IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 15, NO. 4, OCTOBER 2024

2209

On Loss-Aware Optimal Control of Wave Energy
Converters With Electrical Power Take-Offs

Zechuan Lin"Y, Student Member, IEEE, Jiayue Zhou

Kemeng Chen ", Xi Xiao

Abstract—Incorporating the non-ideal power take-off (PTO) ef-
ficiency of wave energy converters (WECs) into energy-maximizing
control is crucial for achieving optimal electrical power generation.
The majority of previous loss-aware controllers are based on a
simplified power-coefficient (PC) model or only consider the copper
loss, which remain insufficient to describe a real electrical PTO. In
this article, a high-fidelity loss model, encompassing different loss
components of the PTO (a generator and a power converter), is
developed, and a number of loss-aware model predictive control
(MPC) options are derived and compared in a realistic case study.
The results highlight the importance of using an appropriate loss
model, rather than a PC model, both for power evaluation and
for control, and it is shown that a quadratic loss model employed
in MPC is effective in approximating the true loss function, so
that near-optimal power production can be achieved with fast
computation.

Index Terms—Wave energy converter, power take-off, loss
model, model predictive control.

I. INTRODUCTION

DVANCED control of wave energy converters (WECs)
Acan play an important role in improving their power
capture efficiency, thereby reducing the levelized cost of wave
energy (LCoE). The majority of current WEC controllers use
the maximization of mechanical energy, under given system
constraints, as the control objective [1], [2]. However, power
take-off (PTO) systems that convert mechanical energy into
electricity inevitably introduce losses, and the importance of
non-ideal PTO efficiency has been recognized in a number
of studies. Significant power generation drops associated with
mechanical-energy-maximizing reactive control, in the presence
of PTO losses, are reported in [3], [4], [5], and it is suggested
that the ‘aggressive’ control condition of mechanical energy
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maximization, which leads to large reactive power, becomes
somewhat futile [6], and improvements in electrical energy re-
quire more ‘moderate’ control behavior, which can be achieved
via proper tuning of reactive coefficients [7], or penalty terms
on PTO loads [8]. All these results indicate that it is crucial to
incorporate PTO losses in control design, namely, to achieve
loss-aware control.

In the WEC control literature, the typical loss model as-
sumes that loss power is proportional to the absolute value
of instantaneous mechanical power [9], [10], [11], [12], [13],
[14], termed the power-coefficient (PC) model. Accordingly,
loss-aware control approaches are proposed, including model
predictive control [9], [10], [11], [12], spectral control [13],
and moment-based control [14]. However, as will be shown in
this study, the PC-assumption is not appropriate for electrical
PTOs which, due to their control flexibility and fast response,
are particularly suitable for implementing optimal control. For
instance, when the WEC (inevitably) reaches large-force and
near-zero-velocity regions, the PC model gives a near-zero loss
estimate, while the generator actually incurs large copper losses.

A realistic electrical PTO usually includes at least a generator
and a power converter, the former subject to copper and iron
losses, while the latter has conduction and switching losses. Al-
though copper losses have been independently studied in WEC
control [15], [16], [17], where they usually appear as a quadratic
term in the control objective function, other losses, typically of
the same magnitude, should not be ignored. Loss-aware control
for WECs needs to be based on a more complete, realistic loss
model.

PTO loss modeling can adopt a complete PTO efficiency
map [18], [19], obtained from dry testing, or converter losses can
be evaluated via power electronics simulation [20]. However,
these studies on loss modeling have only been focused on power
assessment, without a loss-aware controller design. Importantly,
as the actual loss function is generally complex, it is of great
importance to investigate its complexity-reduction possibilities
so that, after being incorporated in a loss-aware control design,
the controller can be computationally efficient. Moreover, for
PTO designers, it is essential to understand the behavior of PTO
losses and loss-aware control, to best ameliorate the loss effects.

In this article, by reviewing existing loss modeling ap-
proaches, a high-fidelity PTO loss model encompassing the
copper, iron, conduction, and switching losses is developed,
which was not detailed in the WEC control literature, and the
actual loss characteristics are thereby clarified. Next, a loss
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analysis under mechanical energy-maximizing model predictive
control (MPC) is conducted for a realistic case study, and the
power evaluation results of the developed loss model are com-
pared with the PC model. Then, a nonlinear MPC controller
based on the high-fidelity loss model is developed, and an
approximate, linear, MPC controller is further proposed, which
is more computationally efficient. Finally, the performance of
different loss-aware controller options is comprehensively ex-
amined. The results provides answers to the following fun-
damental questions, which have been overlooked in previous
studies:

1) What are the realistic loss characteristics ? It is shown that
the loss characteristics of an electrical PTO are fundamen-
tally different from the prevailing PC model, and failure to
grasp this distinction will result in inaccuracies in power
evaluation and suboptimality in control.

