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Abstract: This paper presents a fault diagnosis study for a wave energy converter by using
structural analysis (SA) as the main tool. An Archimedes wave swing-based converter is
considered as a case study with a detailed model taken from a real case. Thus, one looks
for robust residuals for the irregular wave effects and sensitivity to fault detection. The faults
considered for the device are as follows: central tank perforation, brakes damage, position and
speed sensor faults, as well as an actuator fault. The transient response of the residuals to these
faults is simulated by MATLAB/Simulink and demonstrates the potentiality of the analysis.
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1. INTRODUCTION

Ocean wave energy has a significant potential for con-
tributing to the energy targets of clean and renewable
energy because it has a generation capability over 26,000
TWh per year (Mork et al., 2010). Since there is no
noticeable consensus about the most efficient mechanism
for ocean waves (Magagna and Uihlein, 2015), a wide
variety of different devices are being designed, tested and
developed, as reported by Pecher and Kofoed (2017).

Point absorbers are an important class of wave energy
converters (WECSs). Their operation principle is to convert
mechanical energy from a floater motion produced by
incident waves to electrical energy. This is done in many
different ways, for example, by means of gear trains
or hydraulic systems to provide fluid flow to a turbine
connected to a rotary generator or, in contrast, by using
a direct drive linear generator (Drew et al., 2009). The
Archimedes wave swing (AWS) concept is included in this
class of WECs. An AWS prototype reported by Prado
et al. (2006) is considered as a good reference since it can
provide power generation with peak values around 2 MW.

Control systems for WECs are designed to maximize
energy extraction by following criteria like those presented
by Falnes (2002), and by providing a steady energy supply
despite the irregularity of sea waves as reported by Penalba
et al. (2017).

Since the installation and maintenance of WECs are com-
plicated and expensive tasks and because the oxidation
caused by sea water is a frequent issue, automatic fault
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diagnosis and monitoring systems are important security
requirements to consider. Some previous studies related to
such topics in WECs are the following: Chandrasekaran
and Raghavi (2015) developed a failure mode and effect
analysis for a prototype that includes lever arm and gear
boxes in addition to the floating buoy, without involving
the physical parameters from the beginning. Furthermore,
Ambiihl et al. (2015) studied maintenance strategies ap-
plied to the Wavestar WEC and then evaluated the influ-
ences of different parameters, such as failure rate, inspec-
tion quality for the overall costs and the number of repairs
needed during its lifetime. Johanson et al. (2019) designed
a reference architecture for WEC condition monitoring
and presented a prototype implementation under proposed
guidelines.

Note that there are no previously reported FDI analyses
over WECs considering their mathematical model, as it
is presented in this work. The considered case study is a
WEC based on the AWS prototype presented by Prado
et al. (2006). This system is placed on the sea floor, and
the floater is a 4 x 10° kg lid that covers a 40 m high 3000
m? capacity air filled tank, enclosed by a strengthening
structure that includes adjustable brakes attached to the
floater that provide necessary damping under operating
conditions. Electrical energy is obtained from a linear
permanent magnet generator (LPMG) placed inside the
air filled tank. In addition, water pumps and auxiliary
tanks are included for adjusting the mean value of the air
pressure inside the tank and the oscillation of the floater.
Since this converter is under extreme conditions on the
sea bottom, supervision and maintenance are fundamental
tasks from a practical and safety point of view.

There are different approaches for managing the FDI
problem from a mathematical model. Some examples are
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methods based on bond graphs as have been reported by
Liu and Yu (2017) to diagnose faults in an electrome-
chanical actuator, as well as structural analysis (SA) that
has been used by Sundstrom et al. (2013) to diagnose
faults in a hybrid vehicle. This last approach is the one
considered in this work since it provides detectability and
isolability conditions that are independent of the values
of the parameters that define the mathematical model.
Therefore, it can be applied for complex systems such as
the one here considered.

