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ABSTRACT Reactive control is a popular method for maximizing wave energy absorption in wave energy
converters (WECs). This technique involves adjusting the damping and stiffness coefficients of the WEC
to align its natural frequency with the frequency of incoming waves. Unfortunately, wave variability and
complex hydrodynamics have posed challenges in accurately determining these coefficients. This paper
proposes a model-independent approach for reactive control based on a variable step size maximum
power point tracking (MPPT) algorithm. The MPPT algorithm tunes the WEC’s damping and stiffness
coefficients toward maximum generated power. Furthermore, a power curtailment control (PCC) strategy
is integrated, based on a proportional-integral (PI) controller that modifies the MPPT control force to follow
power generation references below its maximum generation capacity. This capability is essential for grid
integration, where power generation must match demand. Finally, a hardware-in-the-loop experimental setup
was constructed to evaluate the proposed control strategies under monochromatic and polychromatic wave
conditions. An analysis comparing MPPT and damping control under various polychromatic wave conditions
revealed that MPPT achieves substantially higher electrical power, outperforming damping control by 55.4%
to 70.6%. The experimental results demonstrated the efficacy of the PCC strategy in reducing the WEC power
output to track specific power setpoints.

INDEX TERMS Complex conjugate control, hardware-in-the-loop, maximum power point tracking,
permanent magnet linear generator, perturb and observe algorithm, power curtailment control, wave energy
converter.

I. INTRODUCTION

Recent concerns over increasing global power demands,
carbon emissions, and climate change have encouraged the
use of renewable energy sources (RESs) to fulfil global

The associate editor coordinating the review of this manuscript and

approving it for publication was Santu Giri

electric needs. In 2019, RES accounted for 27.3% of
the globally produced electricity, with 90% being from
wind, solar, and hydropower sources [1]. Wave energy is
gradually attracting significant attention as an RES option
because of its estimated annual potential of 151,300 TWh,
high availability at coastlines sites, and high energy
density [2], [3].

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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A device that can transform wave energy into electricity
is called a wave energy converter (WEC). A popular type of
WEC is a heaving WEC which undergoes heaving motion
during wave-body interaction to generate power [4]. Other
types of WECs have been proposed and categorized based
on either their power-capturing principles, such as oscillating
water columns [5] or overtopping devices [6]; location of
deployment, namely nearshore or offshore; or power take-
off principles, such as electrical drives and hydraulic or
mechanical systems [7]. However, WECs are still immature,
and there is a lack of consensus on which type is superior in
terms of performance, technical feasibility, and commercial
viability [8].

Two main challenges must be addressed for WECs to reach
a high level of maturity for adoption. The first focuses on
maximizing wave energy absorption, whereas the second
involves enhancing its role in the generation adequacy
within the interconnected power system [9], [10]. Generation
adequacy refers to the ability of the power system to balance
between varying power generation and varying power
demands [11]. These problems are complicated because wave
energy has unwanted characteristics, such as (1) intermit-
tency; (2) unpredictability; (3) location restraint; (4) low or
no physical inertia; (5) non-dispatchability [9].

Control strategies can maximize wave energy absorption
by utilizing a control force that will alter the WEC’s velocity
to have the same phase as the incident wave excitation
forces [12]. Damping control modifies the power take-off
(PTO) damping coefficient to maintain the phase difference
between the buoy velocity and the excitation force close to
zero [13]. Despite damping control being the default choice
for evaluating WEC prototypes, it absorbs the least amount
of wave energy compared to reactive control strategies [14],
[15]. Reactive control can achieve better energy absorption
but requires tuning two coefficients, namely the PTO
damping and stiffness [16], [17]. This method necessitates
bidirectional power flow, enabling the WEC to function
alternately as a generator and motor within a single wave
cycle. While this enhances absorption efficiency, it is prone
to dissipative energy losses that may reduce the overall
power output [18]. Unfortunately, both approaches struggle
to precisely ascertain the optimal damping and stiffness
coefficients due to their reliance on wave frequency, which is
difficult to obtain in actual varying wave conditions. A feasi-
ble solution involves tuning the coefficients to accommodate
the peak wave frequency [16]. Few research studies have
explored model-free control approaches that are independent
of wave frequency acquisition to obtain these coefficients.
A maximum power point tracking algorithm (MPPT) for
damping control was found in [19] and [20], where the MPPT
was used to determine the duty cycle of the boost converters
for maximum energy absorption. An evaluative study was
conducted by [21] to investigate the factors impacting
MPPT-based damping control in wave energy. In [22], a hill-
climbing method is used to realize an MPPT for reactive
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control. The MPPT adjusted the damping and stiffness
coefficients in the direction of maximum energy absorption,
however, its performance in polychromatic sea waves was
not investigated. Reinforcement learning was used in [18]
to calculate these coefficients using a Q learning algorithm,
whereas an artificial neural network and a fuzzy logic control
were used in [23] and [24]. Alternative control strategies to
enhance wave energy absorption, bypassing the computation
of stiffness and damping coefficients, include approaches
such as model predictive control, dynamic programming,
proportional derivative version of complex conjugate control,
and linear quadratic control [25], [26]. However, they are
model-based control approaches, which make them suscep-
tible to model inaccuracies and may require current and
future wave excitation force knowledge. Extended Kalman
filters [27], [28] and artificial neural networks [29] were some
algorithms proposed to predict and estimate the excitation
force. However, both predictive algorithms required a high
computational power. A practical approach was proposed
in [30] and [31] where pre-tuned resonance circuits were
installed to improve power absorption. The resonance circuits
were only tuned for a single frequency of wave and could lead
to a large size of components in the circuits.

Wave energy is a fluctuating power that depends on
sea state conditions rather than a consumer power demand
portfolio. This power imbalance between generation and
demand degrades the power system’s generation adequacy,
especially in penetration levels above 20%, which can lead
to serious problems such as harmonics, frequency deviation,
overloads, loss of synchronism, and voltage collapse [32],
[33], [34]. An experimental study at Ireland‘s national wave
test site assessed the impact of rapid wave power fluctuations
on grid stability [35]. High penetration levels of RESs, such
as wind and solar, have necessitated transmission system
operators and distribution system operators to impose power
generation setpoints based on grid power capacity and
consumer demands [36]. While concerns about generation
adequacy remain relatively subdued in wave energy systems
due to their current low penetration levels, similar power
setpoints are expected to be imposed following their further
contribution to the grid.