2) How to handle realistic losses in control? It is shown
that PTO losses can be effectively represented with a
quadratic function in the velocity-force domain for loss-
aware control, leading to near-optimal performance with
faster computation. This loss approximation stands as
another successful example of approximate control for
WECs, in addition to approximate modeling [21], approx-
imate solution [22], etc., providing further insights to this
direction.

3) What is the power-improving limit from the control side ? It
is revealed that, for a given device, the room for loss-aware
control is affected by sea states: Large waves can lead
to more ‘necessary’ losses that cannot be ameliorated by
control and, in such a case, more focus should be placed
on optimization of the PTO itself. This result provides the
basis for possible control co-design of PTOs.

The remainder of this article is organized as follows. The
WEC system is introduced in Section II. A full PTO loss model is
developed in Section III. Loss-aware control options are derived
in Section IV. Finally, the cast study results are presented and
discussed in Section V.

II. WEC SYSTEM

The considered WEC system consists of a floating body
rigidly linked to a rotary generator through a ball screw, and
the generator is connected to a power converter and then to the
DC bus. The system schematic is shown in Fig. 1.

A. WEC Body Hydrodynamics

The equation of motion of the oscillating body is de-
scribed [23] by

(m+p)a+ Rov+ ke xv+ Kz = fo+ fo, ey

where z, v = 2, and a = Z are the body displacement, velocity,
and acceleration, respectively, f. and f, are the wave excitation
and PTO (generator) forces, m, u, Ry, and K are the mass,
infinite-frequency added mass, friction damping coefficient, and
buoyancy force coefficient, while % denotes the convolution op-
eration, and k, is the radiation retardation function. The convo-
lution term can be described [2] using the following state-space
model
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Fig. 1. Schematic of the WEC system.
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where ¢ € R” is the state of the radiation subsystem, and
Ay, B, C, are the associated matrices. Hence, defining the
augmented system state as z = [v, 2, 7|7 € RE+2, the overall
state-space model is

& = Az + Bfe + Bfy, (3)
where
Ry K N 1
m+p m-p mtp m+p
A= 1 0 OLxl 5 B = 0 . (4)

Br 01><L Ar 0L><1

B. PTO Dynamics

The generator is a rotary permanent-magnet synchronous
generator (PMSG) controlled by field-oriented control (FOC).
The PMSG voltage equations on the d-q axes are

) di .
uqg = Rig + deif — prLqu

) di .
Uq :R’lq+qu7;1 +pr(Ldzd+w)a (5)
where 1y Jq» Id/q are the voltage and current on the d or q axis,
w is the rotor (mechanical) angular velocity, and IV, R, Lq, L,
1 are the number of pole pairs, resistance, dg-axis inductance,
and flux linkage, respectively. The electromagnetic torque 75,
is

Te m —

3N
T" (Yiq + (La — Lq)iaiq) - (6)

The linear motion of the heaving body and the rotation of the
PMSG are linked by the ball screw as follows

_271'

w= TU @)
A
Tem = %fg‘? ®)
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C. Control Scheme

The WEC control scheme (see Fig. 1) has a two-layer,
cascaded structure. The upper layer is the energy-maximizing
controller (to be described later), which calculates an optimal
PTO force command f;. The lower layer is a PMSG current
controller, which produces f; by controlling the g-axis current
iq to track a command iy, while keeping the d-axis current
iq at zero, i.e., iq*x = 0. The current controller employs a
proportional-integral (PI) loop that outputs dg-axis reference
voltages, based on the corresponding current errors, and a
space-vector pulse width modulation (SVPWM) module that
outputs the final switching signals to the converter, based on the
reference voltages.

