The
University
o Of

= -n,‘-_“ u}:_.'!?- Bhe&i{“:ld.

This is a repository copy of Numerical and experimental studies of excitation force
approximation for wave energy conversion.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/129115/

Version: Accepted Version

Article:

Guo, B., Patton, R.J., Jin, S. et al. (1 more author) (2018) Numerical and experimental
studies of excitation force approximation for wave energy conversion. Renewable Energy,
125. pp. 877-889. ISSN 0960-1481

https://doi.org/10.1016/j.renene.2018.03.007

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Numerical and Experimental Studies of Excitation
Force Approximations for Wave Energy Conversion

Bingyong Guo?, Ron J. Patton®*, Siya Jin?, Jianglin Lan®

@School of Engineering and Computer Science, University of Hull, Cottingham Road, Hull,
UK, HU6 7TRX

Abstract

Past or/and future information of the excitation force is useful for real-time
power maximisation control of Wave Energy Converter (WEC) systems. Cur-
rent WEC modelling approaches assume that the wave excitation force is acces-
sible and known. However, it is not directly measurable for oscillating bodies.
This study aims to provide reasonably accurate approximations of the excita-
tion force for the purpose of enhancing the effectiveness of WEC control. In this
work, three approaches are proposed to approximate the excitation force, by (i)
identifying the excitation force from wave elevation, (ii) estimating the exci-
tation force from the measurements of pressure, acceleration and displacement
and (iii) observing the excitation force via an unknown input observer. These
methods are compared with each other to discuss their advantages, drawbacks
and application scenarios. To validate and compare the performance of the
proposed methods, a 1/50 scale heaving point absorber WEC has been tested
in a wave tank under variable wave scenarios. The experimental data are in
accordance with the excitation force approximations in both the frequency- and
time-domains based upon both regular and irregular wave excitation. Hence,
the proposed excitation force approximation approaches have great potential for
WEC power maximisation via real-time control.
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1. Introduction

To harvest green power from the ocean waves, more than 1,000 concepts of
wave energy conversion have been proposed [1]. Various technologies and devices
for wave energy conversion are detailed in [2, 3, 4]. Recent research focuses on
the power maximisation control of various Wave Energy Converters (WECs) [5],
including reactive control [6], latching control [7], declutching control [8], Model
Predictive Control (MPC) [9, 10] and etc. For some of these power maximisation
control strategies, the excitation force information is compulsory and essential.
Some of these strategies, e.g. MPC, even depend on excitation force prediction.
However, the excitation force is not directly measurable for oscillating WECs.
Thus, the estimation of the excitation force with reasonable accuracy is critical
for some real-time power maximisation control of WEC systems.

In the literature, considering the regular wave conditions, the excitation force
is modelled in a generic way using analytical approaches. As described in [11],
the excitation force is represented by the integral of the pressure over the wet-
ted surface of floating structures. This gives a good estimation of the excitation
force but it is not implementable for moving structures in offshore environment.
Also for some specific geometries there are appropriate analytical formulae that
provide relatively precise excitation force estimation [12]. These approaches as-
sume the phase shift of the excitation force with respect to the incident wave
is zero for harmonic waves, thereby rendering these excitation force modelling
approaches applicable for numerical WEC simulation. However, the these ap-
proaches are inappropriate for generating reference information for real-time
control implementations since the excitation force is not directly measurable for
oscillating structures.

For irregular wave conditions, the excitation force can be approximated using
a superposition assumption in terms of the well-known Frequency Response

Function (FRF) [13]. Excitation force estimation is useful for assessing both the
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wave energy resource as well as the WEC dynamics and control performance.
What is the drawback? This approach does not easily relate the excitation force
estimation to physical measurements, e.g incident wave elevation or pressure
acting on the wetted surface of the oscillating structure. Hence, once again it
is difficult to obtain time-varying reference signals for real-time WEC control
using this strategy.

However, several studies focus specifically on excitation force estimation or
approximation for future real-time control implementation. A state-space mod-
elling method of the causalised excitation force is described in [14] without
discussing its realisation and performance. A potential approach to achieve the
causalisation with up-stream wave measurement is mathematically discussed
in [15] and has been implemented and verified experimentally in [16]. The up-
stream method can provide enough future information of the excitation force for
some optimum control if the up-stream distance and direction are properly de-
signed to overcome the irregularity of wave frequency and direction. The study
in [17] details the discrete-time identification of non-linear excitation force based
on numerical wave tank simulation. Studies in [18, 19] apply the Kalman Fil-
ter (KF) and Extended Kalman Filter (EKF) to estimate the excitation force.
However, as discussed in [18, 19] the KF/EKF approaches require a priori knowl-
edge of the process and measurement noises. The measurement noise can be
estimated for the characteristics of the sensors and the data acquisition systems
whilst the process noise can be obtained from a wild rang of specially designed
experiments. Also the Unknown Input Observer (UIO) technique is applied to
estimate the excitation force [20, 21]. This approach relies on the accessibility
of all the system state variables, some of which are difficult to measure. All
these approaches relate the excitation force approximations with real-time wave
elevation or/and WEC dynamics and hence the approximations can be used
for real-time control reference generation. Moreover, to gain future information
of the excitation force for latching control or MPC, Auto-Regressive (AR) or
Auto-Regressive-Moving-Average (ARMA) models can be applied to provide

short-term prediction of the excitation force, as detailed in [22, 23].
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The aim of the current study is to develop an excitation force estima-
tion/approximation strategy with potential for real-time WEC power maximi-

sation control. Three approaches are proposed:

e In the Wave-To-Excitation-Force (W2EF) approach, the excitation force

is estimated from the wave elevation. This method is inspired by the
causalisation concept in [14] but contributes to its the implementation,
verification and performance evaluation. The causalisation is achieved via
wave prediction using the W2EF method. This can be compared with the
up-stream measurement approach of and realised using up-stream wave
measurement according to [16]. If the up-stream distance is large enough,
the up-stream method in can provide enough future information of the
excitation force for some power maximisation control strategies, such as
MPC, latching control. The W2EF method proposed in this study only
gives the current information of the excitation force. However, future
information of the excitation force can also be provided by the W2EF
method if the wave prediction horizon is large enough. This idea is quite

similar with the up-stream method.

