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Fast Centralized Model Predictive Control for Wave
Energy Converter Arrays Based on Rollout

Zechuan Lin ¥, Xuanrui Huang ", Yifei Han, Xi Xiao

Abstract—Centralized control of wave energy converter (WEC)
arrays for grid-scale generation can achieve higher energy pro-
duction than decentralized (independent) control, due to its ca-
pability of fully exploiting mutual radiation effects. However, the
state-of-the-art centralized model predictive control (CMPC) is
significantly more computationally challenging than decentralized
MPC (DMPC), since the number of control moves to be optimized
grows in proportion to the number of WECs. In this paper, a fast
CMPC controller is proposed, whose idea is to optimize only the
first few control moves while rolling out future system trajectories
using a fixed controller. A linear, two-degree-of-freedom (2-DoF)
controller with a sea-state-dependent control coefficient tuning
strategy is further proposed to serve as the rollout controller.
It is shown that the proposed rollout-based CMPC (R-CMPC)
can maintain almost the same energy production as conventional
CMPC under a wide range of sea states, while significantly reducing
the optimization dimension (in the studied case, by a factor of 6),
enabling ultra-fast online computation (about 40 times faster than
conventional CMPC).

Index Terms—Array, model predictive control, wave energy
converter.

I. INTRODUCTION

ARGE-CAPACITY and low-cost exploitation of wave en-
L ergy for grid-scale generation demands forming multiple
individual wave energy converters (WECS) into arrays, such
as the CorPower Ocean’s demonstration project HiWave-5 [1].
Under this trend, energy-maximizing control, widely recognized
as an effective approach to boosting wave energy capture effi-
ciency [2], faces new challenges. Since a WEC radiates waves
outward during its movement, radiation coupling effects exist
between any two bodies in a WEC array, making the system hy-
drodynamics more complicated. Meanwhile, unlike wind farms,
the interaction between bodies in a wave farm can be both
constructive, or destructive, depending on how their motion is
controlled. Currently, the two typical control frameworks for
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Fig.1. Schematics of (a) decentralized control and (b) centralized control, with
the power take-off (PTO) and grid integration systems. Meas.: measurements.
Ctrl.: control command.

WEC arrays are decentralized control, which controls each WEC
as an independent device, as shown in Fig. 1(a), and centralized
(or coordinated) control, which controls the entire multi-body
system as a whole, as shown in Fig. 1(b). The two frameworks
have been compared in a series of simulation studies [3], [4],
[5] and experiments [6], [7], and the basic consensus, unsurpris-
ingly, is that centralized control is superior in terms of energy
production performance (e.g., 20% improvement [3]), especially
when radiation effects are strong (i.e. devices are in relatively
close proximity to each other). This superiority is due to the
fact that centralized control considers the full system dynamics
and is aware of the motion of each device, and can thereby
exploit the radiation coupling in a predominantly constructive
way. However, compared with single-WEC control that has
been intensively studied previously [2], the incorporation of all
body movements and radiation effects significantly increases the
complexity of coordinately controlling WEC arrays.

Linear control is the simplest controller for WEC arrays, and
methods have been developed to derive linear control coeffi-
cients by peak-frequency causal approximation [6], and numer-
ical optimization [8], [9]. Latching control is also experimentally
examined for a WEC array in [10]. Albeit simple to implement,
linear and latching controllers cannot or can only partially
handle the device safe-operating constraints [8]. Optimal con-
strained control for WEC arrays is studied using Pontryagin’s
maximum principle in [11], [12], where the constraints include
the limits of power take-off (PTO) force and instantaneous
power, and the solution has an analytical, bang-singular-bang
form. Also, using Pontryagin’s approach, the optimal control
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trajectory within a maximum displacement is calculated an-
alytically in [13]. Nevertheless, analytical solutions are only
attainable for certain combinations of constraints. Currently,
the state-of-the-art controller for general optimal constrained
control of WECs is the model predictive control (MPC)-like
method [2], which works by numerically optimizing the control
moves over a future horizon at each control instant. Note that
the simple controllers discussed above are naturally designed
‘centrally’, namely, targeting total energy production, and do not
involve additional computational issues in their implementation,
and it is from the numerical-optimization-based MPC that cen-
tralization of control raises difficulties in online computation.
MPC has been developed for WEC arrays in [3], [5], [14],
[15], [16], [17], [18], usually including a centralized (CMPC)
with decentralized version (DMPC) for comparison, and CMPC
has achieved success in various studies and demonstrated its
superior performance. Nevertheless, the computational require-
ment is growing: Given the well-known fact that the prediction
horizon length Np of MPC needs to be sufficiently large to
achieve optimal energy capture performance, the optimization
dimension of DMPC is Ny, while that of CMPC grows to NNy,
for an N-WEC array. This challenging optimization dimension
can make CMPC computationally prohibitive for a real-time
controller.