A pragmatic solution for WECs to follow a specific power
reference can be achieved by using energy storage systems
(ESS). ESS can increase the utilization of this intermittent
source by absorbing excess generated power and delivering
the stored power during generation shortfalls. In addition,
it can used to improve power quality by smoothing power
fluctuations [37] or provide assisting services to the power
system, such as frequency and voltage regulation [38]. Exam-
ples of ESSs used in WEC applications include hydraulic
energy storage [39], supercapacitors [40], and hybrid energy
storage systems [37]. However, complete dependence on ESS
can cause two significant weaknesses: (1) the size of the ESS
will increase when larger scale WECs are deployed, which
consequently increases cost; (2) the ESS lifespan will degrade
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FIGURE 1. Schematic of the heaving WEC system.

when repeatedly charged and discharged [41]. Therefore,
WECGC:s that provide power curtailment control (PCC) without
complete ESS dependency will be highly beneficial for grid
integration. PCC allows WECs to govern the amount of
power generated and follow power setpoint commands. This
requires the WEC to operate at a range below its maximum
power generation so that there is a reserve power available
to follow the varying power setpoint commands. Substantial
amounts of PCC strategies were implemented for wind
power [42] and solar power [43]. In terms of WECs, the work
of [41] proposed an active power setpoint tracking strategy
based on a model predictive control algorithm for a six-
degree-of-freedom WEC. Although the algorithm proved to
mitigate the dependence of ESS under various sea conditions,
the work is in its preliminary stage and has not been
optimized for real-time application. In conclusion, the limited
documented studies of PCC for WECs are primarily due to
the ongoing developmental stage of these technologies for
large-scale energy generation.

This paper proposes a hierarchical wave energy extraction
control strategy for a heaving WEC. The control strategy
allows the heaving WEC to shift between two operation
modes: maximum power generation and following of the
power setpoint. Maximum power generation is achieved by a
reactive control strategy based on a variable step size MPPT
algorithm for tuning the damping and stiffness coefficients
that determine the control force. Furthermore, a PCC is
introduced based on a proportional-integral (PI) controller
that modulates the control force calculated from the MPPT
algorithm, thereby reducing the WEC generated power to
track a power reference. In addition, the WEC consists of
a supplementary ESS to provide reactive control support
and regulate the DC bus voltage. A super capacitor bank
is selected as the energy storage element because of its
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Resistive Load

longevity, high power density, robust operating limits, and
fast charge and discharge rates. A cascaded two PI control
loop structure is used to control the ESS. Finally, a hardware-
in-the-loop (HIL) setup is designed to validate the proposed
control algorithms experimentally.

The contribution of this study is twofold. The first is
to design a simple and computationally inexpensive WEC
reactive control strategy for maximum power generation. The
second involves enabling the WEC to act as a controllable
power source that follows power commands by adopting
a simple PCC strategy that is less dependent on ESS and
feasible for real-time applications.

The remainder of this paper is organized as follows:
Section II describes the modeling of the WEC and the super
capacitor ESS. Section III discusses the control framework
adopted for power maximization, power setpoint following,
and ESS control. Section IV presents the experimental
results and discussion. Finally, conclusions are presented in
Section V.

Il. MATHEMATICAL MODEL OF THE WEC SYSTEM

This section provides a detailed wave-to-wire description and
model of the heaving WEC under investigation. As shown
in Fig. 1, the WEC includes a floating cylindrical buoy that
moves vertically in the presence of incident waves. The
heaving motion of the buoy directly moves the PMLG’s
translator causing electrical power to be generated at the
PMLG output terminals. The PMLG with the AC/DC power
converter makes up the PTO mechanism of the WEC. The
PTO is in charge of converting the captured wave mechanical
power into electrical power and acts as an actuator for
altering the buoy motion in control applications. In addi-
tion, an auxiliary ESS containing a supercapacitor and a
bi-directional DC/DC converter is connected to the PTO via
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a DC bus. A resistive load on the DC bus’s right side is used
to dissipate the generated power.

The polychromatic nature of the sea waves and their
associated energy characteristics are formulated and modeled
through wave spectrum analysis. The mathematical model
of the heaving WEC is divided into three sub-models:
the hydrodynamic model, the electrical model, and the
supercapacitor energy storage model. The hydrodynamic
model describes the WEC’s heaving motion caused by sea
waves and its associated hydrodynamic forces. By contrast,
the electrical model represents the PMLG’s mathematical
description and defines the PTO-controlled electromagnetic
force. Finally, the supercapacitor energy storage model
includes the mathematical description of the supercapacitor,
bidirectional DC/DC converter, and the power exchange
relations at the DC bus.

A. WAVE SPECTRUM
Sea waves are mainly created by wind blowing over the
sea surface [3]. Monochromatic sea waves, characterized
by a single frequency and amplitude, serve as simplified
and predictable representations of sea waves. However,
real sea waves are typically polychromatic and irregular,
encompassing diverse frequencies and amplitudes that more
accurately capture the complexity and variability of real
sea conditions. While monochromatic waves simplify the
analysis, polychromatic waves represent the real-world
challenges in wave dynamics and energy conversion studies.
Superposition theory can be applied to represent polychro-
matic wave profiles as a summation of several sinusoidal
waves of different phases, frequencies, and amplitudes [3],
as follows
Ny
5() = D aicos(wit +6) M
i=1

where &, w;, o;, and 6 are the wave surface elevation,
angular frequency, amplitude, and phase of the ith harmonic
wave, respectively. The variable N,, denotes the number of
sinusoidal waves.