In the Pressure-Acceleration-Displacement-To-Excitation-Force (PAD2EF)
method, the excitation force is derived from the WEC hull pressure mea-
surements as well as the heave acceleration and displacement. Different
from the excitation force identification method using pressure sensors in
[16], this PAD2EF approach uses more kinds of sensors and hence has the
advantage of sensing redundancy and the disadvantage of system com-

plexity.

In the Unknown-Input-Observation-of-Excitation-Force (UIOEF) technique,
the excitation force is observed from an appropriately designed UIO. Com-
pared to the UIO method in [20, 21], this UIOEF approach only requires
the displacement measurement and hence it is more flexible in practice.
The UIO design is based on an a Linear Matrix Inequality (LMI) formu-

lation of an H,, optimisation to minmise the effect of the excitation force



9 derivative on the estimation error.

Figure 1: 1/50 scale PAWEC under wave tank test.

Table 1: Dimension of the cylindrical buoy.

Symbol Parameter Units  Value
T buoy radius m 0.15

h buoy height m 0.56

d buoy draught m 0.28
M buoy mass kg 19.79
ks hydrostatic stiffness N/m 693.43

A added mass at infinite frequency kg 6.57

a1 To verify the proposed excitation force modelling approaches, a 1/50 scale

» cylindrical heaving Point Absorber Wave Energy Converter (PAWEC) has been
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designed, constructed and tested in a wave tank at the University of Hull, as il-
lustrated in Figure 1. The buoy dimensions are given in Table 1. A wide variety
of wave tank tests have been conducted under regular and irregular wave condi-
tions for verification of the three proposed W2EF, PAD2EF and UIOEF mod-
elling strategies. The experimental data show a high correspondence with the
numerical results of these approaches both in the time- and frequency-domains.
The advantages, drawbacks and application scenarios of these approaches are
also discussed in this study.

The paper is structured as follows. In Section 2, the modelling of the PAWEC
motion is described. Section 3 details the W2EF, PAD2EF and UIOEF ap-
proaches to estimate the excitation force in real-time. Section 4 illustrates the
wave tank tests configuration and wave conditions of the excitation tests and
wave-excited-motion tests. Numerical and experimental results are compared

and discussed in Section 5 and conclusions are drawn in Section 6.

2. Modelling of PAWEC Motion

Under the assumptions of ideal fluid (inviscid, incompressible and irrota-
tional), linear wave theory and small motion amplitude, the motion of a PAWEC

obeys Newton’s second law, given in an analytical representation in [24] as:
MZ(t) = Fe(t) + Fr(t) + Fps(t) + Fpio(t). (1)

F.(t), Fus(t), Fi(t) and Fp,(t) are the excitation, radiation, hydrostatic and
Power Take-Off (PTO) forces. M is the mass of the PAWEC. z(t) is the heaving
displacement and Z represents the buoy acceleration in heave. It is assumed
that friction, viscous and mooring forces are neglected here. For the sake of
simplicity, only the heave motion is investigated in this study.

For a vertical cylinder shown in Figure 1, the hydrostatic force is proportional

to the displacement z(t), represented as:

Fhs(t) = —pgmrz(t) = —kne2(2), (2)



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

142

where p, g are the water density and gravity constant, respectively. r and

kns = pgmr? represent the buoy radius and hydrostatic stiffness, respectively.
The radiation force F.(t) is characterised by the added mass and radiation

damping coefficient. According to the Cummins equation [25], the radiation

force can be written in the time-domain as:
F.(t) = —AxZ(t) — Ekr(t) % 2(2), (3)

where A, and k,(t) are the added mass at infinite frequency and the kernel
function, or so-called Impulse Response Function (IRF), of the radiation force.
X %Y represents the convolution operation of X and Y.

For modelling of the excitation force F,(t), analytical approaches have been
developed in [11, 13]. For regular waves, an analytical representation of the

excitation force is given as [11]:

Fe(t) = % (ngzgi(u)))l/z

cos(wt), (4)
where H, w and R(w) represent the wave height, angular frequency and radiation
damping coefficient, respectively. For irregular waves, the excitation force can
be approximated based on the superposition principle and its FRF, given in a

spectrum form in [13], as:

F.(t) = R

Z QS(wi)AwHe(jwi)ej(“”Hd)")] ) (5)

where Aw is the angular frequency step, w; and ¢; are the wave frequency and
random phase with subscript 4. S(w;) and H.(jw;) represent the wave spectrum
and the excitation force FRF, respectively.

The analytical representations in Eqs. (4) and (5) are widely used to assess
the power capture performance of various WEC devices. These may not be
suitable for real-time WEC control application since the excitation force is an
unknown, uncontrollable and unmeasurable external stochastic input. Hence,
the motivation for this study comes from a need to approximate/estimate the
excitation force from the given WEC measurements for the purpose of generating

suitable reference information for real-time WEC control.
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For good WEC control performance, the challenge is that a real-time rep-
resentation of the excitation force is essential. Therefore, in many studies the
Computational Fluid Dynamics (CFD) techniques are adopted to compute the
fluid-structure interaction for WEC dynamic modelling. One should recall that
the WEC hydrodynamics are non-linear and hence the CFD analysis is compu-
tationally expensive. It is actually not straightforward to apply control strate-
gies based on CFD results without very significant effort of CFD data charac-
terisation and post-processing. An effective study that combines control and
CFD together based on OpenFOAM simulation is described in [26]. Meanwhile,
Boundary Element Method (BEM) packages, such as WAMIT®, AQWA™and
NEMOH, are applied to compute the WEC-wave interaction using efficient com-
putation. Amongst these BEM packages, NEMOH is an open source code, ded-
icated to compute first order wave loads on offshore structures [27]. It is a
suitable alternative of commercial BEM codes, like WAMIT® and AQWAT™,
since it provides computation results as accurate as WAMIT® [28]. Therefore,
NEMOH is adopted in this study.