Techniques have been developed to speed up CMPC compu-
tation through parameterization of the receding-horizon optimal
control problem of CMPC, in order to reduce the optimization di-
mension. Move-blocking is adopted for CMPC in [5], where the
control moves during certain steps are held fixed and represented
by only one variable. In unconstrained spectral control [4], the
system trajectory is represented by a truncated Fourier series.
Constrained pseudo-spectral control is further developed [19],
where constraints are applied on a series of time points (termed
‘collocation points’). Recently proposed moment-based control
stands as a more general parameterization approach with better
convexity properties [7]. However, as the quality of the control
is heavily dependent on the length of the prediction horizon,
these methods have focused on how fo approximately solve a
long-horizon optimal control problem, while the requirement for
horizon length, as the dominant influencing factor of computa-
tional complexity, remains. Another possibility—how to reduce
this requirement, has been overlooked, which is a new paradigm
for dimension reduction with great potential.

Another control acceleration strategy, also worth mentioning,
is cooperative control, developed in [3], [18], [20]. In this
method, each WEC is equipped with a local MPC controller,
which takes total array energy production as the objective, but
only optimizes its own control moves. After obtaining the local
solution, the controller transmits it to other controllers; in this
way, the overall control problem is solved in an iterative manner.
However, the computation acceleration enjoyed by cooperative
MPC is rather limited (generally less than 50% as reported
in [18]); in contrast, directly shortening the optimization dimen-
sion is potentially much more effective.

In this study, a fast CMPC controller for WEC arrays is
proposed, based on the idea of rollout. In this method, the
prediction horizon is kept long, while the optimization horizon is
kept short. Only the control moves over the optimization horizon

2225

are optimized while, in the remainder of the prediction horizon,
the system trajectory is ‘rolled out’ using a fixed control law, to
calculate the total energy production as the objective function.
Hence, the optimization dimension can be significantly reduced,
while the controller is still aware of future operations, avoiding
shortsightedness. Rollout-based MPC has been successfully de-
veloped for single WECs [21] and validated through wave tank
testing [22], and is here extended to WEC arrays. Specifically,
it is proposed to utilize a two-degree-of-freedom (2-DoF) re-
active controller as the rollout controller, maintaining limited
parameter tuning dimension despite the high-dimensional array
model, while being effective in boosting energy generation. A
look-up-table-based online tuning strategy is further developed
to track the optimal rollout coefficients under varying sea states.
It will be shown by comprehensive simulations results that the
proposed rollout-based CMPC (R-CMPC) can achieve near-
optimal energy generation performance across a wide range
of sea states, with a significantly lower computational burden
than conventional CMPC. In addition, the control sensitivity to
non-ideal wave excitation force estimation and forecasting will
also be examined.

The remainder of this paper is organized as follows. The
modeling of the WEC array is introduced in Section II. Con-
ventional CMPC and DMPC are introduced in Section III. Sea-
state-dependent R-CMPC is proposed in Section I'V. Simulation
results are presented in Section V with conclusions drawn in
Section VI.