Wave spectrums that show the variation of wave energy,
with respect to frequency, can be adopted to represent
polychromatic wave profiles. Additionally, they convey wave
information such as height, frequency, and energy transport.
Several wave spectrums were proposed, such as the Pierson-
Moscowitz (PM) [44] and Joint North Sea Wave Observation
Project (JONSWAP) [45]. PM spectrum is used in this work
because it is the most suitable to characterize fully developed
sea states. By specifying significant wave height and peak
wave period, a modified PM spectrum is described by the

following:
S(w) STtH? 2074 @
w) = exp| —
Tjwd P T

where w, T, and H, are the wave angular frequency in
radians per second, peak wave period and significant wave
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height, respectively. The nth spectral moment is given by the
following:

o0
my, = / " S(w)dw 3)
0
and the wave energy period is calculated as follows:
m—i
T,=—. (4)
mo

The wave energy transport J defined as the power density per
unit width of wave front, is given as follows:

_ szTeHsz (5)
T 64m

where p is the sea water density and g is the acceleration
due to gravity [12]. Equation (5) is used for polychromatic
waves, but can be modified to address monochromatic waves
as follows:

J

2772
J = w (6)
32m
with T is the wave period and H is the wave height, which
is equal to twice of amplitude of the wave. In addition, the
average available wave power P,, is bounded by the wave
energy transport as follows:

P, <J-D )

where D represents the buoy diameter.

B. HYDRODYNAMIC MODEL

Although the floating cylindrical buoy is free to move in
all directions on the sea surface, only the heaving motion is
considered because of the insignificant influences of other
motions [46]. The forces acting on the buoy in the heave
direction can be expressed, in terms of Newton’s second law
of motion, as follows:

MZ(1) = fex () = fr () = fp(O) = frs(D) + fult) — (8)

where M denotes the total mass of moving parts (buoy,
tether and translator) and Z(¢z) is the heave acceleration.
Whereas f,x(?), f;-(1), fp(2), frs(¢), and f,(¢) represent the wave
excitation force, radiation force, hydrostatic buoyancy force,
restoring spring force and PTO controlled electromagnetic
force, respectively. The excitation force f,(¢) is modeled in
the time domain as follows:

t
Jex (1) = kex(1) % §(2) =/0 kex(D)E(r —D)dt — (9)

here, k.. (t) is the excitation kernel function and &(¢) is
the wave elevation. Equation (7) can be represented in
the frequency domain by applying Fourier transformation,
as follows:

Fex(iw) = Kex(iw) E(iw) (10)

E(iw) denotes the Fourier transformation of wave elevation,
whereas K, (iw) is for the excitation kernel function, whereas
E(iw) denotes the wave elevation. The WAMIT software is
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used to approximate the K, (iw) with a finite order transfer
function having the following form:

Kouls) bis™ + by—15" "V + .+ bo
S) =
“ aps" + ap_ 15"+ ...+ ag

where m and n are the orders of the numerator and
denominator, respectively. Variable s is the Laplace complex
variable, whereas b,,, b,,_1, by, a,, a,—1 and aqy are the
transfer function coefficients. Likewise, the radiation force
can be written in the time domain as follows:

(1)

t
Jr(t) = —mooZ(t) —/ kr(T)2(t — T)dT 12)
0

where the added mass, radiation kernel function and heave
velocity are denoted by mso, k-(t) and z(t), respectively.
The radiation kernel function can be related to the radiation
damping B,(w) and the radiation added mass M,(w) in the
frequency domain as follows:

Ky () = By () + w[M,(®) — mu]. (13)

WAMIT is used to approximate the radiation damping B, (w)
and the radiation added mass M,(w). Taking the Fourier
transform of (11) and using (12), the frequency domain
representation of the radiation force F,(w) is obtained as
follows:

Fr(w) = —[B/(0) + oM (0)]V(w) (14)

where V(w) denotes the heave velocity in the frequency
domain. The hydrostatic buoyancy and restoring spring forces
are modeled linearly as stiffness forces using the following:

fot) = Cpz(t) = pgAy (15)
Srs(t) = Cryz(t) (16)

where Cp, Cp, z(t) and A, are the buoyancy stiffness
coefficient, restoring spring stiffness coefficient, heave
displacement and buoy submerged surface area. Taking the
Fourier transform of (8), the forces to heave velocity model
in the frequency domain is obtained as follows:

V(w) 1
Feyx(w) + Fy(w) Zi(w)
where F,(w) and F,.(w) are the Fourier transform of the

PTO control force and excitation force, respectively. Whereas
Zi(w) is the WEC intrinsic impedance, given by the following:

Ch+ Crs
> .

a7

Zi(w) = By(®) + @ [M + My (w) — (18)

C. ELECTRICAL MODEL

The PMLG is similar to the rotary permanent magnet genera-
tor, except the permanent magnets located in the translator
reciprocate in a linear motion. Its increased reliability and
efficiency, stemming from a more robust driving force, makes
it better suited for wave energy conversion than other linear
generator types [47]. Various topologies of PMLGs have been
explored, including the planar or flat-type, which is favored
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in high-power applications. Conversely, the tubular-type
topology is deemed appropriate for low-power applications
because it delivers high power or force density. The studies
in [48] and [49] offer a comprehensive methodology for
designing tubular PMLGs for wave energy production. The
work of [48] also includes a comparative analysis between
two distinct types: an inner permanent magnet slotted tubular
linear generator and an outer permanent magnet slot less
tubular linear generator. However, despite the variety in
PMLG topologies, they all operate on a similar principle,
relying on a buoy that moves freely on the ocean surface
in response to wave-induced motions. The translator mimics
this heaving motion, influenced by the coupling effect of the
tether.

The angular position of the system 6(¢) is then defined as
a function of the heave displacement z(¢) as follows

0(t) = le(r). (19)
P

The heave movement causes a net flux ¢(¢) in the PMLG
coils given by the following:

() = ¢y sin (ﬁz(t)) 20)
Tp

where ¢, and 7, are the permanent magnet flux linkage and
the PMLG’s pole pitch, respectively. Voltage is induced in the
stator coils due to the change of that magnetic flux [50]. For
a three phase PMLG, induced electromotive force voltages

(EMF) in the abc frame, e(r) = [eq(t) ep(t) ec(D],
is calculated by the following:
ealt) = —N, 221y sin (Zza)) 1)
7 T
ep(t) = _N,,”‘p”’" #(t)sin (Zz(z) - 2—”) (22)
7 T 3
Thpm ., . . (n 271)
ec(t) = =Np,——z() sin | —z(¢) + — (23)
7 ) 3

where N, represents the number of turns per phase. The
dynamic model of the PMLG in the abc frame is given as
follows:

e(t) = Rsis(1) + joe(t)Lgis(1) + vs(1) (24)

where is(t) = [isa(t) isp(2) isc(t)]Ts Ry, Ly, and vs(t) =
[(vea(?) vep(t) vse()]T are the three phase stator currents,
stator resistance, stator inductance and the three phase voltage
terminals. Whereas w,(t) is the angular frequency calculated
by differentiating (19)

wo(t) = (1), (25)
p

Assuming the PMLG is surface mount and symmetric,
the Park-Clarke transformation can be used to express
its dynamic model in the synchronous reference (d-q)
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FIGURE 2. WEC dynamic without a maximum energy extraction:
(a) wave’s elevation, buoy’s displacement, and buoy’s velocity,
(b) power plots.