Since the response of the PI current loop is much faster than
that of the WEC hydrodynamics, for the upper layer controller,
the dynamic current responses can be reasonably neglected.
Hence, the PTO can be viewed as an ideal actuator. Substituting
1q = % = Ointo (6) and combining (8), the actual q-axis current
for a given force command f; is

- A
Yy = 1. =
9T 3Ny

£ ©)

In this study, the dg-variables are defined based on a constant-
amplitude Park transformation, so the PMSG current amplitude
is I = |iq|. As will be shown in the next section, all PTO losses
are functions of two variables, the PMSG speed w and current
I, and they are directly linked to the WEC velocity v and PTO
force f, through (7) and (9).

III. ELECTRICAL PTO LOSSES

In this section, a high-fidelity PTO loss model is developed.
Note that, strictly speaking, the ‘exact’ losses can only be
evaluated in real-world testing for the specific WEC device. The
focus here, however, is to get as close as possible to the real
losses by summarizing main loss sources and the corresponding
verified loss models, so as to clarify the loss characteristics, and
study the impacts of model and control options.

A. PMSG Losses

PMSG losses generally consist of copper and iron losses (the
mechanical loss is included in (1)). The copper loss can simply
be described by

3
~RI%
2

The iron loss is modeled based on Bertotti model [24], where
the iron loss density, piron, at each point of the stator core of

PMSG, is calculated as
Piron = khysthf + keddyBgf2 + kechéﬁfl.s (1)

which contains three parts: hysteresis loss, eddy current loss,
and excess loss, all related to flux density distribution By and
fundamental electrical frequency f, with material coefficient -,
khyst> Keddy and kexc, respectively. The flux density distribution
By is affected by the phase currents and is therefore a function of
I. The fundamental electrical frequency f is linked to the rotor
speed w as f = N,|w|/(27). Hence, the total core loss is the

Pcopper(l) = (10)
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volume integral of the core loss density and can be described by

Piron(w, I) = Knyst()|w| + Keddy(I)W2 + KeXC(I)|W|1'57

(12)
where Kiyg, Keddy, and Key. are current-dependent coeffi-
cients of the core loss. In this study, iron loss data are directly
computed by finite-element analysis (FEA) on a w-1 grid, from
which a fitted iron loss function Py, (w, I) is obtained. In most
cases, FEA gives a precise iron loss calculation, provided that
the material parameters are accurately given [25].

B. Converter Losses

For an IGBT-based converter shown in Fig. 1, losses generally
consist of conduction and switching losses. In this study, analyt-
ical converter loss models [26], [27] are employed, which have
been experimentally verified to be consistent with the measured
losses [27].

Conduction losses are caused by the non-zero voltage drops
on both the IGBT and diode when conducting. If the on-state
current is I, the on-state power loss is

Pon/p = (Vo,r/p + Rryplon)lon, (13)
where Rt ,p and Vj 1 p are the linearized on-state resistance
and voltage bias of the IGBT (T) or the diode (D).

Analysis of the conduction loss can be focused on the positive
half cycle of the sinusoidal A-phase current, whose average
power loss is one-sixth of the total loss. During this half cycle,
since the current is positive, it flows either through the upper
IGBT, T1, or the lower diode, D4. Let the phase current be
I cos 0, so the voltage drop is (Vy v/p + Ry pl cos ). Define
D, € [0, 1] as the proportion of time that T1 is conducting. The
average conduction losses in T1 and D4 are thus

jus
2

1 s

Pr = 27/2 (Voo + Rr1 cos0)1 cos 0D,do
T
1

" (Voo + RpI cos0)I cos6(1 — D,)d6, (14)

jus
2

o 2 J_
and it remains only to calculate D,, which is determined by
the reference voltage and the modulation method, which is a
seven-segment SVPWM in this study. Let the phase voltage be
U cos(0 4 ¢), with U being the voltage amplitude and ¢ being
the phase difference between voltage and current, and further
define the ‘modulation ratio’

VA

= . 15
“= T 15)

It can be derived [27] that

Da%% [1—}—0((2\?)/3005(9—1—(;5)—41(:05(3(9—&—(/5)))1.

(16)
Substituting (16) into the original integrals in (14), summing up
the results, and multiplying by six, the total average conduction
loss power can be obtained as

Authorized licensed use limited to: Maynooth University Library. Downloaded on October 02,2024 at 22:06:13 UTC from IEEE Xplore. Restrictions apply.



