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Abstract—Wave energy converters (WEC) are structures ca-
pable of harnessing the energy from waves. Since WECs are de-
ployed in the ocean, control system technologies play a fundamen-
tal role in guaranteeing safe and reliable operation, by keeping
WECs operating within their physical constraints. However, to
date, there are no effective real-time force constraint mechanisms
(capable of dealing with model uncertainty), which is prohibitive
for implementation. In this paper, by employing a Sliding Mode
(SM)-based reference conditioning (SMRC) technique, a (causal)
force constraint method for WECs is designed. To effectively
implement the force constraint algorithm, a position-tracking
architecture is required. In this control structure, the position
reference is provided by an outer loop, based on spectral control
for WECs, while the internal loop is an internal model-based
tracking controller. Finally, numerical results show that SMRC
is effectively capable of robustly satisfying force constraints, even
in the presence of WEC modelling uncertainty.

Keywords—Wave energy systems, reference conditioning, opti-
mal control.

I. INTRODUCTION

The necessity to speed up the energy transition is unde-
batable. While most of the focus and attention have been
drawn to the more conventional wind and solar technologies,
alternative sources of renewable energy are fundamental to
contribute to the energy mix. This is because the integration of
multiple sources of renewables reduces production variability
and enhances system stability, resilience, and grid penetration.
In particular, with a global annual potential estimated between
1 and 10 TWh [1], wave energy converters (WEC), represent a
promising renewable energy technology. Despite its promise,
high capital and operational costs associated with deployment
in the harsh ocean environment hinder the large-scale com-
mercialisation of wave energy converters (WEC) [2].

A crucial step toward the commercial viability of WECs
is implementing energy-maximising control systems, which
ensure maximal power extraction while managing operational
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constraints to protect the device from damage [3]. Specifically,
position and force (alternatively, torque) constraints must be
satisfied for a broad set of operational conditions. Common
optimisation-based (OB) controllers, such as model predictive
control (MPC), spectral methods (SPC) [4], and moment-
based (MBC) algorithms [3] [5], provide, by resorting to
numerical routines, constrained energy-maximising solutions.
However, model mismatch and/or unmodelled dynamics affect
the performance of OB controllers, since (i) with the exception
of MPC, OB controllers use a feed-forward structure to imple-
ment the optimal control force, and (ii) for the design of OB
controllers, a restrictive set of WEC modelling assumptions
are made. Hence, in practice, model mismatch or unmodelled
dynamics may easily result in the violation of position and/or
force constraints.

Satisfying the position constraints has been solved by em-
ploying velocity tracking control structures, such as in [6] [7].
This consists of closing the control loop to track the optimal
velocity, inherently satisfying position constraints. However,
the effects of non-ideal control actuators, uncertainty, and
unmodelled dynamics, must be considered by using a different
approach. Indeed, although considering a tracking structure
may be sufficient to satisfy position constraints (even in
the presence of model uncertainty), the tracking controller
generates an excess of the control force to compensate for
model mismatches, potentially leading to the violation of the
control force constraints. Another alternative is using robust
control techniques [8]; however, the introduced conservativism
leads to a reduction in power absorption and increased com-
putational complexity.

Motivated by the requirement of a robust real-time imple-
mentable force constraint mechanism for the WEC actuator,
i.e., the power take-off (PTO) mechanism, this paper presents
a sliding-mode (SM) reference conditioning (SMRC) mecha-



nism for WECs. The designed mechanism limits the control
action without compromising the operation of the tracking
controller [9]. The SMRC method operates by keeping the
control force on a sliding surface, preventing the control
effort from exceeding the specified constraint. Importantly,
this mechanism is only operative when the control force
approaches the constraint but does not affect the nominal
operation conditions when the control effort is far from the
constraint limits.

To design the SMRC method, a position tracking structure
is required. In this control architecture, the position reference
is provided by an open-loop spectral controller (SC), which
operates as a supervisory outer loop. The SC provides an
optimal control force and a position reference by employing
a nominal WEC model, while the inner loop consists of
an internal model-based controller (IMC) as in [10]. The
presented results show that, unlike the SC controller case,
in the presence of modelling uncertainty, without requiring
optimisation or complex tuning, the SMRC mechanism guar-
antees safe operation, keeping the WEC within its physical
constraints. Additionally, it is worth noting that a position-
tracking structure is used for the inner tracking loop, as it is
empirically shown that solely employing a velocity-tracking
structure, in combination with the SMRC, results in critical
violations of the position constraints.