0

frame [51], as follows:

dis;lit(t) _ _Rslfsd(t) + 0e(Disg (1) — vsz(t) 26)
dii;{t(t) _ —RSLisq(t) s () — wz(t) o — vsz(t)
(27)

where izq(¢) and iz, (¢) are the direct and quadrature compo-
nents of the stator current, whereas vy, (f) and vy, (¢) are the
d-q components of terminal voltages.

The PTO controlled electromagnetic force depends on the
quadrature stator current, as shown below:

37 Ppm
27,

The instantaneous absorbed mechanical power P,,(?), gener-
ated electrical power P,(f) and instantaneous copper power
loss due to the PMLG’s stator coils Pj,g(t) are calculated as
follows:

Ju(t) = lisq (1) (28)

37 dpm
27,

3
P.(t) = 5 (Vsd(t)isd(t) + Vsq(t)isq(t)) (30)

P(t) = fu()z(t) =

lsq(1)2(1) (29)

3
Plass(t) = 3R (1240 + ,0)) . GD)

Figure 2 illustrates the behavior of a heaving WEC,
with part (a) showing its kinematics and part (b) depicting
its power output. These figures assume the WEC operates
without a wave energy extraction controller under the
influence of a polychromatic wave of significant height
H; = 2m and an energy period of 7, = 10 s. Figure 2a details
the buoy’s dynamics relative to wave elevation. An increase
in wave elevation results in an upward movement of the
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FIGURE 3. PMLG electrical characteristics without a maximum energy
extraction controller: (a) EMF voltages, (b) stator currents.

buoy, indicated by a rise in its position and an upward
velocity. Conversely, a decrease in wave elevation causes the
buoy to descend, marked by a decrease in its position and
a downward velocity. Figure 2b shows the phase alignment
of generated power with absorbed power, albeit at a reduced
magnitude due to copper losses in the PMLG.At 86.8 s, the
absorbed power reaches a peak of 43.1 kW, corresponding
to the buoy’s maximum downward velocity of 0.35 m/s,
while the maximum generated power approaches 30.1 kW.
Figure 3 depicts the three-phase EMF voltages and stator
currents of the PMLG. At peak power generation, the EMF
voltages recorded a peak value of 722.9 V, while the stator
currents reached a maximum of 14.8 A. An irregular sine
waveform with variable magnitude and frequency is evident
in both voltages and currents. This behavior arises from
the reciprocating motion of the translator within the PMLG.
Variations in translator velocity during oscillation cause
corresponding changes in the amplitude and frequency of
the voltages and currents [49]. Furthermore, the inherent
fluctuations in wave energy, which drives the PMLG, further
amplify the alternating characteristics of these electrical
quantities.

D. SUPERCAPACITOR ENERGY STORAGE MODEL

The bidirectional power flow nature of reactive control
requires excessive negative power to be delivered to the
PTO at some instance of time, particularly during startups.
This negative power will be provided by the supercapacitor
energy storage system (ESS). The DC bus represents the
connection point between the PTO mechanism, the ESS, and
the load. As a result, it is subjected to voltage variations
caused by power discrepancies expressed by the following
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power exchange equation:

dvie
Caevas(t) V"t(” =P,(t) + Poe(t) — pi(t)  (32)
as
Psc(t) = ies(t) : Vdc(t) (33)
Pi(t) = i3(1) - R (34)

where Cgy., Psc(t), Pi(t), i.s(t), and R; represent the DC bus
capacitance, energy storage delivered power, consumed load
power, supercapacitor output current, load current and load
resistance, respectively.

Supercapacitors are electrochemical energy storage ele-
ments characterized by their high capacitance levels and
low voltage limits compared to conventional capacitors. The
following describes the relationship between their stored
energy and instantaneous voltage:

E (1) = %Cscvsc(t) (35)

t
Vse(t) = voexp (—R c ) (36)
esc™~sc

where E;. (1), Cy, Reses Vse(t), and vo represent total
energy stored, supercapacitor capacitance, supercapacitor
equivalent series resistance, instantaneous supercapacitor
voltage and initial supercapacitor voltage. Supercapacitors
can be connected in series and/or parallel to form a
bank that can achieve desired energy storage, voltage and
capacitance requirements. In addition, the supercapacitor
energy storage model includes a high frequency inductor
Ly and a bidirectional DC/DC converter that contains two
IGBT switches S and S». The supercapacitor energy storage
operates in two modes determined by the DC bus voltage,
namely charge and discharge modes.

The discharge mode is activated when the DC bus voltage
falls below a specific voltage. During this mode, S is on,
S> is off, and the supercapacitor provides power to the DC
bus (i,s > 0). Meanwhile, a rise in the DC bus voltage above
a specific setpoint triggers the charge mode. In the charge
mode, S is off, and S, is on; the supercapacitor absorbs the
excessive power for charging (i,s < 0). The energy storage
model during discharge is given as follows:

disc(t) _ vse(t) R (= uvac(r)

sc .
_ ey ) — D3
dt L. L. ise(t) L. (37)

while during charging the model becomes

dz;c(n e Rep o (v
t LSC LSC LSC

here, i;. is the supercapacitor input current and R, is the
intrinsic resistance of the inductor. Whereas u and u, are the
control signals for S; and $7, respectively. It is possible to
combine (37) and (38) in a generic model by introducing the
control signal uy, [52].