The radiation coefficients in Eq. (3) and the excitation force FRF in Eq.
(5) can be obtained by solving the boundary value problem in NEMOH [27].
The NEMOH simulation is based on the buoy as shown in Figure 1. The
radiation force kernel function k,(t) is shown in Figure 2 and the excitation
force FRF (including the amplitude and phase responses) is shown in Figure 3.
In Figure 3 the amplitude response of the excitation force is normalised with
respect to the hydrostatic stiffness kps and the phase response is normalised with
respect to m. Since the time-domain representation is preferred for real-time
power optimisation control, Section 3 discusses the modelling or approximation

approaches of the excitation force.

3. Excitation Force Approximation Approaches

As described in Section 2, the excitation force FRF is available from NEMOH.

Therefore, a time-domain representation of the excitation force can be identi-



15

=
o

[&)]

o

Radiation Force IRF (kg/sz)

&

_lo Il Il Il Il
0 1 2 3 4 5

Time (s)
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Figure 3: Amplitude and phase responses of the excitation force from NEMOH.
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fied from its FRF if the incident wave is assumed as the input, referred to as
the W2EF method. For an oscillating device, if the pressure distribution on
the wetted surface and the WEC motion are measurable, the excitation force
can be estimated from these measurements as well, referred to as the PAD2EF
approach. For some WEC systems, only the oscillating displacement is accessi-
ble. In this situation, the excitation force can be estimated via UIO techniques,
referred to as the UIOEF method. These approximation approaches of the

excitation force are detailed in Sections 3.1, 3.2 and 3.3, respectively.

3.1. W2EF Modelling
8.1.1. Outline of W2EF Method

@ requency Response Fuuctio@

non_causal Inverse Fourier Transform
n(t) el L F,(1)
——————— S I

wave prediction
te ahead

tc time-shifted
kernel function

Figure 4: Schematic diagram of the W2EF modelling approach.

Since the frequency-domain response of the excitation force is available in
Figure 3, its time-domain kernel function k.(t) can be gained by the inverse
Fourier transform. However, the kernel function k.(t) characterises that the
W2EF process is non-causal. Therefore, a time-shift technique is applied to
causalise the non-causal kernel function k. (t) to its causalised form ke .(t) (see
Figure 4) with causalisation time t.. (¢, > 0). Thus, the wave elevation prediction
with ¢. in advance is required. The implementation of the W2EF modelling is
detailed in this Section.

According to the frequency-domain response in Figure 3, the excitation force

can be represented as:

Fe(jw) = He(jw)A(jw)a (6)

10
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where H,(jw) is the FRF of the W2EF process. A(jw) is the frequency-domain
representation of the incoming wave elevation 7(t).

Alternatively, the excitation force can be expressed in the time-domain as:

F) = k(o) <) = [ " ket — )n(r)dr, (7)

where k,(t) is the excitation force IRF related to its FRF H,(jw), given as:

Ro(t) = o / T H (o) e, (8)

Based on the frequency-domain response in Figure 3, the kernel function
kc(t) is computed according to Eq. (8) and shown in Figure 5, in which the
red solid curve (marked NEMOH IRF (¢ < 0)) illustrates the non-causality of
the W2EF process. The physical meaning of the non-causality is explained in
[15]. The k.(t) values for the ¢ < 0 part are almost the same as the ¢t > 0 part.
Therefore, ignoring of the non-causality will in general lead to significant errors

in the excitation force estimation.

1000
—NEMOH IRF (t<0)
——NEMOH IRF (t>0)
Causalized IRF i
800 =-=-ldentified IRF

600 r

400 r

Excitation Force IRF (kg/s3 )
N
o
o

-200
Time (s)

Figure 5: Comparison of the excitation force IRFs.
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To note: In [14, 15], the kernel function k. (t) is time-shifted first and then
treated as a curve fitting problem. However, the implementation procedure and
the results of the excitation force are not given in [14, 15]. In this study, both
the causalisation and its implementation with wave prediction are outlined in
this Section. The numerical and experimental results of the excitation force are
compared in both the time- and frequency-domains in Section 5.1.

As shown in Figure 4, the incident wave propagates through a non-causal sys-
tem characterised by k.(¢) and gives the excitation force approximation. How-
ever, this non-causal system is not implementable. Therefore, causalisation is
required and can be achieved with a time-shifted kernel function k. .(t) and wave
prediction n,(t). The wave prediction horizon is the same as the causalisation
time t..

According to the property of the convolution operation, this causalised sys-
tem with wave prediction gives the same excitation force of the non-causal sys-

tem [14], since:

Fe(t) = ke(t)*n(t) 9)
= ke(t —te) xn(t+tc) (10)
= kec(t) *mp(t), (11)
where
ke,c(t) = ke(t - tc)a (12)
Mp(t) = n(t +te). (13)

ke..(t) and n,(t) are the causalised IRF of the excitation force and the predicted
wave elevation with ¢, in advance, respectively. The procedures to identify the

ke.(t) and to predict the n,(t) are detailed as follows.

8.1.2. System Identification of Causalised Kernel Function
The excitation force expressed in Eq. (11) is causal if the predicted wave
is viewed as the system input. Hence, the convolution operation can be ap-

proximated by a finite order system [14, 28, 29]. In this study, realisation

12
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theory is applied to the causalised kernel function ke .(¢) to approximate the
system matrices in Eqs. (14) and (15) directly with the MATLAB® function
imp2ss [30] from the robust control toolbox. The order number of the identi-
fied system is quite high, as determined by ke .(t). Hence, model reduction is
required and achieved using the square-root balanced model reduction method
with MATLAB® function balmar [31].

In this study Eq. (11) is approximated by the following state-space model:

ie(t) = Aexe<t)+Be77p(t)7 (14)

Fe(t) ~ CexE(t)a (15)

where x.(t) € R™*! is the state vector for the excitation system. A, € R™*",
B, € R™*! and C, € R'*™ are the system matrices. n represents the system
order number.