This paper is organised as follows. Section II presents the
WEC modelling and control fundamentals, together with the
tracking structure employed in this paper. Then, Section III
presents the SMRC method adapted for WECs, and results
obtained using SMRC are presented in Section I'V. Lastly, the
main conclusions are drawn in Section V.

II. TRACKING CONTROL FOR WECSs

In this Section, the WEC control strategy, based on a
position tracking structure, is presented. To that end, first,
the WEC modelling principles are presented in Subsection
II-A. Then, Subsection II-B briefly presents and discusses
the control fundamentals for WECS. Then, subsection II-C
presents the position tracking control strategy.

A. Hydrodynamic WEC modelling fundamentals

WECs are floating bodies that oscillate with the reciprocat-
ing motion of waves; hence, typically, a mass-spring-damper
model can be used to describe WEC dynamics (see [11]):

mi(t) = feaolt) + fult) = fa(2) = fr(v,9), (1)
VM , —_ -
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where z(t), v(t), and v(t), represent the WEC displacement,
velocity and acceleration, respectively. Also, m is the mass of
the device, f..(t) is the wave excitation force, f,(t) is the
control force, f,(z) = k.z(t), is the restoring force (with k.
being the ‘spring’ coefficient), and f,.(v, ), is the radiation
force defined [12] as:

fr(t) = moo0(t) + / hy(t — T)v(7)dT, 2)

to

fr(®)

where mo is the infinite frequency asymptote of the radiation
added-mass and h,(t) is the impulse response of the linear
convolution operator, which describes the memory effect of the
fluid response [13]. The convolution operator, f,.(-), describes
a causal and passive system, and thus can be approximated as a
linear, continuous-time, strictly proper, and finite-dimensional
system:

2, — Fz, + Gu, (3a)
fr = Hz,, (3b)
with F € R™ X" being Hurwitz, G € R™*!, and

H c R Thus, z, € R . For a formal discussion on the
properties of (3), see [13]. Considering (1)—(3), and assuming
that the output is the measured position, a complete state space
representation of the WEC dynamics is:

x=Ax+B (fex + fu),
v = Cx,

(4a)
(4b)

where xT = [z, v, 7], and A, B, and C are defined as:
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where M = (m +mog) ", and the zero vectors 0 € R™r.

with:

B. Control specifications

Typically, the WEC control problem is associated with
extremising a cost function over an interval 7' € R, subjected
to system constraints as:

fu = arg H}%X{jT(fu)}’

S.t. . 7)
System dynamics,

Physical constraints.

where f,, is designed to extremise the cost function Jr(f).
In this paper, for clarity sake, and without losing generality,
is assumed that Jr(f,) is defined as the integral of converted
mechanical power:

Jr=— /T fov(r)dr. ®)

Solving (7) provides an optimal control force, f,;, which, using
the system dynamics, (4), gives the optimal system trajectories,
z*(t), and v*(t). Then, z*(t) is used as a reference for the
tracking controller, as detailed in Subsection II-C.

C. Position tracking architecture

The position tracking (PT) control structure used in this
paper is presented in Figure 1. In essence, the PT structure
requires a position reference, which is provided by an outer
control loop that solves (7) (as detailed in the previous
Subsection II-B), and a tracking structure capable of robustly
tracking the provided reference. In the following, the employed
outer and inner control loop are presented.
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Figure 1. Illustrative diagram of a PT control loop for WECs.

1) Outer loop: The position reference may be obtained
by solving (7) using different numerical approaches. In this
paper, z* is provided by an SC. This control solves, by
resorting to numerical optimisation routines and using an
estimate of the excitation force f.,', a solution for problem
(7). In essence, the SC provides, for a nominal WEC model, a
reference position z*, and a control force f,;, which consider
the constraints in (7). Hence, without model uncertainty, the
control scheme from Figure 1 would inherently satisfy both
position and force constraints.