uz =[S —up) + (1 — suz] (39)
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where
g_ 1, %n dischzflrging mode (40)
0, in charging mode.
Finally, the generic model is expressed as follows:
dis(t ) R t
isc(f) _ Vse(t) _ iisc(t) _ (U12)vae(t) (41)
dt Lsc Ly Lge
les(t) = ur2isc(1). (42)

lIl. PROPOSED CONTROL METHOD

This section emphasizes the wave energy extraction control
strategy for the heaving WEC. The control strategy adopts
a hierarchical structure consisting of two control levels.
The objective of the upper level is to calculate the PTO
control force, whereas the lower control level implements
the control force set by the the upper level. The upper
control level uses the MPPT reactive control algorithm to
compute the PTO control force f;"”" for maximum power
generation. Although the MPPT algorithm is sufficient for
maximum power generation, the algorithm does not provide
power curtailment control (PPC). Therefore, a proportional-
integral (PI)-based PCC is integrated into the higher control
level. It is activated when the heaving WEC operates in the
power-setpoint following mode. The PI PPC calculates the
scale factor A that curtails £, and obtains the required
control force £’ to track the power reference. The lower level
consists of two PI current controllers that realize the control
force by regulating PMLG’s stator currents.

Furthermore, an ESS controller is implemented to regulate
the DC bus voltage by balancing the power exchange between
the WEC and load. This objective provides reactive power
support for the WEC while delivering constant power to the
load. The ESS control structure consists of two cascaded
PI controller loops that transmit the control signal to the
sinusoidal pulse width modulation algorithm, which is then
fed to the bi-directional DC/DC converter in the form of
switching pulses.

A. PROPOSED MPPT REACTIVE CONTROL

To achieve maximum wave energy absorption, the controller
must excite the WEC with a specific PTO control force so that
the heave velocity is in resonance with the wave excitation
force. Assuming the PTO control force in the frequency
domain is defined as follows:

Fy(w) = pr(w)V(w). (43)

Substitution of (43) in (16) shows that this resonance
occurs when the PTO impedance Z,,(w) equals the complex
conjugate of the WEC intrinsic impedance Z(w), or

Zpio(®) = Z{ (). (44)

Equation (44) is known as complex conjugate control.
However, this optimal control strategy is infeasible due to
excessive heave movements due to the low WEC intrinsic
damping B,(w). The extreme heave movements would
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necessitate bigger and more expensive PMLG to handle the
large strokes. Thus, practical suboptimal control alternatives,
such as damping and reactive control, have been proposed.
Damping control defines the PTO control force to be linearly
proportional to the damping coefficient By, as shown in the
following:

Ju(®) = —Bpoz(t) 45)
where
Bpro = |Zi(w)] . (46)

In reactive control, the PTO control force is expressed in
terms of damping coefficient B, and stiffness coefficients
K10 as follows:

Ju(t) = =Bpioz(t) — Kpioz(1). (47)

Although reactive control is superior to damping con-
trol, its implementation faces some challenges. Optimal
damping and stiffness coefficients can be easily computed
in monochromatic waves, but it is difficult to compute
such values for polychromatic waves because of their fre-
quency fluctuation over time. Furthermore, although reactive
control uses bidirectional power flow to maximize wave
energy absorption, it does not always guarantee maximum
power generation when excessive negative reactive power is
required.

The proposed MPPT reactive control algorithm is imple-
mented to search for the damping and stiffness coefficients
that define the PTO control force for maximum WEC power
generation. As seen in Fig. 2b, the varying instantaneous
generated power makes it complicated for the MPPT
algorithm to adjust to the optimal coefficients for maximum
power generation consistently. Consequently, an alternative
approach is adopted wherein the mean generated electrical
power (P,) is chosen as the maximization target instead of
the instantaneous value in (30) to avoid MPPT oscillations
caused by rapid instantaneous power fluctuations. The P, is
calculated as follows:

Ny
- 1 & )
azﬁgmm (48)

where P,(i) denotes the instantaneous generated electrical
power at sampling instant i and Ny is the number of samples.

For the MPPT algorithm to be effective, there should be
a maximum mean generated power at optimal coefficient
values By, and K, as then the MPPT will update
the variables such that (B, Kpo) — (B;m, K;m) [53].
Figure 4 displays the effect of varying damping and stiffness
coefficients on the mean generated power when subjected to a
monochromatic sea state with H; = 1 mand 7, = 9 sec using
parameters in Section IV-A. It is obvious that a maximum
peak of 61.171 kW occurs at By, = 147,368 Ns/m and
Kpio = 112,500 N/m. In terms of Bpy,, it is noticed that
values equal to zero do not generate power, and values below
the optimal results in a steeper curve than higher values.
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FIGURE 4. 3D curve of the WEC generated power subjected to damping
and stiffness variations.

The reason being that B, is concerned with the ability of the
WEC to absorb active power. Negative values of B, indicate
that active power is released to the sea. Large values of By,
increases the WEC resistance to move, which decreases the
generated power. Regarding K., zero values generate power
but exceeding optimal values will result in a steeper decrease
of generated power. Unlike By, Ky is concerned with the
absorption of reactive power. Large values of K, increase
the amount of required reactive power, which comes at the
expense of the generated active power. Taking these effects
of By, and Ky, into consideration, boundary limits must be

defined, where B, € |0, BI’;’,‘O’X] and Ky, € [O, KIZ’};’X].

In this MPPT, mean generated power is sampled every
control period T.onso; and coefficients are interchangeably
updated toward the gradient direction that leads to maximum
generated power. A flowchart of the proposed MPPT
algorithm is shown in Fig. 5. If the iteration number of the
control period k is odd, B, is updated based on the power
and damping values obtained from prior periods, while K,
remains unchanged, as shown below:

daP,
Bpm(k +1)= Bpto(k) + (k) - sign (33 ) 49)
pto

Kpto(k +1)= Kpto(k) (50

when k is even, By, is unchanged, but K, is updated as
follows:

Bpto(k +D= Bpto(k) (51

daP,
Kpio(k + 1) = Kpo(k) + (k) - sign (aK ) (52)
pto

where (k) represents the step size at the update period
iteration number k. The gradients can be approximated
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FIGURE 5. The flowchart for the proposed MPPT reactive control
algorithm.

through first-order backward differencing as
0P, Pok) — Polk — 1)

0Bpo  Bpio(k) — Byro(k — 1)
0P, Po(k) = Polk — 1)

0Kyt Kpiok) = Kpio(k — 1)

Finally, the MPPT algorithm determines the PTO control
force as follows

SPPH) = =Bpro(K)2(t) — Kpro(K)z(1). (55)

To improve the MPPT performance, proper tuning must be
taken in choosing the control rate and step size. The control
rate feonror 18 the reciprocal of the control period, and it
defines the rate at which the MPPT responds to mean power
output variations. The MPPT response can be accelerated
using a faster control rate, allowing the maximum power point
to be reached sooner. However, increasing the control rate,
beyond a limit, can cause the MPPT to oscillate rapidly due
to insufficient power measurements. To avoid this instability,
the control period must be set at a constant greater than three
times the wave period [22].