II. WEC ARRAY MODELLING
A. Equation of Motion

In this section, the array model is developed following the
widely-used modelling approach of [16]. For a WEC array
consisting of n bodies, the equation of motion of the ith body,
i=1,2,...,n,is

M2 (t) = Fi(t) + FL () + FI) +wi(t) +u'(r), (1)

where M and z' (t) are the mass and heave displacement of the
ith body, respectively; fj(t) is the linearized viscous force

i) = Riz'(V), )

where R}, is the linearized viscous drag coefficient; ! (t) is the
hydrostatic restoring force

fa(t) =

where K1 is the hydrostatic stiffness; f(t) is the radiation force
described by

n t

MUzl (t)

K'z'(v), 3)

fi(t) = kit (), @

j=1

where M and kU are the infinite-frequency added mass and
impulse response function (IRF) of the radiation system of the
Jth body to the ith body, respectively, with

MY = lim MJ( )

ki =2  RI( )oos( d , )
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Fig.2. Diagram of the hydrodynamic system between the ith and jth bodies.
Note that kjd = ki' and MY = MI'. SWL: Still water level.

where  is angular frequency, and MM( ) and RY( ) are
the frequency-domain added mass and damping of the mutual
radiation system. Finally, w' (t) and u' (t) are the wave excitation
force and PTO force on the ith body, respectively. An illustration
of the hydrodynamic system is given in Fig. 2.

B. State-Space Model

To develop an overall state-space model, the radiation forces

in (4) are approximated by state-space models
T =Ar T +BIZ (D
t
kgt )Z()d cl ), 6)

where U (t) R"™ is the |IJ -dimensional state vector of this
subsystem, and Ai,rj R ™ BP_ R"™ 1 and CP Rt ™
are the associated matrices. This approximation can be achieved
using system identification techniques (e.g., [23]). Note that a
n-body array has n? radiation subsystems.

Based on (6), the state-space model of the WEC array can be
written as

X(t) = Acx(t) + Be(u(t) + w(t))
y(t) = Cx(V), (N

where X(t) is the overall state, y(t) is the measurable state
consisting of the velocities and positions of all bodies, and w(t)
and u(t) are the wave excitation force and PTO force vectors,
respectively:

x=[zT,zT, WT T onTyT
y =TT
z=[z%2%...,z2""
u=r[utu? .., u"’
w=[whw? ... w"T, ®)
where z,u,w  R™y R2Mletl= [, ;'zllij,andx

R™ withm = 2n + |; A, B, and C are the associated matrices

M 1R M 1K M 1Cr M 1
Ac = In On n On vBc= On n
Br OI n Ar 0| n
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C = In On n On | ’ (9)
0n n In 0n |

where I, denotes an n-dimensional identity matrix, O | de-
notes an N | zero matrix, and

M = diag(M,M2,...,M") + [M1]
R = diag(R}, R3,...,R})
K =diag(K', K?,...,K")

A, = blkdiag(Alt,...,Al",...,AM")

B, =[BYT,B>T,....BMT]T

B! = blkdiag(B!*,B!?,...,B!"), i=1,2,...,n

C, = blkdiag(C},CZ,...,CM

cl=[cit,cl2,...,cl", i=12,...,n, (10)
with A, R™ ™ B, R™N" C R™™ M,K,R
R" " A, R''B, R'"™andC, R"

III. CONVENTIONAL MPC FOR WEC ARRAYS

The WEC array control task is to determine the optimal PTO
force u'(t), i =1,...,n for each body, such that the long-term
power production, represented by
Te N )

z'(tu'(t)dt,

i=1

. 1
lim —

P =
Tf Tf

an
is maximized, while respecting individual device constraints.
Note that this study focuses on the array control complexity
issue by considering only mechanical energy production (11).
However, the control can be extended to account for elec-

trical efficiency by incorporating quadratic loss functions as
in [24], [25].

A. Conventional CMPC and DMPC Formulations

MPC-like controllers are recognized as the state-of-the-art
solution for constrained optimal control of WECs [2]. To begin
with, the continuous model may be discretized as

Xi+1 = AXk + B(Uk + wi)

Yk = CXk, 12)

where K is the discrete time index with a sampling period of
Ts, and matrices A and B can be obtained from A; and B
using zero-order hold equivalents as A = exp(A.Ts) and B =

OTS exp (Ac )d Bg. Note that, while it is also possible to use
first-order-hold discretization, zero-order-hold is adopted here,
due to its simplicity and sufficiently good performance [13].
Define C; =[In,0n n,0n 1] and C2 =[O0 n, In,0n 1], so
that C1Xx = zx and CyXk = zk. The one-step energy output
of the array can be calculated, using the trapezoidal rule of
integration, as

n
Ex 73(2:( + Z|i<+1)uli<

2
i=1

13)

T
= f(clxk + C1Xk+1) " Uk.
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Fig. 3. Control diagram of CMPC. The studied controller is the MPC con-
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mand is then tracked by a PTO controller, which can be achieved by mature
electrical machine control technologies [24]. The estimator and predictor are
described in Section III-B. The innovation of this paper targets the objective
function (red part) of CMPC.