This study considers damages associated with the mechan-
ical parts of the system. They are a perforation in the tank,
failure in the dampers, faults in the position and speed
sensors of the floater, as well as in the LPMG.

The main contribution is an FDI study for a WEC under
a model-based approach, which has not been previously
considered for such a system. A selection of feasible ARRs
is included, where the starting point is the minimal struc-
turally overdetermined sets generated by the algorithm of
Krysander et al. (2007) such that the ARRs are robust
in presence of the irregular sea wave. In addition, by pro-
cessing the transient response to faults of some residuals,
the isolation of some structurally non-isolable faults is
achieved.

2. STRUCTURAL ANALYSIS PRELIMINARIES

Structural analysis (SA) (Staroswiecki et al., 2000) is a
technique that provides general conditions for fault de-
tectability and isolability for nonlinear systems described
by lumped-parameter models. Under this approach, the
constraints C (i.e., algebraic and differential equations) and
the variables, Z = IC U X, are linked by a bipartite graph
G = {C, 2}, where K = U/ UY denotes the known variables
subset, which is conformed by inputs &/ and measurements
Y. Furthermore, X denotes the unknown variables, and G
can be represented as an incidence matrix M. Moreover,
let F be the set of considered faults. A violation of ¢; € C
is considered to be caused by f; € F (Blanke et al., 2016).

2.1 Canonical Decomposition of a Bipartite Graph

By using the decomposition from Dulmage and Mendel-
sohn (1958) of the IM of the system with only the set
X, one can obtain the graph g™ = {CT, X"} with more
constraints than unknown variables, which is the only use-
ful subgraph for fault diagnosis. This is because if f; € F
affects ¢; € C* associated variables may be obtained from
{Ct\{¢;}, Xt} If G = GT, the graph is called proper
structurally overconstrained (PSO), and its structural re-
dundancy measure is given by o(G1) = [CT| — |XT].

2.2 Minimal Structurally Overdetermined Sets

Minimal structurally overdetermined sets (MSOs) are sub-
sets of G such that o{MSO;{C;, X;)} = 1. An MSO al-
lows building an analytical redundancy relation (ARR) by
choosing a constraint as a consistency relation in order to
test computed results from the remaining just-constrained
subset. An algorithm developed by Krysander et al. (2007)
can be used to find MSO candidates in G+.

Let ¢, € C; be chosen as the consistency relation. If the
equation system represented by {C;\{c,}, X;} has a unique
solution set X;°, then ¢, can be used to define an ARR.
A procedure for determining X;° can be summarized in a
computation sequence (Zhang and Rizzoni, 2014).

2.8 Structural Detectability and Isolability

The following conditions must hold for structural de-
tectability and isolability of a fault f; (Blanke et al., 2016):

o Structural Detectability: A fault f; € F that causes a
violation of ¢; € C is structurally detectable iff it has
a nonzero Boolean signature in some residual r.

o Structural Isolability: A fault f; € F that causes a
violation of ¢; € C is structurally isolable iff it has
a unique fault signature (i.e., the set of residuals
sensitive to f; is unique).

3. WAVE ENERGY CONVERTER

This section describes the selected WEC operation prin-
ciple and model. Constraints to be used in the structural
analysis and considered faults are also established.

3.1 WEC Operation

The AWS is basically a submerged WEC composed of an
air-filled chamber (central tank) fixed to the sea bottom
and covered by a lid (floater) that heaves according to
waves on the surface and enclosed air expansion (Prado
et al., 2006). This operation principle is depicted in Figure
1. Related variables are defined in Table 1.

Incident

z
Y, Fyen @ P
Floater
UP 1
Fuw Fyrav Fy'’p Fgrav | | I |
g Central F R
F, Bs tank n By g Fgen

Downward motion Upward motion

Fig. 1. WEC Operation principle

The water level inside the central tank is adjusted in order
to tune the natural oscillation frequency of the floater
motion w,. Wave energy conversion efficiency is maximized
by setting w, to match the incident sea waves frequency
(Falnes, 2002). Because the central tank water level ad-
justment is a slow process, average wave frequencies are
used (Prado et al., 2006).