(53)

(54)
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The step size pu governs how aggressively the MPPT
algorithm reacts to variations in mean generated power.
Selecting the step size is typically a trial-and-error process.
A small step size results in a smaller dynamic response,
increasing the transient power loss. By contrast, a large step
size provides a faster response but introduces significant
fluctuations near the maximum power region [54]. To address
the step size selection, the MPPT adopts a variable step size
defined by the following:

if | AP (k) > P|
| AP, (k)| (56)
—

Mfixed »

plk) = el A D
,if |AP.(k) < P|

Mfixed -
where AP,(k) is the change in mean generated electrical
power given by

AP (k) = P,(k) — P.(k — 1). (57)

A fixed step size pfiveq is adopted when the distance
is far from the maximum power point. When mean power
approaches the maximum power point, AP.(k) decreases
until its value is lower than the power difference threshold
P and the step size decreases with respect to AP, (k). This
method improves the MPPT performance by solving the slow
response and high fluctuations near maximum power points.

B. POWER CURTAILMENT CONTROL

The PTO control force from (55) generates uncontrolled
power that depends on sea state conditions rather than a
defined power reference. Calculating a PTO control force
that enables power following is not straightforward as it
complicates the control design due to additional compu-
tational requirements such as excitation force predictions
and real-time optimization solvers. However, it is noticed
from (29) that scaling down the PTO control force can
decrease the absorbed power and, consequently, the generated

~
(e}

[} W P W N
fen) (e} (e} (e} S

Generated electrical power (kW)

o

0 0.2 0.4 0.6 0.8 1
Scale factor ()

FIGURE 6. The WEC generated power subjected to scale factor variations.
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power. Figure 6 shows the changes in mean generated power
due to scaling down the PTO control force by different scale
factors.

This work proposes a novel power tracking strategy that
includes a PI controller to scale down the calculated MPPT
control force to achieve a desired power setpoint. This PI
controller, called the power curtailment controller (PCC),
aims to reduce power generation.The use of PI controllers for
this power tracking control strategy provides several benefits
including computational simplicity and the capability for
manual tuning the PI parameters without requiring in-depth
knowledge of the WEC model. Additionally, the PCC
controller operates at a slower rate compared to the PI
controllers in the lower-level current control loop, discussed
in Subsection Illc. This difference in rates enhances the
overall system stability by enabling each PI controller
to concentrate on its specific objective with minimum
interference among them [55]. Finally, the proportional action
provides a responsive adjustment to changes in the running
mean generated power, while the integral action corrects any
cumulative errors.

The PI controller receives the mean generated power and
compares it with the power setpoint to determine the proper
scale factor given by the following:

M) = Kpp (Py(1) = Pe(0)
t
+Ky [ (o= Pao)ar )
0

where A and P} are the scale factor and power setpoint,
respectively. The proportional gain is denoted by Kpp,
whereas Kj, is the integral gain. The scale factor A is
bounded by the range [0, 1]. To ensure faster dynamics and
performance, the control rate of the PI controller should be
faster than the MPPT’s control rate. The scaling factor is

PMLG
€q Rs Ls / ia\l /Ea\l

AC/DC Converter

N N
ldg Tabe
< g ‘a_J
Eq. (30) Vor.
Eq.(48):vdq A abe
fmppt
3
f*
u
pcC
u

Power Curtailment Controller

FIGURE 7. The upper-level current structure.
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multiplied by the MPPT control force to obtain the modified
control force for power following as follows:

fP0 = 2(@) - £, (1), (59)

The MPPT reactive control and PI-based PCC are both
integrated in the upper-level control, as shown in Fig. 7,
to govern the power output of the heaving WEC by defining
the PTO control force reference as follows:

(60)

. £"PPY(¢) for max. power generation
Ju () =

fPet)  for power setpoint following.

The advantages of this proposed control strategy revolve
around its simplicity and the low computational requirement
to shift between maximum power generation and power
command tracking alternatively. The strategy is less sus-
ceptible to model errors and uncertainty because it adopts
a model-free approach that does not need excitation force
predictions. Furthermore, only measurements of the heave
displacement, heave velocity, and PMLG-generated power
are required, which are easily obtained from commercialized
sensors from the market. In addition, the absence of an
optimization problem eases the restrictions for real-time
operations. Finally, the P PCC does not affect how the MPPT
calculates its control force. Thus, it can be simply integrated
into any maximum power absorption control strategy.

C. LOWER-LEVEL CURRENT CONTROL

The lower-level current control, shown in Fig. 8, realizes
the PTO-controlled force reference f,*(¢) received from the
upper-level control. This is often accomplished by changing
the PMLG stator currents in real-time via AC/DC converter.
The PMLG can be modeled with the AC/DC converter by
expressing vyq(f) and vy (¢) in terms of converter control
actions as follows:

Vsd (1) = Vaeusa(t) (61)
Vsq(t) = Vacltsg(t) (62)

where uz(t) and ug,(¢) represent the d-q components of the
control signal for the rectifier switches expressed by the

SafSnSe

Ug
dqQ U, ,
e e PWM

weLigisq + wewpm

FIGURE 8. The lower-level current structure.
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following:

