sea state. The main focus has been
given to the choice of the gear ratio and flywheel inertia. Also,
two cases have been considered: the drivetrain without a fly-
wheel, so only gear ratio is optimised, and the system with a fly-
wheel, when both gear ratio and inertia ate optimised. The right
choice of these parameters changes the load on the generator
making it operate at higher efficiencies. Moreover, the flywheel
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without and with a flywheel, both of them can lead to the same
power production, while the system with a flywheel has half the
peak-to-average power ratio and experiences significantly lower
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APPENDIX A

A.1 | Discretisation of the continuous-time system

The first-order-hold method, sometimes called triangle approx-
imation, is used to discretise continuous state-space Equa-
tion (11) with a sampling interval 7:

for k1, <t < (k+ 1)1,

t— kI,
uc(t) = ud(/é) + TALI(/@ + 1),

N

t— kT,
Vc(f) = Vd(/é) + TAV(/é + 1),

S

where
Au(k+ 1) = ug(k+ 1) —uy(4),
Av(e+ 1) = vy(k+ 1) — v4(k).
So the discretised version of Equation (11) can be written as:
xg(k+1) = ®(T)xq(k) + I'ug (k) + Lva (k)
+A, Aug(k+ 1)+ A Avy(k+ 1),
ya(k) = Caxq, (A1)

where the discrete-time state transition matrix is @(7;) = éAc’s
and

N(@(T) —1)B, € R,

M
Il
2

H(@(Z) — T)F, € R,

M
I
2

1

>
I

(T - 7;B,) € R,

X
S

(T — 7.F,) € R»*1,

=
HNl=
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In order to write the objective function for the MPC formu-
lation in terms of the state variables, the state vector x4 and the
output vector yg have been augmented as follows:

Xd
x=|uy|€ROHA2X g = Y[ g pou+Dx1,
Uq
Vd

The corresponding discrete state-space equations are:

X(k+ 1) = Ax(£) + BAu(k + 1) + FAv(k + 1),

y(k) = Cx(%),
where
®7) I, T, A, A,
A=]0, 1 ,B=|1|,F=| 0 |,
0, 0 1 0 1

A2 | System prediction
Denoting /V as a length of the prediction horizon 7], = N7, the
predicted output of the system is:

ye+118)

y(& +214)
vo=|""

y(k+ N|&)

that can be written in terms of the current state and future input

increments:
y(k) = Px(k) + T, Au(k) + T, Av(k), (A2)
where
CA
P = R
C AA\Y
CB 0 - 0
CAB CB - 0
T;/ = s

CANT1B CAMV2B --- CB

CF 0 - 0
CAF CF -0
7, =
CA"V~'B CAV™°F --- CF
A.3 | Formulation of the objective function

To maximise the electrical power, the objective function takes
the form:

1+1,

celec  _ 2 .

B =3 [ @V,
t

3 1+1,
= _5/ Z.sq(T)”U.)dT' (A3)

This objective function can be discretised and written as [32]:

1
J® = 35" (HQy(®), (A4

where Q is a block diagonal matrix defined as:

Q
I
=
=
2
=
I

Using Equation (A2), the objective function can be formu-
lated as a quadratic programming problem with respect to the
optimised variable Au(£):

=50 TIQT A+ ATIQ(Px + TAY). (A9

As shown in [33], /; is not always convex, and can be convex-
ified by adding diagonal terms to the Hessian matrix (7,7 QT,)
leading to:

Jo = Ji + An,Au’ Au, (A.6)

whete the penalty term Ay, is usually set to the minimum eigen-
value of the Hessian matrix /lzlj{n.

Re-writing Equation (A0) in a standard form, the resultant
objective function that is optimised at every time step £ is:

1
J(k) = 5Au"HAu + £ Au, (A7)
whetre
H= TaTQ,]; + 2/1A1/L

f=T7,Q(Px(k) + TAv(k)). (A8)
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Only the first component of the optimised variable Au(£) is
used at each time step to control the WEC.

A4 | Constraints

The PMSM has limitations on the maximum DC-bus current
of 481 A, and this constraint can be included in the formula-
tion of the optimisation problem using the linear inequalities

[29]:

z £
<

-M,
,,& = l ] (PX + T,&) Rall P (A9)
M;

M, = - , (A.10)

A.5 | Simulation set-up

The WEC wave-to-wire model (11) is implemented in MAT-
LAB/Simulink and solved using ode23 solver with a variable
time-step. The discretisation step for the MPC is set to 73 =
0.1 s, the prediction horizon is set to 7, = 6 s, the penalty
term is set 10 times higher than the minimum eigenvalue of the
Hessian matrix 45, = 10 X /12;“. The linear quadratic program-
ming problem is solved using an in-built MATLAB function
quadprog. The wave excitation force and its changes, Av(£),
are assumed to be perfectly estimated over the length of the pre-
diction horizon. Irregular waves are modelled using Bretschnei-
der spectrum [30] characterised by the significant wave height
Hg and peak wave petiod 7. The simulation time for each
sea state is set to (300 X 7)) s, and the transition petiod of
(15X 7;) s is disregarded when calculating average power pro-
duction.
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