To identify the causalised system, the causalisation time ¢, and the system
order number n should be selected carefully. Here a truncation error function

FE; is defined to evaluate the causalisation time, given as:

g, J ko »

Jooo [e()ldt

For t. € [0,5], the truncation error is given in Figure 6. For ¢, = 0.8 s, the

truncation error is about F; = 0.0104 and for ¢, = 2 s, the truncation error is
about E; = 0.0044. Increasing the causalisation time can decrease the trunca-
tion error. However, the truncation error is small enough for ¢. € [0.8,2]. Thus
te = 0.8:0.05: 2 s is selected to determine the system order number n.

To further determine the causalisation time . and the system order n, a
fitting-goodness function (called F'G) of the causalised IRF k. .(t) is defined

with a cost-function of Normalized Mean Square Error (NMSE), as:

2
Lref — T

FG=1- (17)

— b
Lref — Tref ||o

where || X Hg and X are the 2-norm and mean value of vector X, respectively.

The fitting-goodness tends to 1 for the best fitting and —oo for the worst fitting.

13
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Figure 6: Truncation error of the excitation force IRF varies against the causalisation time.

The fitting-goodness of the causalised excitation IRF relies on the causali-
sation time ¢, and system order number n. Figure 7 shows the fitting-goodness
function varying with the caulisation time ¢, = 0.8 : 0.05 : 2 s and the system
order number n = 3 : 1 : 8. For a constant t., the fitting-goodness increases as
the system order number n increases. To achieve a perfect fitting or identifica-
tion (such as a given fitting-goodness F'G > 0.98), a larger causalisation time
requires a higher system order number n. For instance, n = 4 gives F'G > 0.98
for t. =1 s and n = 5 is requred to achieve FG > 0.98 for t. = 1.2 s.

According to Figures 6 and 7, a system with ¢. = 1 s and n = 6 gives a low
truncation error (E; < 0.01) and a good fitting of the causalised kernel function
kec(t) (FG > 0.99). Hence t. = 1 s and n = 6 are selected for this study.
The identified IRF is compared with the causalised and original IRFs of the
excitation force in Figure 5. To note, t. = 1 s is selected here to overcome the
non-causality of the W2EF process and to provide current information of the

excitation force. Future information of the excitation force can be obtained via

14
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Figure 7: Fitting-goodness with varying causalisation time ¢, and system order number n.

excitation force prediction or increasing the wave prediction horizon.

3.1.3. Wave Prediction

According to Eq. (10), a short-term wave prediction is required to achieve
the causalisation problem in Figure 4. There are several approaches to provide
reasonably accurate wave predication for a short-term horizon, the notable of
which are: (i) the AR model approach [22], (ii) the ARMA model approach [23]
and (iii) the fast Fourier transform approach [32]. The real-time implementation
of wave prediction is discussed in [33]. In [22], wave prediction via AR model
shows a high accordance to the ocean waves in Irish sea. Since these techniques
are mature, the AR model approach developed in [22] is adopted in this study
to provide a short-term wave prediction.

For harmonic waves, wave prediction is easy to achieve. For irregular waves,
three campaigns of wave prediction practice using AR model are shown in Fig-
ure 4. The wave elevation 7(t) is acquired from wave tank tests and satisfies
the Pierson-Moskowitz (PM) spectrum [34] with peak frequency f, = 0.4, 0.6,

0.8 Hz. As suggested in [22], a low pass filter has been applied to the wave

15



281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

elevation measuremtns for improving the prediction performance. The wave
prediction horizon is the same as the causalisation time ¢, and this is expressed
in Eq. (10). According to Figure 7, t. = 1 s is selected for the excitation force

approximation.

A: PM Specturm, fp=0.4Hz, Hs=0.25m

20 T T n(t) —— Tlp(t)
0 \/*/\/\/\/\A/\/\\/\/\’W\
-20 : : :
’g 420 425 430 435 440
S B: PM Specturm, fp=0.6Hz, H =0.11m
.5 10
©
>
Q
w
% 420 425 430 435 440
= C: PM Specturm, fp=0.8Hz, HS=O.06m
10 i T .
O N 7 S / Va )
-10 : : :
420 425 430 435 440

Time (s)

Figure 8: Comparison of wave elevations between the experimental measurements and the

numerical predictions under irregular wave conditions.

For wave tank tests, the sampling frequency is 100 Hz and hence the predic-
tion horizon is 100 for t. = 1 s. The AR model order number is determined by
the goodness-of-fit index defined in [22] and hence the order number is selected
as 120 to keep the goodness-of-fit index larger than 70%. The order number
is large due to the high sampling frequency and hence it can be reduced by
decreasing the sampling frequency. For each campaign of wave tank tests, the
experimental data of 600 s are collected and divided into two parts equally. The
first part of data (f = 0 : 0.01 : 300 s) are used to estimate the AR model
parameters and the second part of data (¢ = 300 : 0.01 : 600 s) are used for
model verification. This study focuses on the verification of the W2EF method
and the AR model parameters are computed off-line. However, the real-time

on-line wave prediction can be achieved [33]. Tt can been seen from Figure 8

16
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that the predicted wave elevation fits the experimental data well. However, the
prediction performance decreases as the peak frequency increases. For the PM
spectrum, higher peak frequency results in wider bandwidth and hence one po-
tential way to improve the prediction performance is to increase the order of
the AR model when the peak frequency is high. In this study the AR model
is adopted as a wave predictor to provide future information for the identified

system, as shown in Figure 4.

3.2. PAD2EF Modelling

3.2.1. Outline of PAD2EF Method

@ p(t) _

(1)

LVDT

. x,(0)=Ax,.()+B,z(1)

BPF .
i) \E (O =Cx, ()

Z(t
Acc 20 —':@

LVDT: linear variable displacement transmitter Acc: accelerometer
BPF: band pass filter PS: pressure sensor

Figure 9: Schematic diagram of the PAD2EF modelling approach.