1 ifS;is ON and S/ is OFF
e DU i=abc (63)
0 if §;is OFF and S; is ON

by substituting the values of vy (#) and vg,(f) from (61)
and (62) into (26) and (27), the PTO model becomes the
following:

disddt([) _ _Rsll;sd ®) + cue(t)isq(t) _ Vdc'zvd ®) (64)
disq(t) _ _Rsisq(t) . (1)
i L. + we(1)isa(t) — L, ¢pm
_ Vdcusq(t)
I (65)

The iy is controlled by vy, while the iy, is controlled by the
vsq- The direct current reference i}, is set to zero to reduce
copper power loss, whereas the quadrature current reference
i;‘q is given from (28) as follows:

27,
37 dpm

Two PI control loops are used to regulate the actual d-q
component stator currents. To eliminate the cross-coupling
terms shown in (64) and (65), feed-forward compensation is
added to the PI controllers’ output [55]. Finally, a sinusoidal
pulse width modulation is used to generate the switching
states for the AC/DC converter.

fa ®. (66)

ijq(t) =

D. ENERGY STORAGE SYSTEM CONTROL

The objective of the ESS controller is to compensate for
the voltage fluctuations in the DC bus, which are caused
by imbalances between generated and consumed power.
This control system adopts a two-cascaded loop structure,
as shown in Fig. 9.

Voltage control is dealt with by the PI controller in the outer
loop. The outer PI controller compares the measured DC
voltage vy with the reference DC voltage v}, to generate the
supercapacitor current i}, reference required in regulating the
DC bus voltage. Given the voltage controller’s proportional

PWM

Current
Controller

— Voltage
Controller

S1| So

N

L)
|

1
T

zs_’cl
== |Supercapasitor .GE C e

DC/DC Converter =

=Ivdc
DC Bus

FIGURE 9. Supercapacitor energy storage control structure.
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TABLE 1. WEC system parameters.

Parameter Symbol (value)
Buoy diameter D (5 m)
Total mass m (3 x 10* kg)

Buoy added mass at infinite frequency
Buoy surface area

Buoyancy stiffness coeficient
Restoring spring stiffness coeficient
Sea water density

Gravitational acceleration

PMLG flux linkage

PMLG pole pitch

Number of turns per-phase

PMLG stator resistance

PMLG stator inductance

DC bus capacitor

Supercapacitor resistance
Supercapacitor capacitance

DC/DC Inductor

Supercapacitor rated voltage

DC resistive load

Moo (2.85 x 10* kg)
A, (19.6 m?)

Cp (1.9x10% N/m)
Crs (6x10* N/m)

p (1.025x10% kg/m®)
2 (9.8 m/s?)
Gpm(19.8 Wb)

7, (4.5%1072 m)

N, (550)

Ry (5Q)

L, (32 mH)

Cae (2.7 mF)

Ry (30 mQ)

Cs (11F)

Ly (3.3 mH)

Vse (700 V)

R (50 Q)

gain K, and integral gain Kj,, i}, is calculated as follows:

i;kc = Kpo (Vdc(t)* - Vdc(t))
t
+ K / (rae®)* —vae(©)dr  (67)
0

The inner PI controller receives i}, and compares it with
the measured supercapacitor current to generate the control
signal u12. The control signal is then transmitted to a pulse
width modulation generator to produce the IGBT switches
for the DC/DC converter. Given the current controller’s
proportional gain K),; and integral gain Kj;, the control signal
is expressed as follows:

up = Kpi (isc(t)* - ixc(t))

t
+ Kii/ (ixc(f)* - l.sc("—')) dr (63)
0

IV. RESULTS AND DISCUSSION
A. HARDWARE-IN-THE-LOOP EXPERIMENTAL SETUP
An experiment is conducted to evaluate the heaving WEC’s
performance under maximum power generation and power
setpoint tracking. Given the complexity of deploying an
actual WEC at sea, the hardware-in-the-loop (HIL) scheme
was designed to replace the actual WEC with a virtual
simulated model, similar with the structure of the HIL
n [12]. Computer simulations of sea wave profiles, buoy
hydrodynamics, PMLG, and supercapacitor energy storage
are implemented in a MATLAB environment based on
the mathematical models in section II. Furthermore, the
HIL incorporates physical hardware devices to realize the
control actions and validate its practicability in real-time
applications. Finally, a dSPACE Micro Auto box system
performs three primary tasks:

1) Run the WEC model in real-time and send the output

power values to the programmable sources to produce.
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FIGURE 10. The schematic diagram of the HIL experimental setup.

TABLE 2. Physical hardware used in the HIL experimental setup.

Manufacturer (model)
DSpace (1011/1013)
Chroma (65107)
Chroma (62060D)

Taraz (SPM-VFD-MOS)
Taraz (SPM-HB-MOS)
Terco (MV 1100)

Terco (MV 1961)
Nichicon (81V32L-09)
Inverpower (Reactor 10 A max)
SPM (9944)

Taraz (USM-31V)

Hardware description
DSP and control hardware
AC power source

DC power source
AC/DC power converter
DC/DC power converter
Three-phase resistor

DC resistive load

DC bus capacitor
Inductor

High frequency inductor
Voltage & current trans.

2) Feedback sensor measurements to the controller.
3) Send the switching states to the power converter.

Table 1 summarizes the WEC parameters used in this
study. The physical hardware devices used in the HIL scheme
are listed in Table 2. A schematic diagram and physical
configuration of the HIL setup are shown in Fig. 10 and
Fig. 11, respectively.

While the proposed controllers can be validated via
computer simulation due to low computational requirements
for real-time applications, using the dSPACE Micro Auto
box for HIL testing offers key advantages. It enables real
hardware interaction, such as using power converters for
current regulation. This process can uncover issues related
to pulse width modulation techniques for switching signal
generation, which might not be evident in a purely simulated
environment. Moreover, validating controllers in dSPACE
ensures their robustness in real-world scenarios, especially
against challenges like electrical noise from sensor measure-
ments. Finally, this HIL configuration will be a platform to
evaluate advanced computational control strategies for real-
time implementation.