The constraints typically include the maximum displacement
and maximum PTO force of each WEC body, expressed as

[CoXk|  Zm, |uk] Um. (14)

MPC for WECs adopts a finite-horizon energy-maximizing
problem formulation, where at each step: i) The current system
state Xy is observed; ii) the future wave excitation force is
predicted for N steps as Wi, Wi+1,..., Wi+N, 1, With Np the
prediction horizon; iii) based on i) and ii), for any Np-step
control sequence Uk, Uk+1,..., Uk+N, 1, the future system tra-
Jjectory Xi+1, Xk+25-+-» Xk+N,» a8 well as the energy production
Ex, Ex+1,..., Ek+Np 1, can be calculated by iteratively using
(12) and (13); hence, iv) an optimal Np-step control sequence is
solved, such that it maximizes E = :\2’0 ! Ek+i, while keep-
ing the controls Uk, Uk+1,..., Uk+N, 1 and states Xk+1, Xk-+2,--,
Xk+N, Within the corresponding constraints (14); finally, v) only
the first control move Uy is applied to the system. The above
process is illustrated in Fig. 3. Specifically, the MPC optimal
control problem can be summarized as

Np 1

S
max E = 7(C1Xk+i + C1Xkri+1) | Ukeri
k

i=0

St Xiwi+1 = AXgri + B(Uk+i + Wicri),

i=0,...,N, 1
ICoXiival  Zm, |Uk+il  Um,
i=0,...Np, 1, (I5)
where Uk = [Ug, Ulq, . Ugay, 117 R™P is the control

sequence over the prediction horizon, as the optimization vari-
able. It is easy to verify that this is a parametric quadratic
program (QP), whose derivation is similar to [21]. Note that
the MPC problem dimension NNy, is not related to the system
model dimension m, since a ‘dense’ formulation is adopted,
with all the future system states dependent on Uy rather than
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being treated as separated variables [21]. Problem (15), using
the overall system model (12) and optimizing all control moves
together, corresponds to the conventional CMPC and leads to
one central controller, as shown in Fig. 1(b).

However, since problem (15) needs to be repeatedly solved in
real time, the main challenge in its application is the online com-
putational burden. It is well known that MPC for WECsS requires
a sufficiently long prediction horizon N to achieve optimal
energy production performance. Meanwhile, conventionally in
WEC MPC, no distinction is made between the prediction
horizon Np, over which the system trajectory is predicted, and
the optimization horizon Ny, over which the control sequence
is optimized (this distinction will play a central role in the fast
MPC to be proposed later). Hence, for conventional CMPC, N,
equals N andis generally a large value. Consequently, this leads
to a large optimization dimension for MPC for a single WEC,
which is Np, and a further increased dimension for CMPC for
WEC arrays, which is NNy, leading to a potentially prohibitive
computational load.

A straightforward approach to reducing the computational
burden is to treat each body of the array as an independent
body by neglecting all mutual radiation. This decentralized MPC
(DMPC) leads to n separate controllers, each with an optimiza-
tion dimension of N and without communication requirements,
as shown in Fig. 1(a). DMPC for each WEC can be derived
similarly to CMPC, which can be regarded as a special case of
n = 1. However, since mutual radiation effects are ignored, such
decentralized control will lead to degradation of energy capture
performance [3], [4], [5], [6], [7].

B. MPC Requirements: State Observation, Wave Excitation
Force Estimation, and Forecast

Control optimization of MPC requires full state observation
and wave excitation force information, which are detailed as
follows:

1) For state observation, all the radiation subsystem states

"<J can be directly calculated from the measurable zyx and
(a discrete realization of) (6).