2212

Pcond(wa-[)
3 V3
;(V(LT-FV(LD)-&-CY? cos p(Vo,r—Vo,n)
3 4/3 3
+ Z(RT + Rp) + « <37T cos ¢ — T2 €08 (3(;5))
X (RT — RD) (17)

In (17), o and ¢ are determined by the current control require-
ment. From (5), by assuming a sinusoidal steady state, where
iq = 0, dig/dt = 0 and di,/dt = 0, get

= —NpwlLqiqg

Uq = Riq + Npw), (18)
and
\/g 2 + 2
oo VI
Udc
¢:/(ud+juq)/(jiq)a (19)

where j = v/—1, and /- denotes the angle of a complex number.
Equations (17) (18) (19) form the complete conduction loss
model. It can be seen that (17) contains first-order and quadratic
terms in /, and the associated coefficients both have i) a constant
term determined by the parameter sum of the IGBT and diode,
and ii) a current-speed-dependent term originated from the
parameter difference between the IGBT and diode. The latter
term is rather nonlinear, but it will be shown later that its effect
is relatively limited.

Switching losses are caused by the transient turn-on and turn-
off processes associated with power semiconductor devices. For
example, during the IGBT turn-on process, the voltage decreases
from an initial value Uy, to zero, while the current increases from
zero to the target value I, with power loss during this interval.
The switching loss characteristic of a device can be described
by

Eswr/D = (ar/plsw + br/D), (20)

USW
Ubase
where ar/p and by py are the linearized switching loss coeffi-
cients and biases, respectively, and Uy,,ge is the voltage under
which the loss parameters are measured. These parameters can
be obtained from the appropriate device datasheet.

Similarly, switching loss analysis is also performed on the
positive half cycle of the A-phase current, and Iy, = I cos § and
Usw = Ugqc. During each switching period, the upper IGBT and
lower diode both undergo a switching process. So, the average
energy loss per switch is

Uge 1 [2
Esw = — ((ar 4+ ap ) cos @ + (br + bp))do.
Upase 27 -z
ey
Then, the average switching loss power is
Psw = Eswfsw7 (22)
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where f,, is the switching frequency. Calculating the integral

in (21) and multiplying by six, the total average switching loss

power is

6fswUdc(aT + aD)
TUpase

3fsw Udc (bT + bD)
Ubase

Py (I) = I+ . (23)

It can be seen that the switching loss depends only on the current
I, and is an affine function of /.

C. Summary of Losses, and the Power-Coelfficient Loss Model

From (10), (12), (17), (23), all the losses are functions of [
and w, and thereby functions of f, and v; summing up them
gives the high-fidelity loss function P;¢

th(fgvv) = Pcopper + Piron + Pcond + Psw-

Alternatively, the power-coefficient (PC) loss model adopted
in, e.g., [14], assumes that the loss is proportional to the absolute
value of instantaneous power, depending on the power direction

6|fgv‘7 —ngZO
PC f" =
P(gU) {158|fg’0|, *ng<O

(24)

(25)

where 5 € [0, 1) is the loss coefficient.

IV. LOSS-AWARE MODEL PREDICTIVE CONTROL

To achieve a loss-aware, energy-maximizing control within
PTO constraints, MPC is recognized as an ideal solution [2]. To
begin with, using zero-order hold discretization, the continuous-
time model of (4) is discretized into

x[k + 1] = Aqx[k] + Bafelk] + Bafg[k],

where k is the discrete time index with a sampling time of 7}, and
Aq = exp (AT) and By = A~*(Aq — I)B are the system ma-
trices. Using trapezoidal integration, the extracted mechanical
energy between the kth and (k + 1)th instants is

Ermecn(w[k], felk], fg[k]) = ng[ J(x

(26)

1[k] + 21 [k + 1]).
27

Assume that the total PTO loss is described by a loss function

Pioss, then the electrical energy loss during this process is

Eloss(‘r[kL fe [k]7 fg [k])

TPl (fg[k}, L@+ ok + 11)) e
where the average velocity between the kth and (k 4 1)th step is
used for the calculation. On the other hand, the operational con-
straints include i) the maximum body displacement Z,,,, ii) the
maximum body velocity Vi, and iii) the maximum PTO force
F,. Then, a MPC controller can be derived which, at each step,
solves for an optimal control force sequence over a prediction
horizon, such that it maximizes the extracted electrical energy
while keeping the system within the constraints. This can be
expressed as the following optimization problem