For an oscillating PAWEC, the excitation force can be reconstructed from its
sensing system. As shown in Figure 9, the total wave force Fy,(t) acting on the
structure can be estimated from the pressure measurement p(t) on the wetted
surface. The hydrostatic force defined in Eq. (2) can be represented by the
displacement measurement z(t). The radiation force can be approximated from
the measurements of the velocity 2(¢) and acceleration Z(t). The acceleration
measurement is post-processed with low pass filter since this study focuses on the

PAD2EF method verification rather than real-time implementation. Therefore,
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the excitation force can be approximated as:
Fut) = Fult) = Fuo(t) — By (8): (18)

The convolution term of the radiation force F,.(t) in Eq. (3) is approximated

by a finite order system [29] as follows.

3.2.2. Radiation Force Approrimation
The convolution operation of the radiation force in Eq. (3) is defined as a

radiation subsystem, given as:
F.(t) = k.(t) * 2(t). (19)

The kernel function k,(¢) is gained from NEMOH and shown in Figure 2. The
convolution approximation approach is the same as described in Section 3.1.2.
To determine an appropriate system order number, the fitting-goodness func-
tion in Eq. (17) is applied. A third order system is adopted to approximate the
radiation subsystem in Eq. (19) with a fitting-goodness of FG = 0.9989, as:

i) = A,(t) + B, (20)
Fi(t) ~ Co(t)z,(t), (21)

where z,.(t) € R3*! is the state vector for the radiation system. A, € R3*3
B, € R¥! and C, € R'3 are the system matrices. Therefore, the excitation
force can be estimated from the measurements of the pressure, acceleration and

displacement, given as:
F.(t) = //p(t)ds + kpsz(t) + Asc3(t) + FL(1). (22)

3.2.3. Pseudo-Velocity Measurement

As shown in Figure 9, the measurements of the pressure, displacement and
acceleration are accessible and implementable. However, the velocity measure-
ment is difficult and expensive to obtain. A “pseudo-velocity” can be esti-
mated/observed from the displacement/acceleration measurements. In [19], the

velocity is obtained from the first order derivative of an accurate displacement
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measurement with a high sampling frequency. The drawbacks of this approach
are: (i) the velocity estimation is infected by the measurement noise and (ii) the
velocity estimation is always one sample period behind the real velocity (high
sampling frequency is required).

In this work, a carefully designed Band-Pass Filter (BPF) is applied to obtain
the velocity estimate from the displacement measurement. Compared with the
differentiation approach, a velocity estimate with less phase lag can be gained
via the BPF. The second order BPF is given as:

we
BPF(s) = _Awig (23)

2 We 27
S S w
+ Doer + wg

where Ay, is the amplitude gain at the central frequency w. and Qpps is the
quality factor. The drawbacks of this BPF method are: (i) the velocity es-
timation is influenced by measurement noise and (ii) the BPF is difficult to
implement with analogue filter. However, the BPF is applicable in a software
digital filtering way. Additionally, the velocity can be observed via an appro-
priately designed observer and this part of work is detailed in Section 3.3.3.

A variety of wave tank tests are conducted under irregular wave conditions
and the comparison of the pseudo-velocity measurements between the differen-
tial, BPF and observation methods is given in Figure 10. The pseudo-velocity
measurements via these three methods shows a high accordance to each other
due to: (i) the samping frequency (100 Hz) is very large compared with the wave
frequency (1.2 Hz) and (ii) the displacement measurement is accurate enough.
The differential method requires high sampling frequency and accurate displace-
ment measurement. The BPF approach calls for large Ay, and Qppy and this
may result in instability of the closed-loop control system. The third method of
observing the velocity is preferred since the observer design is easy, robust and

flexible to implement.
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Figure 10: Comparison of pseudo-measured velocity under irregular wave conditions.
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Figure 11: Schematic diagram of the UIOEF modelling approach.
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8.8. UIOEF Modelling

3.8.1. Outline of UIOEF Method

As the convolution term of the radiation force in Eq. (19) is approximated
by a state-space model in Egs. (20) and (21), the PAWEC motion under the
wave excitation can be represented in a state-space form. Therefore, an appro-
priately designed UIO can be applied to estimate the unknown excitation force.
As shown in Figure 11, a generic UIO is applied to estimate the excitation
force and buoy velocity from the displacement measurement. The estimated
excitation force is used to generate the velocity reference, whilst the estimated
velocity is viewed as the velocity measurement to provide feedback for the con-
troller. However, this study focuses on the UIO estimator design rather than on
the controller structure and design. This method is referred to as the UIOEF
modelling method.

8.8.2. Force-To-Motion Modelling

According to Eq. (1), the PAWEC starts to oscillate under the stimulation
of the excitation and PTO forces. The PAWEC motion with excitation force
input is defined as the Force-To-Motion (F2M) model. Considering the radiation
approximation in Egs. (20) and (21), the F2M model is re-written as:

Trom = [z 2 z,]7, (24)
ime(t) = Af2m£f2m(t) + Bf2mFe(t) + BmeFpto(t)v (25)
Yrom(t) = Cramxom(t), (26)
with
0 1 0
Apgm = |~k 0 —C |, (27)
0 B, A,
) T
Boy = {0 —3ir 0} , (28)
Crom = [1 0 0}, (29)
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where My = M + Ay represents the total mass. xfo,(t) € R5%! is the F2M
state vector. Aga, € R5*°) Bpo,, € R and Cjapy € R are the system

matrices.