2) The wave excitation force is not directly measurable, and
an established approach is estimating Wy as an unknown
input using the system model and available measurements.
This estimation problem, in WEC applications, has been
intensively studied [26], and this paper adopts the tech-
nique based on a Kalman filter (KF) with a random-
walk model, which is sufficient to achieve good accuracy,
provided that the model is correct [26]. For centralized
controllers, a global KF-based estimator, i.e., one that
estimates W for all bodies, using the overall model (12)
and the measurements from all bodies, is employed. For
decentralized controllers, in addition, independent esti-
mators that estimate W for each body, using a single-body
model and the measurements from that body alone, are
examined. Note that, since each independent estimator
is not aware of the motion of other bodies, it cannot
distinguish between incident wave excitation forces and
mutual radiation forces [27].
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3) Once the instantaneous Wy is obtained, the future values of
W can be predicted from its past values using time-series
models. This paper will adopt a linear direct multi-step
(DMS) model, which can be easily identified from time
series data and can achieve close-to-optimal accuracy [28].
For centralized controllers, a global DMS forecaster, i.e.,
one that forecasts using the w information of all bodies,
is employed. For decentralized controllers, in addition,
independent forecasters that predict w for each body only
using the w information of that body, are also examined.
Note that, for the global forecaster, information from up-
wave bodies can be utilized to improve the forecasting
accuracy of down-wave bodies, so the overall accuracy is
naturally higher than independent forecasters.

The above components are shown in Fig. 3. This paper is
focused on the CMPC (control) algorithm and will not delve
into the details of the WEC array estimation-forecast problem.
However, the non-ideal estimation and forecasting described
above are used to study the control sensitivity in Section V-F.

IV. SEA-STATE-DEPENDENT ROLLOUT-BASED CMPC

A. Rollout-Based CMPC

As mentioned earlier, N, in conventional CMPC always
equals Np, and itis this coupling between Ng and Ny, that results
in the high optimization dimension. Hence, it is worthwhile to
study how to decouple No and Np; specifically, let No < Np,
in order to maintain long-horizon prediction with short-horizon
optimization. Such a decoupling is, in fact, a natural develop-
ment of traditional MPC [29]. For WEC application, the rollout
method, widely used in artificial intelligence systems (e.g., [30])
and applied for single WECs in [21], [22], is adopted here.
The basic idea of rollout-based MPC is to only optimize a few
control moves (a small Ny) assuming that, for the remaining
Nr = Np  Np steps of the prediction horizon (a large Np), the
system will be controlled by a fixed control law; N is termed
the rollout horizon. Rolling out the remaining horizon with a
pre-determined control law, rather than fully expanding those
control possibilities, can incorporate future information into the
short-horizon planning, without increasing the computational
burden.

Let ux = (Xk) be the general-form state-feedback control
law for rollout; then rollout-based CMPC (R-CMPC) corre-
sponds to the following optimal control problem:

No 11
s
r‘rsjax E = ?(C1Xk+i + C1Xk+i+1)TUk+i
K i=0
Np 1
Ts T
7(C1Xk+i + Cle+i+1) Uk+i
i=No

St Xi+i+rl = AXkri + B(Uk+i + Wic+i),

i=0,..,N, 1
[CoXk+i+1l  Zm, |uk+il Um,
i=0,...N, 1
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Fig. 4. Illustrations of a) the conventional CMPC and b) rollout-based MPC.
Xicrier = Axiri + B (Xi) + Wiei),
i=No,...,Np 1 (16)
where Ui = [Ug, Ugyq, ..o Uk, 1] R™e is the control

sequence consisting of the first N, moves only. A rollout tra-
jectory beyond Ny steps is calculated using controller (¢), and
the generated energy is included in the objective function. A
comparison of conventional CMPC (15) and R-CMPC (16) is
illustrated in Fig. 4, highlighting the difference in the control
horizon. Note that the constraints corresponding to Z, and Up,
are also applied only on the first N, moves, so the number of
constraints also decreases.

To better understand the rollout technique, define the follow-
ing function

Np 1

s
?(C1Xk+i + C1Xk+i+1)TUk+i
i=No

V' (Xk+Ng» W Kk) =

St Xkri+1 = AXk+i + B( (Xk+i) + Wik+i),

i=No,...N, 1, (17)

which represents the generated energy when the system starts
from Xg+n,, is controlled by (¢), and experiences WEF se-
quence Wk = [Wiln -+ Wiany, 1]'- With (17), R-CMPC
problem (16) can now be expressed as

No 1

S
max E = 7(C1Xk+i + C1Xk+i+1) | Ukeri

Uk .
i=0

+V XNy W k)
St Xkri+r = AXk+i + B(Uk+i + Wicti),

i=0,..,No 1
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Zm- |uk+i| Umu

i=0,..,N, 1.