2) Inner loop: In this paper, an internal model-based
tracking control is employed for the low-level control loop.
In the scheme from Figure 1, the main objective of IMC
is to robustly track the velocity/position reference, even in
the presence of WEC model uncertainty. IMC exploits the
concept that, for stable processes, feedback is only necessary
in the presence of model uncertainty. Following the design
guidelines presented in [10], the IMC may be designed using
the Youla—Kucera parametrisation, which provides the family
of all stabilising controllers for system (4), parametrised by
a proper rational stable transfer function Q(s). Hence, let
Go(s) = C(sl — A)~'B, be the Laplace transfer function
of the nominal system (4). Then, the family of all stabilising
controllers K (s), for Go(s), is given by:

Q(s)
T ma e ®
where Q(s) is )
Q(s) = Q()Gy (s,

and Q(s) a user-defined transfer function, designed consid-
ering that the stability of (Q(s) is necessary and sufficient to
guarantee stability of the associated closed loop in Figure 1.
Naturally, the selection of Q(s) (equivalently, of Q(s)) is not

unique. The approach used in this paper, is to design ((s) as:

~ 1
Q(s) = W’

where w. defines a cut-off frequency, and n. is the filter
order. The user-defined variables, w. and n., are designed
considering the trade-off between tracking performance and
noise attenuation.

(10)

(1)

INote that, in Figure 1, the measured position is used as input in the
reference generation block. This is because solving (7) requires an excitation
force feq estimate, which is obtained via unknown input observers, as in [14],
by using measurements of the WEC position and/or velocity.

III. SLIDING MODE REFERENCE CONDITIONING
(SMRC)-BASED FORCE CONSTRAINT MECHANISM

Using the control scheme in Figure 1, the position con-
straints are satisfied by means of IMC control. Additionally,
the IMC reference, obtained via SC control, inherently con-
siders force constraints. However, in the presence of model
uncertainty, tracking z* may require large PTO control forces.
As a result, considering model uncertainty, the control action
fu may violate the constraint:

[fu®)] < finaa-

Importantly, the latter problem has not been addressed in the
wave energy control literature. Hence, in this section, a hard
constraint mechanism that satisfies (12) Vt, is presented. The
method, based on SM, and applied to the PT control structure
of WEGCs, is first presented in Section III-A and formalised in
Section III-B.

12)

A. SMRC fundamentals

In opposition to classic SM control, SMRC does not operate
continuously, and SMRC only acts in a region defined by
the constraints. Specifically, to satisfy constraint (12), when
the control action reaches a sliding manifold, SMRC modifies
the IMC reference. The rationale behind modifying the IMC
reference is simple: A highly varying or large-amplitude
reference profile results in large control efforts required to
track such a profile. Therefore, to limit the operational space
of the control force, the SMRC method reduces the reference
profile z*, when f,, approaches the constraints. In essence, the
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Figure 2. SMRC force constraint method applied to a PT control for WECs.

SMRC loop is composed of three subsystems (see Figure 2).
(i) A user-defined switching function o (), (ii) a commutation
block where a discontinuous action is implemented, and (iii) a
low-pass filter (LPF), which provides a smooth output of the
SMRC, w,. Additionally, assume that the control force may
be saturated, and define the saturated control force fu as:

fmaa: if fu > fma:va
fu = fu if - f'maw < fu < fma;u (13)

The main objective of SMRC is to limit the control force
fu, between two surfaces, S and S, defined by the switching



@nction o(+), and designed to ensure constraint (12). Formally,
S and S are defined as:

{mc € Xc "o ‘fu:.ﬂnam: 0}’

5
14
S={zc€Xe:o|;_ ; =0} (19

where . € X, C R7 is the IMC controller state. In words, by
keeping the control variables between the surfaces defined by
S and S, the controller operational space is limited to satisfy
constraint (12). To force ¢ = 0, when the control force, f,,
approaches the constraint limits, the discontinuous signal, w,

wt ifo<0
w=w~- ifo>0 (15)
0 ifo=0

is implemented in the commutation block. An illustrative
scheme of the SMRC operation is presented in Figure 3. Note

fu oc<0 w=wt
P I NV MY 5
S
t
~ Fonaw L_/ —————————————— s
A A
oc>0 w=u

Figure 3. Graphical interpretation of the SMRC operation.

that, if . is between S, S, then o =0, w =0, and the reference
is not modified (SMRC is not active). However, when z.
reaches S, or S, w becomes nonzero, driving the control force
to 0 = 0, and preventing f, = C.x. from exceeding the
specified constraints. For an effective operation of SMRC, the
following conditions are required:

(C1) Transversality condition [15]. The switching function o
is of unitary relative degree with respect to the discon-
tinuous action (¢ must be an explicit function of w),

(C2) Gain condition [15]. The amplitudes w™, w~, satisfy:

+
DSt = (16)
W < Weq <0
where Weq and W, are equivalent continuous actions.