1]Z:Emech H f”)

max
Fel0],o fo [N~
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N-1
- Z EIOSS(‘%[Z‘:I7 fc[l]’ fg[z])’
=0

st. Zli + 1) = Aaz[i]+ Bafeli]+Bafeli], i=0,....,N —1
— T < Toli) < Zm, i=1,..,N
TV <T1[i] <V, i=1,..,N
—Fp < foli] < Fyy, i=0,...,N—1

z[0] = z[k], foli] = fo[k+1i], i=0,...,N—1, (29)

where f;[0],..., fs[N — 1] is the (virtual) control sequence
to be solved, and Z[0],...,Z[NV] is the corresponding system
trajectory. At the kth instant, the trajectory starts from the
currently measured state z[k] and is subject to the predicted
wave excitation force sequence fo[k], ..., fo[k + N — 1]. After
the optimal control sequence is determined, the first move will
be applied to the device, namely f,[k] = f4[0] while, at the next
step, a new optimization problem, for a shifted horizon, is built
and solved again.

Clearly, the choice of loss function plays a central role in the
specific loss-aware control solution. In this study, MPC (29) with
four individual loss function choices is examined:

1) MPC using no loss function (MPC): In this case, the
loss term is simply zero, i.e., Poss(fg,v) =0, and the
controller maximizes mechanical energy. This is the con-
ventional WEC MPC formation. The optimization to be
solved online is a quadratic program.

2) MPC with the high-fidelity loss model (hf-LAMPC):
This corresponds to a perfect model matching, i.e.,
Pioss(feg,v) = Put(fg,v). However, the nonlinear loss
function results in a nonlinear program, posing a major
challenge for online computation.

3) MPC with a quadratic loss model (quad-LAMPC): To
reduce the computational burden, it is desirable to keep
the problem as a quadratic program. Hence, it is proposed
to approximate the loss function with a quadratic function

Hoss(fgav) = afng + OéV’UZ,

where o and o, are the associated coefficients.

4) MPC with the PC loss model (pc-LAMPC): Alternatively,
the PC loss model can be used in the objective function,
i.e., Poss(fg;v) = Ppc(fg,v), as in [14]. However, pc-
LAMPC also leads to nonlinear programming.

(30)

V. CASE STUDY
A. Setup

A realistic WEC scenario is considered:

1) Wave condition: The target sea area is Wheat Island, East
China Sea [28]. The occurrences and wave energy distri-
bution of different sea states, represented by the significant
wave height (Hs) and peak period (Tp), are shown in
Fig. 2(a) and (b). In the following tests, representative
sea states will be selected, and the corresponding waves
will be simulated using a Bretschneider spectrum with
random-phase realizations in the time domain.

2213
25 Sea State Occurrences W%ve Energy Distribution (%

2 800 8
BL5 600 2 6
= =
T 1 400 T 4

0.5 200 2

0 0 0

0 5 10 4 6 8 10
Tp (5) Tp (s)
Fig. 2. Sea state occurrence and wave energy distribution of Wheat Island,

East China Sea, in 2021 [28].

TABLE I
PMSG PARAMETER VALUES

Parameter Value Unit
R 3.55 mS
Lq,Lq 531, 878 nH
P 0.2313 Wb
Np 4 _
TABLE II

POWER CONVERTER PARAMETER VALUES

Parameter Value Unit
Rt, Rp 1.46, 1.58 m)
Vo, 1. Vo,n 0.75, 0.75 v
ar, ap 0.163, 0.06 mlJ/A
br, bp 7.0, 10.0 mJ
Vhases Vde 600, 600 v
fsw 10 kHz

2)

3)

WEC body: The considered body is a vertical cylinder
with a radius of 2 m and a draught of 2 m. This size is
chosen according to the dominant wavelength of the sea
area. Its hydrodynamic parameters are calculated using
NEMOH [29].

PTO: The maximum displacement is Z,, = 2 m, equal to
the body draught. The ball screw has a lead of 40 mm.
Simulations under a MPC controller are first conducted
to determine the typical operating range and, according
to this range, realistic PMSG parameters are obtained
by conducting a brief generator design process based
on finite-element analysis (FEA). The design objective
is to make the PMSG range match the optimal control
requirement. This yields a 187.5 kW PMSG, whose basic
parameters are listed in Table I; specifically, the iron loss
map is also acquired from the FEA model. The maximum
velocity and PTO force are 2.34 m/s and 177 kN, set to be
1.5 times the rated values. The power converter is based
on the 1200 V Infineon FF600R12KE7 IGBT module,
selected according to the PMSG operating range. The
conduction and switching parameters are obtained from
the relevant datasheet [30] and summarized in Table II.
Finally, the overall PTO efficiency map is shown in Fig. 3,
which yields a 95% efficiency at the rated operating point.
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Fig.3. The PTO system. (a) FEA model of the PMSG. (b) The total efficiency
map, including the PMSG and converter. The red cross represents the rated
operating point. Note that all losses of the PTO are represented as functions of
body velocity (generator speed (7)) and PTO force (PMSG current (9)).
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Fig. 4. Loss maps of the four loss components. Note the contrast between the