[CoXii+al
(18)

Comparing (18) with (15), it is now clear that, essentially, R-
CMPC adds a terminal value function, i.e. (17), to conventional
CMPC (where No = Np). This equivalence is also highlighted
in [21] for a single WEC. Note that (17) is a function of the
terminal state and the future wave excitation forces W k.

B. The Choice of Rollout Controller (Xk)

The performance of R-CMPC relies heavily on the choice
of the rollout controller (Xk), especially when a small Ng is
needed. Important considerations in making the choice of the
rollout controller are:

1) In order to maintain problem (16) as a QP, rather than a

nonlinear program, it is desirable to use a /inear feedback
controller to roll out the system, namely,

(X)) = 19)

where R"™ ™ is the control coefficient (matrix).

2) There is no direct relationship between the energy capture

performance of (X) itself and that of the R-CMPC using

(xk) for rollout. A ‘policy improvement theorem’ is re-
vealed in [21] guaranteeing that, under certain conditions
(e.g., unconstrained), the performance of R-CMPC is not
worse than  (X). But, in general, the best controller for
controlling the WEC is not necessarily the best choice
for rollout. [21]. The rollout controller serves, rather, as a
‘heuristic’ guess, and its efficacy can only be evaluated in
terms of the performance of R-CMPC.

3) Since the performance of linear feedback control is af-
fected by the sea state, which is typically characterized
by significant wave height Hs and peak period Tp, the
R-CMPC performance may also have certain sea-state
dependence, as will be shown in the next section. Con-
sequently, like the linear control itself, the rollout control
coefficients of R-CMPC need to be tuned online, ac-
cording to the varying sea state.

4) An online tuning strategy discussed in 3) is technically
mature to implement. The sea state can be estimated
from the WEC motion through an estimator [31] or from
meteorological office forecasts. As a relatively long-term
parameter, sea state estimation only needs to be updated
at an infrequent rate (e.g., once every 20 minutes). The
only outstanding unknown, through offline simulation of
R-CMPC, is the optimal  for each sea state; after that,
the optimal coefficients can be stored in a look-up table
for online use.

5) Since simulation of MPC-like controllers is computation-
ally intensive, it is impossible to expand all possibilities
of the high-dimensional R™ ™ to find the optimal
parameters for each sea state. The number of degrees of
freedom (DoF) of needs to be suitably restricted.

Summarizing the above, it is proposed to use a linear feedback

reactive control as the rollout control law

Xk

= Rigl ekl 1=1on Q)
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where Ré and Ké are the PTO damping and stiffness of the ith
body, as the reactive control coefficients. Note that the control
force of each body depends only on its own motion and not on
the self- or mutual-radiation states; such control is also adopted
for WEC arrays in [9]. Combining (19) and (20), the rollout
control matrix is

= Ry, Kg, Oni, 21)
where
Rgy = diag(Ry, ..., Ry)
Ky = diag(Ky, ..., Kg). (22)

Meanwhile, since currently almost all WEC array deployments
are homogeneous, namely, all bodies are identical (note that
heterogeneous array is a concept that has only been studied very
recently [11] and is still under development), let all bodies share
the same rollout coefficients Iﬂg and Iﬂg, namely,

RI=R2=...=Rj] =M

Ki=KZ=..=KJ] =K, (23)

then the DoF count of the rollout controller is reduced to 2,
allowing for an easy coefficient-searching process. Using Hg
and T, to describe the sea state, the sea-state dependence of the
rollout coefficients can be expressed as

#, = ®,(Hs, Tp)

K’y = Ry(Hs, Tp), (24)

and the optimal mappings are calculated offline to form a look-up
table. Note that another sea state parameter, the wave direction

, does not affect the optimal coefficients, as will be shown in
the next section. This provides convenience for offline coeffi-
cient tuning and also for online implementation, since real-time
identification of wave direction is not needed. Finally, the QP
formulation can be derived similarly to [21].