8.8.83. Unknown Input Observer Design
To estimate the unknown excitation force F,(t), it is viewed as an augmented

state to the system in Eqgs. (25) and (26). Thus the augmented system can be

written as:
zg = [wpom FT, (30)
ig(t) = Agrg(t) + BgFpio(t) + DgFea (31)
yg(t) = Cyzg(t), (32)

with

Ag _ [ Af2m Bf2m 7 (33)
By = | Ban } , (34)
D, = [0 } (35)
Cy = [ Crom O } 5 (36)

where x,(t) € R®*! is the state vector of the augmented system. A, € R6*6,
B, € R D, € RO*! and Cy € R*6 are the system matrices.
The following UIO is adapted from [35, 36] to estimate the augmented system

state, given as:

To(t) = Pxo(t) + GFpo(t) + Lyrom(t), (37)

To (t) + ny2m(t)7 (38)

>
Q
—~

~
=

Il

where z,(t) € R6*! is the UIO state vector. P € R6%¢ G € R6*1 [ e ROx!

and @ € R%*! are the UIO system matrices. #,(t) represents the estimate of

g ().
Since the excitation force is unknown, its derivative F,(¢) in Eq. (31) is inac-

cessible and hence viewed as a disturbance. To achieve an accurate estimation
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Figure 12: Sketch of the wave tank and the device installation.

of the excitation force, the H,, robust optimisation approach is applied to com-
pute the observer matrices P, G, L and @ to reject the influence of F. (t), using
the MATLAB® LMI toolbox. The computation of the observer gain matrix L
follows the method described in [36] and is thus omitted here.

4. Wave Tank Tests

4.1. Experiment Settings

To verify the excitation force estimations via the W2EF, PAD2EF and
UIOEF approaches, a series of wave tank tests have been conducted. As shown
in Figure 12, the wave tank is 13 m in length, 6 m in width and 2 m in height
(with water depth 0.9 m). Up to 8 pistons can be selected to generate regu-
lar /irregular waves.

The PAWEC is scaled down according to the Froude Number defined in
[37]. For this application the geometric ratio is selected as 1/50. Therefore, the
time ratio is 1/7.0711. For ocean waves of sea state 7 defined by the Beaufort
scale [38], its characteristics can be represented by a PM spectrum with peak
frequency f, = 0.095 Hz and significant wave height H, = 4.3 m. The scaled
down PM spectrum (according to the Froude Number) is featured by the peak
frequency f, = 0.0952 x 7.0711 = 0.67 Hz and significant wave height H, =
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4.3/50 = 0.086 m. Therefore, the wave conditions in the wave tank tests are
configured with wave frequencies as f = 0.4 : 0.1 : 1.2 Hz and wave height
H = 0.08 m for regular waves. For irregular waves, the peak frequencies of the
PM spectra are selected as f, = 0.4,0.6,0.8 Hz.

The 1/50 scale cylindrical heaving PAWEC has been simulated, designed and
constructed for wave tank tests, model verification and control system design, as
shown in Figure 12. Five Wave Gauges (WGs) are mounted to measure the water
elevation in real-time, with WG1&2 in the up-stream, WG3 in line with the buoy
and WG4&5 in the down-stream. For this study, only the WG3 measurement
is used. WG1&2 and WG4&5 are useful to estimate the reflection of the wave
tank end wall and to verify the generated irregular wave satisfies the pre-set PM
spectrum. Six Pressure Sensors (PSs) are applied in the wave tank tests with
PS1-5 installed at the bottom of the PAWEC to measure the dynamic pressure
acting on the hull and PS6 fixed in line with WG1 for synchronisation!. A Linear
Variable Displacement Transducer (LVDT) and a 3-axis Accelerometer (Acc) are
rigidly connected with the oscillating body to provide motion measurements.
All these sensing signals are collected by a data acquisition system connected
with LABVIEW™ panel. The sampling frequency is 100 Hz. The pressure,
displacement and acceleration measurements are post-processed with low pass
filters to verify the modelling and estimation concepts.

For the ezcitation tests, the PAWEC is fixed semi-submerged and under
the excitation of incident waves to verify the W2EF modelling approach. For
the wave-excited-motion tests, the buoy is forced to oscillate from zero-initial

condition under the excitation of incoming waves. Since this study has a specific

1The installation depth of PS6 is 0.4 m. There are two sensing systems applied: one
integrated with the wave maker and the other designed for the PAWEC. It is a good idea to
isolate the electrical connects of these two sensing systems in case there are some penitential
conflicts. The PAWEC sensing system triggers the wave maker sensing system. However,
there is still a small time shift between these two sensing systems due to different design of
the hardware and software. Thus PS6 and WG1 are installed to measure the same signal to

determine the time shift between these two sensing systems.
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focus on the estimations of the excitation force, the control or PTO force is set as
Fpto = 0 N for the excitation tests or the wave-excited-motion tests. For control
practice, Fjs, is known and hence it is applicable to obtain the excitation force
by subtracting Fj, from the estimate of PAD2EF or UIOEF approaches. If
Fyi0 is not known, only the W2EF method is applicable.

4.2. Excitation Tests

For the excitation tests, the PAWEC is fixed to the wave tank gantry at
its equilibrium point and excited by the incident wave. The pressure sensors
installed at the bottom of the buoy provide the measurement of the dynamic
pressure acting on the hull. Thus, the wave excitation force in heave can be

represented as:

£ = [[ pttras = e, (39)

where p(t) represents the average value of the five pressure sensors (PS1-5).
Note that Eq. (39) only gives an simple approximation of the the excitation
force.  When the buoy diameter is relative small to the wavelength (such as
tenth of the wavelength), the accuracy of Eq. (39) is acceptable. If the buoy
dimension is almost the same scale of the wavelength, more pressure sensors are
required to achieve accurate excitation force measurement.

Meanwhile, five WGs are installed to measure the wave elevation, amongst
which, WG3, is in line with the buoy. The measurement of WG3 represents
the incident wave at the center of the PAWEC and is adopted to provide wave
prediction in a short-term horizon t.. A wide variety of excitation tests un-
der regular and irregular wave conditions are conducted to verify the W2EF
modelling approach. The numerical and experimental results are compared and

discussed in Section 5.1.

4.3. Wave-excited-motion Tests

For the wave-excited-motion tests, the PAWEC is forced to oscillate from

its zero-initial condition under the excitation of the incident waves. In this
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situation, the measurements from pressure sensors represent the total wave force

rather than the excitation force, given as:

Fult) = [[ s = ) (40)

Also, Eq. (40) is valid only when the buoy dimension is relatively small com-
pared with the wavelength.