For system safety under diverse operating conditions, wa-
ter brakes are included in the structure for providing addi-
tional damping. These devices are composed of a cylinder
tube attached to the floater that encloses another cylinder
attached to the strengthening structure. The provided
friction is considerably greater when floater motion pushes
out water enclosed between both tubes, so isolated damper
systems are required for the upwards and downwards mo-
tion of the floater. Each brake is tuned by adjusting a valve
aperture in its fixed tube (Beirao, 2007). The importance
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Table 1. WEC model variables and parameters

T Floater position Fy Total stiffness force over the floater

v Floater speed F, Total damping force over the floater

Fy Incident wave force F{%, | Upper water brake friction force
Fyrav Floater weight F‘?‘g Lower water brake friction force

Fr Radiation force. Fy = —mgqq?0 my Floater mass

Pamb Atmospheric pressure Madqa | Floater added mass

nr Tide level Floater total mass

myg

if&f” Grid three-phase currents 4 g;‘ = "Lé + L"’lldd 0
. oater depth at x =
”Sz;:d Grid three-phase voltages s P
. Sy Floater and central tank base area
Gabe LPMG stator three-phase currents .
Central tank air volume at
Vabe LPMG stator three-phase voltages Vao _ _
hew=0,2=0
Fgen | LPMG force Sn Nitrogen cylinder base area
Foen Desired LPMG force v, Nitrogen cylinder gas volume
n0

atx =0
Heat capacity ratio

LPMG control law

“gen | (applied through vgpe) ¥

Bwp | Water brakes coefficient P Sea water density

hw | Water level inside central tank ¢ | Earth gravitational constant

hy, hy desired value Y1 Measurement of =

pa | Air pressure inside central tank y2 | Measurement of v

Fo pa force over the floater Measurement of an LPMG

pn | Gas pressure inside nitrogen cylinder ¥ | stator current

Fn | pn force over the floater Y1 | Measurement of Iy

pus | Hydrostatic pressure over the floater Ji | Position sensor multiplicative fault
Fus pis force over the floater f2 Speed sensor multiplicative fault

20 | Floater equilibrium position fs | LPMG fault

o o fa,f5 | Upper and lower water brakes faults

Pa Central tank air pressure at x =

fe Central tank water level fault

of these brakes comes from the great forces on the sea
bottom produced by incident waves, which would cause
several impacts between the floater and the structure.

Electrical energy is obtained with a linear permanent
magnet generator (LPMG) located inside the central tank.
Its traslator is attached to the floater, and its stator is
connected to the grid through a back-to-back converter.

3.2 WEC Model

Model equations of the considered WEC are presented.
Constraints used for the SA are denoted by ¢; € C,
m; € C for measurements related constraints, and d; € C
for differential constraints. The interconnection of the
subsystems is given in Figure 2.

iGrid yGrid Fu Er 1 pamp
Fygrav
Ya OUTER AR
- 8 WATER fe——f ’
Y3 COLUMN Y
. D .
J fs VPus h
Ugen B28 O Fgen Ol x
———| convert.| iape | LPMG FLOATER U
v
Vabe T
]‘ o
N | f2
fe Pn ,
hk ‘ "
w water | Pw ar © Pa NITROGEN
PUMPS CHAMBER CYLINDER
. U P
Bws | warerP| S+ Fws
BRAKES [ DwW
. Is FE%

Fig. 2. WEC block diagram. Faults and known signals are
highlighted in red and blue respectively.