While wt, w™, may be empirically selected to satisfy (C2),

the relative degree condition, (C1), typically requires an ana-

lysis of the variables in the considered application.

B. Design of the SMRC for WECs

In this section, the SMRC operation conditions, (C1) and
(C2), detailed in Subsection III-A, are used for the SMRC
design for WECs. To that end, o(-), and the LPF, are designed
considering a PT closed-loop control (see Figure 2).

First, to verify (C1), the relative degree of f, with respect
to w is evaluated. To that end, the IMC controller, designed
in Section II-C, is rewritten in state-space form as:

.c:Acc Bcc
e [

" (17)

where x. € X, C R is the controller state, A, € R"e*"e
is the dynamic matrix, B, € R"*! is the input matrix, and

C. € R "¢ ig the output matrix. Additionally, let:
ec=2"+ws — 2, (18)

be the conditioned error, with wy being the SMRC output,
provided by a first-order LPF:

LPF {jF = Ar(w—zp)
Ws = TF,

19)

with A\p > 0. Typically, the IMC control is designed to satisfy
nominal operational conditions. Hence, it is assumed that the
control action f,, is of relative degree p with respect to e..
Then, the p-time derivative of f, results:

fq&ﬂ) = CcAE:p)wc + CcAgp_l)Bcec’ (20)

with the first (p — 1) Markov parameters identically null; i.e.,
C.B, = C.AB. = - = C,AY B, = 0 and the p-th term
CCAgp 71)Bc # 0. Hence, to satisfy (C1), considering (20),
and that e, is of relative degree one with respect to w (due to
(19)), o(-) must be a function of the p-time derivative of f,,.
As a result, considering constraints (12), (19), and (20), the
commutation function is designed as:

P
U:fu_fu_zkaféa)

a=1

21

where k. are constant gains and k, # 0. Note that (21)
determines the allowed region

R ={z.€ X, :0=0} (22)

Thus, if |f,+> .0 _, kaf,(ﬂ)| tends to exceed fy,qz, then w #
0, and (15) and (21) force |f, + > 7 _, kafua)| to remain in
R, modifying the reference z*. In practice, z* is conditioned
before f, reaches fy,q., since the derivatives | Y7 _, k, fﬁa)|
introduces conservatism in the design of o(+), in (21).

It is important to consider that the designed SMRC-
based force constraint mechanism, is not active when |f,, +

f 1 ka £ < fimaw. Subsequently, the SMRC method
does not alter z*(¢) in R. Hence, the method satisfies op-
timality of the controlled WEC, in the sense defined in (7),
when the SMRC mechanism is not active.

With respect to (C2), the values w*, and w™, may be
selected considering the infinity norm of the conditioned
reference, i.e., wt = w™ = ||2*||. Complementary, w™,
and w~, may be empirically tuned by resorting to numerical
evaluation.

IV. RESULTS AND DISCUSSION

In this section, to evaluate the SMRC performance, in-silico
evaluations are conducted on a one-degree-of-freedom point
absorber WEC. The simulation parameters are presented in
Subsection IV-A. Then, velocity-tracking and position-tracking
results are presented and compared in Subsection IV-B.



A. Preliminaries

First, to generate a realistic wave profile, the Bretschneider
spectrum, considering a peak period T, = 8s, and significant
wave height H; = 1m, is employed. Second, the SMRC is
evaluated on a CorePower-like WEC device with parameters
obtained from [16]. Then, by assuming linear hydrodynamics,
and considering a one-degree-of-freedom device constrained
to heave motion (movement in the z axis only), the WEC
dynamics are given by (4), where M and k, are presented in
Table I, the zero vectors are 0 € R”, and F, G, and H are
given by [16]:

[—7 —24 —47 —57 —43 —18 —34
1 0 0 0 0 0 0
o 1 0 0 0 0 0
F={0 0 1 0 0 0 0 |, (23a)
o 0 o0 1 0 0 0
o 0 o0 0 1 0 0
o 0 o0 0 0 1 0 |
T (23b)

G=[146-10> 0 0 0 0 0 0],
H=1[021 11 38 46 3 0.64 0.014]--107% (23¢)

Table 1
NOMINAL WEC MODEL, CONTROL, AND SMRC PARAMETERS

H WEC model parameters H
[ M=68x10° [ k.=557x10° [n.=7 |

[ [ PT control parameters [ ]

Position constraint zps 1.5 [m]
Force constraint f,qx 0.8 [N]
IMC cut-off frequency w. 100 [rad/s]
IMC filter order n. 3

l [ SMRC parameters [ ]

Gain wT = w™ 1.5

LPF cutoff frequency A\ p 10

For the evaluation of the SMRC, the remainder of the tuning
parameters, including constraints and control assumptions, are
presented in Table L.