Meanwhile, the buoy acceleration and displacement are measured by the
accelerometer and LVDT, respectively. Therefore, the excitation force can be
estimated via the PAD2EF approach in Eq. (22). Also, the wave elevation
measurements are accessible. Thus the W2EF method can be applied on WG3
measurement to approximate the excitation force according to Eqs. (14) and
(15). Since the displacement measurement is accessible, the UIOEF approach
in Egs. (37) and (38) can be applied to estimate the excitation force as well.
The numerical and experimental comparison of the excitation force between the

W2EF, PAD2EF and UIOEF approaches is discussed in Section 5.2.

5. Results and Discussion

5.1. Results of FExcitation Tests

Since the PAWEC is fixed during the excitation tests. The motion measure-
ments are not applicable. Therefore, only the W2EF approach can be applied to
estimate the excitation force. To verify the proposed W2EF modelling approach,
excitation tests are conducted under regular and irregular wave conditions and
the experimental data are compared with the numerical simulations of Eqs. (14)

and (15).

5.1.1. Regular Wave Conditions

Nine excitation tests are conducted under regular waves with wave height
H = 0.08 m and frequencies f = 0.4 : 0.1 : 1.2 Hz. For harmonic waves,
precise wave prediction with ¢, = 1 s in advance is easy to achieve. Recall that

the prediction horizon is the same as the causalisation time illustrated in Eq.

26



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

20 10
= Measured Fe = = |dentified Fe " Wave Elevation

AY

Excitation Force (N)
Wave Elevation (cm)

20 I I I I 10
85 86 87 88 89 90

Time (s)

Figure 13: Comparison of the excitation forces between the measurement and the estimate

via W2EF method.

(10) and Figure 7. Therefore, the W2EF modelling approach always provides
accurate approximation of the excitation force under regular waves. For the
harmonic wave with frequency f = 0.7 Hz, the excitation force measurement in
Eq. (39) and the estimation in Egs. (14) and (15) are compared in Figure 13.
The estimation via W2EF method shows a high accordance to the experimental
data, which indicates the validity of the W2EF method for excitation tests under
regular wave conditions.

To check the fidelity further, the excitation force FRF is compared with the
W2EF result as well as the NEMOH computation. The amplitude and phase
responses are shown in Figure 14 and Figure 15, respectively. The amplitude
response of the W2EF method fits the NEMOH and excitation tests data to a
high degree. This is why the analytical representations of the excitation force
in Egs. (4) and (5) are widely adopted to investigate WEC dynamics. Note
that the excitation force amplitude response is normalised with respect to the
hydrostatic stiffness kp.

Figure 15 compares the experimental and numerical phase responses from
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Figure 14: Amplitude response comparison of the excitation force amongst the excitation

tests, NEMOH computations and W2EF simulations.

the incident wave n(t) to the excitation force F.(t) in Eq. (9). A good accor-
dance of the phase response means that the W2EF modelling approach with
kernel function causlisation and wave prediction in Eq. (11) gives almost the
same system description of the non-causal system in Eq. (9). Also, Figure
15 illustrates that the analytical representations of the excitation force in Egs.
(4) is improper for PAWEC modelling and control design, especially when the
frequency is relatively high. Note that, the excitation force phase response is

normalised with respect to 7.

5.1.2. Irregular Wave Conditions

Irregular waves characterised by the PM spectrum are adopted in the exci-
tation tests and the results are shown in Figure 16. Generally speaking, the
estimated excitation force via the W2EF method shows a good accordance
to the experimental data for most of the time. The estimation only varies
a bit from the measurement when the wave elevation is occasionally small.

For instance, the identified excitation force varies from its measurement within
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t = 436 — 440 s in Figure 16, case A. However, this part is not important
from the viewpoint of power maximisation. For the irregular wave condition
of f, = 0.8 Hz, H;, = 0.06 m, the excitation force estimate is not as accurate
as that for the other two wave conditions. The potential reason may be the
inaccuracy in Eq. (39) since the point absorber assumption are not fully sat-
isfied. Additionally, the wave elevation predictions corresponding to Figure 16

are given in Figure 8.

5.2. Results of Wave-excited-motion Tests

For the wave-excited-motion tests, the PAWEC oscillates under the excita-
tion of incident waves. Therefore, the pressure, displacement and acceleration
measurements, together with the wave elevation, are available. Thus the W2EF,
PAD2EF and UIOEF approaches are adopted to approximate the excitation
force acting on the PAWEC hull. In the wave-excited-motion tests, the excita-

tion force is immeasurable since the pressure sensors give the total wave force
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Figure 16: Comparison of the excitation force between the excitation tests and the W2EF

modelling under irregular wave conditions.

F,(t) in Egs. (18) and (40).

Three campaigns of wave-excited-motion tests are conducted under irreg-
ular wave conditions and the excitation force comparison among the W2EF,
PAD2EF and UIOEF approximation approaches is given in Figure 17. Since
the excitation force cannot be measured directly, it is very hard to say which
method is better. Via the comparison in Figure 17, it is found that: (i) All these
three methods give good estimation of the excitation force when the wave (or
excitation force) is large for the wave conditions of f, = 0.4 Hz, H, = 0.25 m
and f, = 0.6 Hz, H; = 0.11 m. (ii) When the wave is small or changes rapidly,
the estimations given by the PAD2EF and UIOEF approaches are more vari-
able, compared with the W2EF estimation. Compared to the excitation force,
the radiation approximation error and non-linear friction/viscous forces [39] are
relatively large. (iii) Generally speaking, the magnitude of the excitation force
approximation given by the W2EF method is smaller than the ones provided
by the PAD2EF and UIOEF approaches. One potential reason is that the wave

gauge measurement is attenuated by the interference between the incident and
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radiated waves [16]. (iv) For the wave condition of f, = 0.8 Hz, H, = 0.06 m, the
W2EF method gives slightly better estimation than the PAD2EF and UIOEF
approaches. One potential reason is that the wave excitation force is small
under this wave condition and hence the mechanical friction force is relative
large. The PAD2EF and UIOEF methods in this work cannot decouple the me-
chanical friction force from there excitation force estimations. For the specified
1/50 PAWEC, the friction can be characterised experimentally [39]. Whilst the
W2EF method estimates the wave excitation force from wave measurements
and hence the estimates are not affected by mechanical friction force.