By using the variables and parameters in Table 1, the
floater dynamics for || < 4.5 m and |v| < 2.2 7 are

c1: T =v, (1)
1

Co b{Fb+Fk+Fgen+Fw}a (2)
my
d d

dy: T=— do: v=—

1 x dtx, 2 v dtva (3)

where the measurements of the position and speed could
be affected by faults f; and fs, as follows:

mi: Y1 = (1 + fl)l‘, (4)

mo Yo = (1 + fQ)U. (5)
In addition, the forces over the floater are given by the
following.

o Fy: Total Stiffness Force
This force depends on diverse pressures and the weight of
the floater and is modeled by
c3: Fy=—Sipus — Supn + Sgpa —mypg,  (6)
ca: pus = [pg(ds + 11 — ) + pams], (7)
0 vy !
D Pn = —n ) 8
i m=ih () ©)
v !
0 a
D Pa = , 9
wi m= (—ggs ) )
where N, pamp are constant known parameters, v = 1.4

since adiabatic gas expansion is assumed, and h,, is the
water level inside the central tank.

In the absence of sea waves, the floater equilibrium posi-
tion 29 is driven by p?, p . pys as follows:

pg - pg(df +nr — xO) + Damb — mTJ;g - %pg = 07 (10)

where p? is adjusted in order to set the floater mean
position. This is done by tuning the total water mass inside
the system (central tank and auxiliary tanks), pumping
sea water in or out of the auxiliary tanks. In addition,
the natural frequency of the floater mainly depends on the
water mass (air volume) inside the central tank since the
air exchange between the central tank and the auxiliary
tanks caused by floater motion is negligible (Beirao, 2007).
Therefore, h, is considered a constant fixed value h.
Furthermore, h,, is tuned by pumping water to (from) the
central tank from (to) auxiliary tanks. If a central tank
perforation occurs, h,, changes. This effect is modeled by

et hy =Ry, + fo, (11)
where the difference in water level is modeled by fs. Thus,
a tank perforation modifies the average values of z and p,.
Since p, << pgg, it is considered that no air will escape

because of an eventual perforation, so Eq. (9) remains valid
under such circumstance.

e [y Total Damping Force
Fb:Fbr+Fdrag+FVI{/1;+FVID/%/7 (12)

where Fyrq4 is the drag force applied by the water on the
floater and Fy, is the force produced by the friction of the
bearings, which are negligible compared with F{% and
FPW . Under these conditions, Fy is reduced to

cs: Fy=F5 + RO, (13)

where the upper and lower water brakes actions are
o Pyl =—Bwa(l+ fa)olv|H(v), (14)
cio: Fipg = —Bwe(l+ fs)ol[H(—v),  (15)

where H(-) is the Heaviside step function and fy and f5
are faults over each brake.

o Fyen: LPMG Force
A control system for the LPMG to make it control floater
movement thru Fe, is supposed. As the generator stator
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Table 2. Dulmage-Mendelsohn decomposition of the incidence matrix of the WEC. Constraints
related to faults under study are highlighted

z v & o K, FIP O OFPW  F, pa pn pus hw  Fgen Ggen  Cgen P
ca . .
c1 o o
dy . 0
da . 0
cs . . .
co . .
c10 . .
co . . . . .
c6 . . .
cs5 . .
c3 . . . .
cr °
| c12 . .
c11 0
ds . .
mq .
my ]
m2 .
‘mg . .

circuit dynamics are faster than the floater motion and
wave incidence, by considering a control system for the
LPMG the obtained input-output dynamics are approxi-
mated by

. 1 i}
C11 - Cgen = - {_Cgen + (1 + f3)Fgen} ’ (16)
Tgen
C12 : qun = Cgeny (17)
: d
d3 : Cgen = %Cgevu (18)
where F,, is the desired LPMG force, 7y, is a time

constant defined by the generator control system, (g, is
the approximated LPMG model state variable and f3 is a
fault over LPMG such as a permanent magnet degradation
or components affected by rusting. Tracking of Fj,, by
Fyen is achieved by means of the control law uge,. A
detailed LPMG model is described by Wu et al. (2013).