Conventional CMPC (15), although without a theoretical
guarantee, is typically convex or at least can be convexified
by penalty terms [15]. As discussed in Section IV-A, R-CMPC
(16) can be viewed as adding a terminal value function to
conventional CMPC. Crucially, such a terminal value function,
based on a reactive (rollout) controller, is typically convex. To
see this, one can look at the previous study on rollout-based
MPC for a single WEC [21], where a detailed quadratic program
derivation is presented. According to (16) and (17) in [21], the
convexity of the terminal value function depends on Hs, and
eventually on Hyxx. According to (13) in [21], the physical
meaning of X" HyxX is the energy generation by a reactive
controller, when the system starts from initial state X with
no wave excitation. Since the reactive control coefficients are
selected from a reasonable range (e.g., avoiding instability) and
the rollout horizon is selected sufficiently long (this will be
discussed in Section V-C), the device will undergo a free-decay
process, and the final extracted energy by the reactive controller
is positive. Hence, Hxx is positive definite, and Hs is at least
positive semi-definite. This result can be easily extended to the
WEC array case in this study. Hence, the rollout technique can
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Fig. 5. The radiation IRFs and their SS approximations.

help convexify the MPC problem, which is another desirable
feature.

V. RESULTS
A. Case Study Setup

The studied case isa2 2 cylinder WEC array as shown in
Fig. 1. Each body has a radius of 1.5 m and a draught of 1.5 m,
and the bodies are arranged in a square with a side length of
8 m. The hydrodynamic model parameters are computed using
Capytaine [32]. Due to the symmetry of the array layout, there
exist three unique radiation IRFs, namely k! (t), k}?(t), and
kI3(t). The corresponding state-space (SS) models are identified
using [23], based on an improved Prony method, with dimen-
sions 1t =4, 12 = 8, and '3 = 10, respectively, selected to
be necessarily large to achieve good accuracy. The IRFs and SS
approximations are shown in Fig. 5, from which the ‘time delay’
effects in mutual radiation forces can be partially observed. The
total radiation state dimension is | = 120. The viscous force coef-
ficient is calculated following [33] and linearized at Z = 0.5 m/s,
yielding Rq = 1.77 kN/(m/s). The maximum displacement Z,
is 1.5 m, equal to the draught, and the maximum PTO force is
Um = 60 kN.

The studied sea state ranges from Hs = 0.5 m—1.4 m and
Tp = 4 s-7 s, which is selected to cover the main wave energy
generation range of a real ocean dataset [24]. The wave direction

is considered independently of Hs and Tp; due to the symmet-
ric square arrangement, only the [0, 45 ] range needs to
be considered, with the O direction defined as in Fig. 1. For
each sea state, the waves are modeled using the Bretschneider
spectrum and then simulated in the time domain, to evaluate
the control performance. Until Section V-F, the wave excitation
force information will be assumed ideal.

B. Control Example

First, an example to illustrate the efficacy of R-CMPC is
presented. The sea state is Hs = 1.1 mand T, = 6.0 s with a wave
direction = 30 , and the following controllers are compared:
1) A conventional CMPC with Ts = 0.25 s and a sufficiently long
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Fig. 6.  Anillustrative comparison of the four controllers.

prediction/optimization horizon of Ng = Ny = 36, representing
the ideal case, ii) a DMPC with the same No = Np = 36, iii)
a conventional CMPC with short horizons of No = Np = 6,
representing a realistic case when the computational power is
limited, and iv) the proposed R-CMPC with the same, short,
optimization horizon of Ny = 6, while other parameters are
Np = 46, By = 20 kN/(m/s), and ®y = 40 kN/m, whose
determination will be discussed later. Simulation results are
shown in Fig. 6. The simulation is conducted in the MATLAB
environment on an Intel i7-13700H platform, where the QPs
of MPC are solved using the ‘quadprog’ function based on an
interior-point method [34], and the average computation time is
recorded.

It can be observed from Fig. 6(a) that the ideal, long-horizon,
CMPC achieves the highest energy production whereas, not
surprisingly, DMPC leads to about 8% energy degradation,
due to its ignorance of mutual radiation effects. However, the
ideal CMPC requires online optimization with a high dimension
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Fig. 7. Relationship between N and energy production performance (nor-
malized against the ideal CMPC) of different controllers.