velocity force dependency of the iron loss compared to other loss components,
which are predominantly force dependent.

Note that, in the following case study, the hydrodynamic
system (1) is simulated, and the ‘actual’ losses are evaluated
by the high-fidelity loss function.

For the MPC controllers, the sampling time for prediction
is T5=0.2 s, while the prediction horizon N is chosen to be
36, giving a 7.2-second prediction (time) horizon. As a typical
feature of MPC for WECs, the power capture performance
increases with N and finally reaches an asymptotic limit, so IV
should be sufficiently large. It is verified that N=36 meets this
requirement under all the considered conditions in the following
study.

B. Loss Evaluation

The loss contours of the copper, iron, conduction, and switch-
ing loss components are plotted in Fig. 4. As already indicated
in (10) and (23), the copper and switching losses depend on the
PTO force (current) only. The conduction loss depends primarily
on the force as well, which means that the velocity (speed)-
dependent terms in (17) are negligible. On the other hand, the
iron loss (12) is mainly determined by velocity and also affected,
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Fig. 5. The high-fidelity loss function (left) displays a significantly different
shape than the PC model (right).
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Fig. 6. Loss distribution (%) of the MPC trajectory, evaluated by the high-
fidelity loss function (left) and a PC model (right). Pm: Average mechanical
power. Pe: Average electrical power.

to a lesser extent, by force. Summing up the losses, the contour
of the total PTO loss is shown in Fig. 5(a), which exhibits a
near-elliptical shape and, within the operating range displayed in
Fig. 5, the PTO force has a much greater impact on losses. In con-
trast, the contour of the PC loss model, with 5 = 0.04, is shown
in Fig. 5(b), which exhibits a hyperbolic shape. Specifically, in
high-force, low-velocity and low-force, high-velocity regions
(namely, low-power regions), the PC model gives a near-zero
loss estimate, overlooking the fact that simply maintaining a high
PTO force with no generator motion, or making the generator
rotate at a high speed without applying any current, both result
in a high electrical losses. This fundamental difference indicates
that a PC model cannot grasp the true loss characteristics of an
electrical PTO.

To illustrate the impact of loss models, a MPC trajectory is
simulated under Hs = 1 mand Tp = 6 s, and the loss distributions
evaluated by the high-fidelity loss model, and a PC model, are
shown in Fig. 6. One can see that the two models give different
loss distributions; particularly, true losses are more concentrated
on the large-force, low-velocity region, which indicates that the
large actions used by MPC are the main source of losses. In
contrast, the losses evaluated by the PC model deviate to high-
power regions and this deviation, as will be shown next, will
inevitably lead to errors in the final power evaluation.

A comprehensive comparison of power evaluation is con-
ducted for the different loss models, and the results are shown in
Fig. 7. The test includes different sea states and three controllers:
MPC, optimal damping, and an optimal reactive controller,
whose control parameters are set according to [22]. For MPC, it

Authorized licensed use limited to: Maynooth University Library. Downloaded on October 02,2024 at 22:06:13 UTC from IEEE Xplore. Restrictions apply.



LIN et al.: ON LOSS-AWARE OPTIMAL CONTROL OF WAVE ENERGY CONVERTERS WITH ELECTRICAL POWER TAKE-OFFS

Power evaluations under an MPC controller
T T T T T

- - - With actual loss —>—— PC,3=0.08
- =3 = With no loss PC,3=0.12 "
—7— PC,3=0.04 —A—PC,3=0.16 | ©~

o

0o

-0

5 L L . \ L
0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Significant Wave Height (m)

Power evaluations under a damping controller
T T T T 1 T T

Evaluated Power Production (W)

- - - With actual loss —>—— PC,3=0.08
- =G - Withno loss PC,(3=0.12
—7— PC,3=0.04 —A— PC,3-0.16