Since the stator three-phase currents i, are directly
measurable, the following constraint is also considered:

Ys = @(Fgenvx)a (19)
from the dqO reference frame where Fj.,, is proportional to
14, which is related to iq. by a Park-like transformation

which depends on z (Wu et al., 2013). Therefore, ys
represents the measurement of any three-phase current.

ms :

e F,: Incident Wave Force

Incident waves are modeled by a JONSWAP spectrum
approximation in this work. As the pressure on the top
of the floater is measurable (Prado et al., 2006), one can
estimate F, and then

my: Ys= Fy. (20)

4. WEC STRUCTURAL ANALYSIS
4.1 WEC Incidence Matrix

The cardinality of the sets that define the WEC bipartite
graph Gy e is given by |X| = 16, |K| =5, |C] = 19. Each
of these sets and the considered faults are composed by

e Unknown variables: X = {x, v, T, 0, Fy, FV[{/]; FV[{,};,

FkapmpnypHSa huu Fgena Cgen» Cgevu Fw}v

e Known variables: K = {yl, Y2, Y3, y4} U {F;en},

e Constraints: C = {cl, ey Cl2, M, oy Mg, dy, dg,dg},
e Faults: F = {fl,...,f6}.

The DM decomposition of Gy gc through its incidence
matrix given in Table 2 shows that the system is PSO.

4.2 Minimum Structurally Overconstrained Sets

The system structure is analyzed with the SaTool toolbox
2013 version (Wolf, 2013) for MATLAB. By selecting the
option of the algorithm of Krysander et al. (2007), 11
MSOs were obtained. Relations between the faults and
the MSOs are summarized in Table 3. Entries related to
MSO3 and M SOy are highlighted because they require
computing variables from a non-bijective relation.

From these sets, it can be noticed that all the faults
are structurally detectable and f4, f5, and fg are not
structurally isolable.

Table 3. Obtained MSOs

i fo fs fa fs  fe
MSOq . .
MSO9 . . . . .
MSO3 . . . . .
MSO4 . . . . . .
MSOs . .
MSOg . .
MSO7 . . . .
MSOg . . . .
MSOg . . . .
MSOio . . . . .
MSO11 . . . ° °

By choosing MSOs 1 4, 5 for the implementation of

the residual generators, the fault signature matrix shown
in Table 4 is obtained. This selection allows obtaining
different fault signatures for fi, fo, f3 and the group
{fa, f5, f6} composed of non-structurally isolable faults.

Table 4. WEC fault signature matrix

fi fo fs fa fs fe
1 MSO;, . .

T MSOy4 . . . ° . °
rs MSOs5 ° .

4.8 Residual Generation

e r1: By choosing c; as the consistency relation, the
computation sequence for r; is

OSl = {(m17x)a(m37Fgen)7(0125<gen)}- (21)
Thus, the obtained ARR are given by
Cgenzi{* gCefL+Fgen}7 (22)
Tgen
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where the supra-index CS denotes values computed from
the computation sequence. To avoid (g4ep differentiation,
the residual generator is implemented based on Sundstrém
et al. (2013) as

C :_)‘1§1_>‘ Cgen+)‘1 { gC;fL_FFen} (23)

ri =C1 + Al (24)
with A; > 0. This residual generator is equivalent to
processing a relation obtained from (22) with a first-order

low pass filter with unit DC gain and time constant 1/A;.

e r5: By choosing cy as the consistency relation, the
computation sequence for ro is

CSy :{(mla 1:)7 (mQa U)v (m4’ Fw)v (697FVIU/%)7

(8107FV[[)/%/)7 (687Fb)7 (047pHS)7 (057pn)7
(C7a h'w); (C6ypa)a (637 Fk))a

({Clla0127d3}a{Cgenaﬁgen,f%en})}v (25)
and the ARR is given by
1
o:m{FkCSJrF +Fg°;§+FCS} (26)
t