(4 36 = 144 in this case). When the computational power is
limited, conventional CMPC may have to reduce its optimization
horizon, and a short-horizon CMPC with a lower dimension
(4 6 = 24 in this case) can lead to a performance decrease
of 20%. In comparison, the proposed R-CMPC maintains the
short optimization horizon but achieves over 99% of the energy
produced by an ideal CMPC. Crucially, all WECs are properly
driven within the constraints, as shown in Fig. 6(b), which veri-
fies that applying constraints only over a short horizon suffices to
maintain constraint satisfaction in closed-loop operation. Hence,
R-CMPC can reach almost the same control performance as
ideal CMPC with a significantly lower optimization dimension
(one-sixth of ideal CMPC). This reduction in dimension leads
to a computational acceleration by a factor of 40, as shown in
Fig. 6(c). Also note that R-CMPC is also faster than DMPC,
whose dimension is 36; the only advantage of DMPC over
R-CMPC is that no communication is required. In addition, note
that the comparison against Ts in Fig. 6(c) is only for reference
and does not guarantee real-time applicability. Real-time em-
bedded controllers (e.g. DSPs) typically have much lower com-
putational force than PCs [25], under which the implementation
of full-horizon CMPC will be a significant challenge.

C. Choice of Optimization and Rollout Horizons

The selection of MPC horizons is now detailed. As a basis,
the samping period for MPC prediction is set to Ts = 0.25 s,
which strikes a balance between the number of control moves for
a given prediction (time) horizon while avoiding performance
degradation due to discretization error. The impact of No (=Np)
of conventional CMPC is shown in Fig. 7 (blue curves) under
four different (increasing) sea states. A typical trend of increas-
ing energy performance with increasing N, is observed and, in
order to reach optimal performance, N, needs to be sufficiently
large. It can be seen that the minimal N, required for optimality
varies with the sea state, with lesser sea states tending to demand
a larger No. Considering the preponderance of these factors,
No = 36 is determined as ideal for conventional CMPC, for
all the considered sea states. In addition, DMPC performance
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Fig. 8. Relationship between Ny and energy production performance (nor-
malized against the ideal CMPC) of R-CMPC.

also increases with Ny, although the performance limits are
suboptimal, as shown in Fig. 7 (red curves). Also, note that the
suboptimality of DMPC is more significant with lesser energetic
sea states.

For R-CMPC, the rollout horizon is set to N, = 40
(to be discussed later), and the performance/N, relationship
(Np = No+Ny)is shownin Fig. 7 (yellow curves). It can be seen
that R-CMPC performs consistently higher than conventional
CMPC, and this superiority is most significant for a small Ng.
With Ng = 6, R-CMPC is capable of reaching near-optimal
energy production, while conventional CMPC can lead to 25%
energy waste. Hence, Ny = 6 is determined for R-CMPC for all
considered sea states. This very small optimization dimension
requirement is the central advantage of R-CMPC.

The impact of N, under different Ny, for R-CMPC is further
shown in Fig. 8, where the best performance is always reached
when N, is sufficiently large. This is because a longer rollout
horizon can incorporate more information on future operations,
thereby improving the quality of MPC planning. Also note that
performance does not increase monotonically with Ny, which
can be partially explained by the ‘policy improvement theorem’
in [21], which requires a large N, to reach a ‘steady-state
trajectory’, in order to ensure a stable performance-improving
effect. In contrast to the fact that N, determines the performance-
computation tradeoff, the impact of N, on the computational
load is negligible compared to N, since instead of the QP dimen-
sion, N only affects the calculation of the QP parameters [21].
Hence, N can be large enough to reach the performance limit,
and N, = 40 suffices for this standard.

D. Impact of Reactive Control Coefficients for Rollout

The above results of R-CMPC are based on the optimal rollout
coefficients Iﬂg and Iﬁg, whose selection is now detailed. For
each sea state, different values for Iﬂg and I'ﬂg are used for
R-CMPC, whose energy production is then simulated. This test
is performed for a wide range of sea states described by varying
Hs and Ty, with results shown in Fig. 9. It can be seen that, first
of all, the relationship between energy production and rollout
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