B. Time domain results

First, consider the case where the SMRC mechanism is
not employed. In this scenario, the performance of the PT
controller structure is analysed considering: (i) a nominal case,
without mode uncertainty, and (ii) a 5% uncertainty in the
stiffness parameter k.. The results comparing cases (i) and (ii),
over a 20-second interval, are illustrated in Figure 4, where
the position, velocity, and force profiles are presented. It can
be seen that, due to a small error in the model, the control
force exceeds the limit f,,,, (figures 4. and 4.f), motivating
the inclusion of the SMRC method.

Second, consider a PT control, combined with the SMRC
mechanism formalised in Section IIl. Using the parameters
from Table I, results in an IMC with p = 1. Hence, the
commutation function is defined as:

0= fu— fu—1073f. (24)

SC with uncertainty
SC without uncertainty

5 — — ———

Position [m]

Velocity [m/s]
(=] —_
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o
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Figure 4. Position, velocity, and force profiles obtained using SC and a PT
control loop, without SMRC. (b), (d), and (f), are zoomed regions.

Now, consider case (ii). The results comparing a PT control
structure with and without the SMRC mechanism are pre-
sented in Figure 5. It can be seen in figures 5.a and 5.b, that the
position reference, z*, is reduced when f, approaches fi, 4z,
satisfying the force constraint (Figures 5.e and 5.f). Also, note
that both the conditioned and unconditioned velocity profiles
(figures 5.c and 5.d) are similar, since the SMRC mechanism
is not active if |f, + 10_3f151)| < fmaz-

Finally, the effects of including the SMRC in a conventional
velocity tracking (VT) structure [17] [18], are analysed. To that
end, assume the SC provides a velocity reference v* = dz*/dt.

Nominal reference
conditioned reference

2 e
E F7N /N
o J
=] ¥ P
2 0 (a) 14 (b)
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]
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> -1
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S ) e o —

70 80 90 84 85 86

Time [s] Time |s]

Figure 5. Position, velocity, and force profiles obtained using SC and a PT
control loop, including SMRC. (b), (d), and (f), are zoomed regions.
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Figure 6. Position, velocity, and force profiles obtained using SC and a VT
control loop, including SMRC. (b), (d), and (f), are zoomed regions.

Accordingly, the SMRC is adjusted assuming p = 1, and
using the parameters defined in Table I and (24). The results
assuming a 5% uncertainty in the stiffness parameter k., are
presented in Figure 6. It can be appreciated that, similarly
to the PT control case, |fy| < fimae, is effectively satisfied.
Howeyver, since the conditioned reference is v*, there is no
guarantee of satisfying the position constraints. As can be
appreciated in Figure 6.c, the velocity profile is considerably
affected when the SMRC is active, leading to larger position
values. Indeed, the position surpasses the position constraint
by 16%, which is critical for implementation.

V. CONCLUSIONS

In this paper, it is addressed the design of a sliding mode-
based reference conditioning mechanism for WEC control
strategies, implemented to handle torque/force constraints. To
that end, it is considered a position tracking control structure
for WECs, and a reference conditioning mechanism is included
as an external non-linear control loop, that reduces the position
reference when the control effort reaches a design threshold.

The obtained results highlight two fundamental aspects that
must be considered in the implementation of closed-loop
control for WECs: (i) in the presence of model uncertainty,
auxiliary constraint mechanisms are essential, and considering
open-loop solutions from optimisation-based controllers is not
sufficient to guarantee safe operation; (ii) when implementing
a closed-loop control for WECs, considering a position refer-
ence is essential, since the results obtained using a velocity
reference do not guarantee satisfaction of position constraints.
Overall, the methodology presented in this paper is broadly
applicable to different tracking structures and could serve as
an essential tool for the real-time implementation of control
algorithms for WECs. Hence, future work includes real-time
testing and validation of the SMRC method in experimental
tanks.
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