Thus, the residual generator, with Ay > 0, is
. A2
Co=—Aal2 — Ajya2 + {FCS + S+ FO + y4},
(27)
T2 :25{C2 + )\2y2}. (28)

e r3: By choosing ¢; as the consistency relation for
r3, the computation sequence is defined by x and v
measurements. Thus, the ARR is defined by

& =y, (29)

and the residual generator, with A3 > 0, is
(3 =— X33 — AJy1 — Asye, (30)
T3 :200{<3 + Agyl}. (31)

5. SIMULATION TESTS

WEC simulations with selected faults were performed in
MATLAB/Simulink for testing the reliability of the SA
and the residual generators. Irregular sea waves were mod-
eled by approximating the JONSWAP spectrum (Gieske,
2007). Parameter values are taken from Prado et al. (2006)
and Gieske (2007), but p2, p%, and h,, are assumed so that

9 = 0 and the floater natural oscillation period T}, = 10
s. Residual generators are implemented with Ay 23 = 10.
Operation of the WEC within 1400 s is considered, and
the following faults were included.

e f1: 10% = sensor gain reduction for ¢ € [100, 200].
e f5: 10% v sensor gain reduction for ¢ € [300, 400].
e f3: 50% LPMG gain reduction for ¢t € [500, 600].

o fi: 40% FY% damping reduction for ¢ € [700,800].

o f5: 40% FEY damping reduction for ¢t € [900, 1000].
o f¢: produced by 0.05 m diameter central tank perfo-
ration during ¢ € [1100, 1150].

Residuals transient responses during active faults are pre-
sented in Figure 3.

From the residuals during the faults, the following obser-
vations are established:

w1 e . p o g T
ER: fEoiptobgpiodpi oiph i
fa}
LL‘ < 0 dunnnsss L I - fannas -, esessnd  Gasdessnas
o 200 400 600 800 1000 1200
t[s]

Fig. 3. Residuals transient response to faults

e All faults are detectable as established in Table 4.

e The fault fg affects the residual ro, even if the fault
is deactivated. This is justified because the additional
water does not disappear even if the perforation is
repaired.

e The effects of faults f; and f5 have opposite signs.
This fact could be used to isolate both faults in spite
of the SA results.

e The fg effect over ro is noticeable in its mean value,
and unlike the other faults, it does not introduce
oscillations in the transient response.

Considering the mentioned observations, fi, f5, and fg
could be isolated by processing 5. This allows proposing
the following residuals derived from rs:

ry =r2H(ra), (32)
ry = —r2H(=73), (33)
d
I=— 34
dtrz? ( )
where rj and 7, are the positive and negative values of

ro, and rg is obtained by differentiating ro in order to filter

out the fg effect over ro.

Simulation results of the added residuals are presented in
Figure 4.

Observed results demonstrate that fy, f5, and fg could
be isolated by processing ro. This allows establishing the
”extended fault signature matrix” presented in Table 5.

Table 5. Extended Fault Signature Matrix

fi  fo fs fa fs fe
T1 L] (]
o . . . ° .
T3 ° .
7’; L] L[] ] [ ]
7’2 L] [ ]
7'2f [ ] (] [ ] [ ]

6. CONCLUSIONS

From structural analysis of a complex large-scale wave
energy converter, structural detectability and isolability of
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Fig. 4. Added residuals transient response to faults

some faults have been determined, and structured resid-
uals have been designed. Numeric simulations of the sys-
tem allowed to evaluate the performance of the designed
structured residuals. Obtained results have demonstrated
structural properties of the studied faults established from
the analysis. In addition, it has been seen that faults over
upper and lower water brakes produce opposite sign ef-
fects. By considering this fact, new residuals were derived.
These derived residuals allowed achieving the isolation of
upper and lower water brakes faults. Likewise, the tank
perforation effect has been also isolated by differentiating
one of the original residuals. Even though the results are
satisfactory enough, they could be improved by consider-
ing a threshold adjustment for each residual.
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