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Significant Wave Height (m)
Power evaluations under a reactive controller

Evaluated Power Production (W)

15000F

- - - With actual loss —>¢—— PC,3=0.08 L
- = - With no loss PC,3=0.12 .
—7— PC,3=0.04 —A—PC,3=0.16 [

10000

5000

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Significant Wave Height (m)

Evaluated Power Production (W)

Fig.7. Powerevaluations using different loss models, under different sea states
(Tp = 6 s) and three controllers.

can be seen that a PC model with 5 = 0.08 gives power estimates
close to the true values. However, the same power coefficient
yields obvious errors under reactive control, especially for small
waves (e.g., Hs = 0.6 m). Moreover, under damping control,
the PC model cannot represent the actual loss, always overes-
timating power, no matter how [ is tuned. Hence, it can be
concluded that a PC model cannot be accurate for all sea states
and for all controllers, due to mismatches in loss characteristics
representation.

Revisiting Fig. 7 (top), one can also see that MPC, with
optimal mechanical power generation, yields low net electrical
power, especially for small waves (e.g., when Hs = 0.6 m,
the electrical power is near zero). Even for large waves, e.g.,
Hs = 1.4 m, the electrical efficiency remains less than 70%,
much lower than the 95% rated efficiency shown in Fig. 3. This
observation means that the rated PTO efficiency can be very mis-
leading in a WEC application; a WEC typically experiences con-
tinuous oscillations, inevitably passing through low-efficiency
regions, and significant losses will occur if no measure is taken
to reduce them. For PTO designers, an efficiency improvement
could involve an enlargement of high-efficiency regions, or a
manipulation of operating point through, e.g., a gear system, as
discussed in [18]. Another (simultaneous) measure is through
loss-aware control, which will be studied next.
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Fig. 8. Actual loss distribution (%) of hf-LAMPCs (left) is more dispersed,
while that of pc-LAMPC (right) is concentrated in low-power regions. Pm:
Average mechanical power. Pe: Average electrical power.

C. Loss-Aware Optimal Control

Now, two loss-aware controllers, the hf-LAMPC and pc-
LAMPC, are tested with Hs = 1 m and Tp = 6 s, and the (actual)
loss distributions are shown in Fig. 8(a) and (b), respectively.
Compared to the MPC loss distribution in Fig. 6(a), it can be
seen that hf-LAMPC restricts the trajectory so that losses are
not concentrated in high-force regions but shift toward low-
force regions and become dispersed. Consequently, the average
electrical power increases from 6.14 kW to 7.66 kW. Also note
that the mechanical power decreases from 12 kW to 11.2 kW,
which is only an intermediate link in the wave-to-wire chain
and has minor relevance to the final, usable energy. In contrast,
the pc-LAMPC alters the distribution of losses in a different
manner—concentrating them in low-power regions. This is be-
cause the controller perceives low losses in these areas but, as
shown in Fig. 5, the reality is quite the opposite. Consequently,
electrical power generation, 6.87 kW, remains sub-optimal.

The effectiveness of hf-LAMPC and pc-LAMPC is now com-
prehensively tested under different sea states, and the results are
shown in Fig. 9. Note that the hf-LAMPC always represents
the performance limit, whereas pc-LAMPC always remains
sub-optimal, no matter how the loss coefficient 5 is tuned.
In particular, recall that 3 = 0.08 yields a quite good power
evaluation under MPC in Fig. 7, but when employed in loss-
aware control, performance degradation becomes inevitable.
Moreover, sometimes pc-LAMPC performs even more poorly
than MPC with no loss model (e.g., when Tp = 7 s and Hs
= 1.2-1.4 m); in such cases, the incorrect loss model used in
control has a negative impact.

Another important observation is that, as the wave ampli-
tude increases, MPC performance naturally increases, while the
performance improvement from MPC to hf-LAMPC lessens;
in other words, less room is left for the control side to save
power loss with large waves. This can be explained by the fact
that, with small waves, the displacement constraint is inactive,
and the peak-to-average ratio of power is high under MPC. In
this situation, WEC oscillation amplitude can be restricted to
sacrifice a little mechanical power capture, but greatly save PTO
losses. On the contrary, with large waves, the system oscillation
is already restricted by constraints and, in order to capture
power, some losses are necessary. In general, this control limit is
determined by the PTO; further improvements in efficiency can
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duction ratio’ is defined as the ratio of electrical power generation to that of the
hf-LAMPC. Also shown are the wave energy distributions (WED) of different
sea states.

only be achieved through optimization of the physical PTO itself.
Hence, the hf-LAMPC can play an important role in PTO design:
PTO performance should be evaluated using hf-LAMPC, in
order to identify the efficiency limit of the current device, and
PTO optimization should be based on the operating range of
hf-LAMPC, rather than other controllers, since they display
significantly different loss distributions, as shown in Figs. 6 and
8. This enters the field of control co-design [1].