A comparison of these methods are made as follows:

e The W2EF modelling approach requires the wave elevation measurement
only. The W2EF approach shows advantages in easy implementation and
good tolerance to the mechanical friction and fluid viscous forces. How-
ever, the W2EF approach is subjected to linear wave theory and small
radiated wave. Additionally, accurate wave prediction is compulsory to

overcome the non-causality of the W2EF process.

e The PAD2EF modelling method requires the measurements of pressure,
acceleration and displacement. Hence it is complex to implement. The
PAD2EF estimation is affected by the modelling error of the radiation
force approximation and fluid viscous force but not the mechanical fric-
tion force and radiated wave. Another advantage is that the PAD2EF
estimation is applicable when the incident waves are non-linear or when

the W2EF process is non-linear.

e The UIOEF modelling approach only requires the displacement measure-
ment. Thus it is easy to implement. Also, the UIOEF estimation does not
suffer from the radiated wave but is influenced by modelling error of the
radiation force approximation, the mechanical friction and fluid viscous
forces. Also, the UIOEF method can be applied under the excitation of

non-linear incident waves.
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For the control structure in Figure 11, the estimation error of the excitation
force will affect the power capture performance. This part of work has been
investigated in [40] and it shows that the influence of the estimation error on
the power capture can be attenuated at certain band of frequencies via robust

control design.

6. Conclusion

This study focuses on the modelling of the excitation force and the model
verification via wave tank tests. The excitation force can be approximated
with reasonable accuracy from the measurements of wave elevation, pressure,
acceleration and displacement. Therefore, the W2EF, PAD2EF and UIOEF
modelling approaches are proposed, simulated and tested in a wave tank. The
experimental data show a high accordance to the estimations of the W2EF,
PAD2EF and UIOEF methods. However, the application scenarios of these

approaches vary, as shown below:

e The W2EF method in Eqgs. (14) and (15) gives reasonably accurate es-
timation of the excitation force based on the conditions: (i) the incident
wave is linear; (ii) the radiated wave due to the PAWEC motion is small
compared to the incident wave; (iii) wave elevation measurement and its

precise prediction are accessible.

e The PAD2EF approach in Eq. (22) can provide good estimation of the
excitation force if the following conditions are satisfied: (i) the measure-
ments of pressure, acceleration and displacement are available and (ii) the

fluid viscous force is negligible.

e The UIOEF strategy in Egs. (37) and (38) only depends on the displace-
ment measurement and can provide precise estimation of the excitation
force and the velocity. But the mechanical friction and fluid viscous forces

cannot be decoupled from the excitation force estimation.

33



608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

A wide variety of excitation tests and wave-excited-motion tests are con-
ducted in a wave tank to verify the proposed excitation force approximation ap-
proaches. The experimental data collected from the excitation tests fit with the
W2EF model numerical results to a high degree in both time- and frequency-
domains under regular and irregular wave conditions. For the wave-excited-
motion tests, all the W2EF, PAD2EF and UIOEF modelling approaches are
applied to estimate the excitation force and their estimations show high accor-
dance to each other when buoy dimension is relatively small to the incident
wavelength.

Therefore, these proposed excitation force approximation approaches can be
useful for the performance assessment and real-time power maximisation control
of WEC systems. Ongoing work focuses on the excitation force prediction and

its implementation for the MPC on WEC systems.
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Appendix

The buoy dimensions are: radius » = 0.15 m, height b = 0.56 m, draft
d = 0.28 m, mass M = 19.79 kg, water density p = 1000 kg/m?, gravity
constant ¢ = 9.81 N/kg, hydrostatic stiffness kps = 693.43 N/m and added
mass at infinite frequency A, = 6.58 kg.
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The system matrices of the W2EF system in Eqgs. (14) and (15) are:

—0.234 1.818 0.530 —0.554 —0.314 —0.054
—1.818 —0.900 —3.043 1.082 0.861  0.130
0.530  3.044 —1.798 4.233  1.553  0.306
Ae = ) (41)
0.554  1.082 —4.233 —2.688 —5.096 —0.480
—0.314 —0.861 1.553  5.096 —3.590 —3.064
0.054 0.130 —0.306 —0.480 3.064 —0.157
T
B, = [164.34 251.36 —236.52 —175.67 114.01 —18.71} , (42)
C. = [1.6434 —2.5136 —2.3652 1.7567 1.1401 0.1871.}. (43)

The system matrices for the identified radiation subsystem in Egs. (20) and

(21) are:

=
I

—3.1848 —4.3372
4.3372  —0.0875
3.1009  —0.3882

T
[—40.6964 5.9737 16.2722} )

[ —-0.4070 —0.0597 —0.1627 }

—3.1009
—0.3882
—2.8499

; (44)

(45)

(46)

The parameters of the BPF in Eq. (23) are: w. = 8 rad/s, Aypy = 2433

and prf = 100.

The system matrices of the UIO in Eqgs. (37) and (37) are:

—0.57 9.01 0 0 0 0
—27.09 —=39.1  0.02 0.02 0.01 0.04
~3.24  —0.13 —-3.18 —-434 -31 0
P = , (47)
—0.95 0.43 434 —0.09 —039 0
0.2 ~-1.62 310 —039 -285 0
—32856 —242450 0 0 0 0
T
G = [o 0.03790000], (48)
T
L = [357.52 7881.9 73.80 —158.04 —244.25 —9183200 | ,(49)
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649

650

651

652

653

654

655

656

657

658

659

660

661

T

Q = [—8.01 39.1 —40.57 5.55 17.89 242450 | . (50)

To note: The feedback gains of the UIO are large and sensitive to measurement

noise. It is due to the system property since the magnitude of the displacement

z(t) is 1072 and the magnitude of the excitation force F,(t) is 10. Thus this

is a numerical stiffness or conditioning problem with varying ratio 103. In

real operation, a low pass filter is applied to the displacement measurement to

attenuate the noise.
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