D. Approximate Loss-Aware Control

The hf-LAMPC sets the performance limit, but its imple-
mentation requires solving nonlinear programming in real time,
which may exceed the computation capability of some controller
hardware/software, creating the need for quad-LAMPC, as an
approximate, faster, control option. To apply quad-LAMPC,
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the quadratic coefficients ay, «, should be properly selected.
The performance of different coefficients, under four sea states,
are shown in Fig. 10. It can be seen that there exists a unique
peak performance and, accordingly, a set of best coefficients;
however, the best coefficients vary with the sea state, because the
sea state, as a description of ocean wave conditions, determines
the system operating range. This suggests that, in practical
application, the quadratic coefficients should be tuned according
to the current sea state. In practice, the mapping from sea states to
the optimal coefficients can be computed, offline, into a look-up
table, so that the coefficients can be scheduled online in response
to changing sea states. Sea state information can be obtained,
e.g., from the device motion through an estimator [31]. As the sea
stateis arelatively long-term parameter, the control cost function
only needs to be updated at an infrequent rate, maximally every
20 minutes. However, the requirement for sea state information
is a limitation of quad-LAMPC.

Comprehensive testing is then conducted for the four con-
trollers: MPC, hf-LAMPC, pc-LAMPC with the best power co-
efficient, and quad-LAMPC with the best quadratic coefficients,
with the results shown in Fig. 11, where hf-LAMPC is regarded
as the performance limit. It is verified that quad-LAMPC is an
effective approximation of hf-LAMPC, with over 98% electrical
power generation for most of the sea states, outperforming
pc-LAMPC, whose loss model is fundamentally different from
the high-fidelity loss function, and MPC, where no loss is
considered.

Finally, the average computation times are shown in Fig. 12.
In the simulation, the implementation of hf-LAMPC and pc-
LAMPC are based on the ‘fmincon’ function of MATLAB, while
quad-LAMPC adopts ‘quadprog’ function. The simulation is
conducted on an Intel i7-13700H @2.4 GHz processor. It can
be seen that quad-LAMPC requires 100 times less computing
time than hf-LAMPC, whereas pc-LAMPC does not show a
significant computation advantage over hf-LAMPC, since it still
leads to nonlinear programming. Hence, when the computation
capability cannot support hf-LAMPC, quad-LAMPC is an ideal
control option.

VI. CONCLUSION

In this article, electrical PTO losses and loss-aware optimal
control are studied based on a realistic WEC scenario. First, it
is crucial to use an accurate loss model for power evaluation.
The PC model differs fundamentally in parametric structure
from the high-fidelity loss function. The latter is near-elliptical
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in the velocity-force domain, while the former is hyperbolic.
Consequently, they give different loss distributions and power
evaluations. A PC model, regardless of how its power coefficient
is tuned, cannot maintain accuracy under different sea states
and different controllers. Second, it is crucial to use the correct
loss model for loss-aware control. Hf-LAMPC achieves an im-
provement in net electricity generation, compared to MPC with
no loss, while pc-LAMPC always remains sub-optimal and can
even lead to negative impacts. Third, loss-aware control, based
on a quadratic loss function, namely quad-LAMPC, proves
effective, provided that the optimal set of quadratic coefficients
is properly selected according to the current sea state. Quad-
LAMPC can achieve over 98% performance for most sea states
while reducing the computation time by about a factor of 100;
however, the requirement for sea state information remains a
main limitation. Finally, the loss-saving limit from the control
side is affected by sea states: For small waves, less energy is lost
by control, but the efficiency limit is also low; for large waves,
the limit is higher, but the room for control also diminishes.
Further loss reduction, beyond this limit, can only be achieved
by optimizing the PTO itself. Hence, loss-aware control can
play an important role in control co-design of PTOs, which is a
valuable direction for future research.
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