The MATLAB simulation part of the experimental setup
runs at a sample period of 1 x 10™* seconds. The MATLAB
software simulates sea state profiles that produce wave
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FIGURE 11. A physical configuration of the HIL experimental setup:

(1) dSPACE board, (2) DC/DC converter, (3) AC/DC converter, (4) Voltage
and current transducers, (5) High frequency inductor, (6) DC bus
capacitor, (7) DC resistive load, (8) inductors, (9) three-phase resistors,
(10) Programmable AC power source, (11) DC power source.

elevations to excite the WEC model. The resulted EMF
voltages was implemented using the AC Programmable
source. Since the actual voltages were too high to be
generated by the programmable AC source, they were scaled
down by a factor of 0.05. Output voltages of the AC source
cause current to flow through physically connected resistors
and inductors equal to the PMLG stator resistance and
inductance. These currents resemble the scaled-down PMLG
stator currents and can be controlled by the AC/DC power
converter. To reinstate the PTO control force, the sensing
currents are scaled up by a factor of 30 and sent to the
WEC model in the MATLAB environment. The same method
is adopted for energy storage, where the output voltage of
the simulated supercapacitor is scaled down by a factor of
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FIGURE 12. Comparison between simulation and experimental results
with a monochromatic wave, where Hs = 3 m and T = 8 sec, in terms of:
(a) stator quadrature current, (b) the voltage at the DC bus,

(c) instantaneous absorbed mechanical power, (d) instantaneous
generated power, (e) the power provided by the supercapacitor ESS,

(f) the power across the DC load.

0.05 and sent to the DC power supply for generation. The
output terminals of the DC power supply were connected
physically to a high-frequency inductor and DC/DC power
converter. The current flowing through the inductor and the
DC bus voltage was scaled up by factors of 30 and 20,
respectively, before being sent as feedback to the energy
storage controller. Real-time measurements of currents and
terminal output voltages are taken via V-I sensors and the
dSPACE.

To validate the HIL scheme, experimental results are
evaluated with simulation-based results in Fig. 12. The
heaving WEC is assumed to be excited by a monochromatic
sea state with H; = 3 m and 7, = 8 sec and the damping
control was chosen as the energy extraction algorithm. For
the experimental results, voltage and current readings taken
from actual sensor measurements are scaled by a factor of
20 and 30, respectively, to accommodate the scaling-down
process caused by physical hardware limitations. It is
apparent from Fig. 12 that there are minor discrepancies
between the simulation and experimental results. Figure 12a
demonstrates that using the Parke-Clarke transformation
on three-phase stator currents in a monochromatic wave,
marked by a varying frequency and magnitude AC pattern,
leads to a sinusoidal quadrature stator. From Fig. 12c, the
absorbed mechanical power is always positive, indicating
a unidirectional power flow. When the generated power in
Fig. 12d increases, the ESS delivered power in Fig. 12e
decreases, and vice versa. This shows the ESS and its
associated controller were able to stabilize the DC bus voltage
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TABLE 3. MPPT reactive control parameters.

Parameter Symbol  Value

Control period Teontrol 40's

Fixed step-size Wfixed 2.5 x 10*
Initial damping coefficient Byo(0) 8 x 10* Ns/m
Initial stiffness coefficient Ky0(0) 5 x 10* N/m
Maximum damping coefficient  Bj;" 3 x 10* Ns/m
Maximum stiffness coefficient K" 2.5 x 10* N/m
Power difference threshold P 10 kW

and the power across the load, as shown in Fig. 12b and
Fig. 12f, respectively.

B. MAXIMUM POWER GENERATION

The control algorithm is applied to the HIL experimental
setup to evaluate the proposed MPPT reactive control for
maximum power generation. The MATLAB environment
operates at a sampling period of 10 ms, and the design
parameters of the MPPT reactive control are shown in Table 3.
The controller is subjected to both monochromatic and
polychromatic wave conditions. The monochromatic wave
is of a wave period of T = 9.4 s and wave height of
H = 3.66 m. It is employed to facilitate a more
straightforward analysis of the MPPT performance, devoid
of the intricacies posed by fluctuating wave conditions.
This approach is vital for the initial validation of the
control strategy’s effectiveness in a consistent and repeatable
environment. Meanwhile, the polychromatic wave with
T, = 94 s and Hi, = 3.66 m is used to evaluate the
MPPT performance under realistic sea conditions. Figure 13
depicts the difference between the monochromatic and
polychromatic waves.

Wave elevation (m)
. o
Wave elevation (m)

-2

-2
40 60 80 100 40 60 80 100
Time (s) Time (s)
(a) (b)

FIGURE 13. Sea surface elevation: (a) Monochromatic wave profile with
H =3.66 mand T = 9.4 s, (b) Polychromatic wave profile with
Hs=3.66mandTe =9.4s.

Figure 14 displays the efficacy of the MPPT reactive
control under the monochromatic wave, depicted in Fig. 13a,
for an extended duration of 600 s. The initial value of mean
power was zero, while the initial values of both damping and
stiffness coefficients were shown in Table 3. During every
control period, the instantaneous generated electrical power
was measured and its mean was calculated for the subsequent
control period. It can be observed that the system started from
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FIGURE 14. Experimental results of MPPT reactive control performance
under monochromatic sea state 3: (a) mean generated electrical power,
(b) damping coefficient B4, () stiffness coefficient Kp¢,.

a non-maximum power point and the coefficients increased
with large step sizes due to large mean power deviations,
and suddenly decreased as power deviations fall below the
power difference threshold. After 280 s, the WEC approached
its maximum power point, i.e., about 74.3 kW, and then
oscillates slightly around that value as the coefficients slightly
converge to their respective optimal values. At 240 s, Ky,
increased from 8.04 x 10* N/m to 8.59 x 10* N/m resulting
in a mean power decrease from 74,3 kW to 72.3 kW as seen
at 280 s. The MPPT algorithm responded by decreasing K,
t0 8.37 x 10* N/m at 320 s. The same was noticed when Bpio
increased from 1.37 x 10° Ns/m to 1.41 x 10° Ns/m at 280 s,
which decreased the mean power to 71.2 kW as seen at 320 s.
The MPPT acted by increasing B, to 1.40 x 10° Ns/m at
360 s. These responses prove that the MPPT updates both
coefficients in the direction that leads to maximum power.
Minor oscillations in these values were observed due to
slight variations in the mean generated power between control
periods, arising from the fixed periods capturing different
portions of the wave cycle. This leads to inconsistent power
extraction, caused by phase misalignment and the asymmetric
distribution of power across the wave cycle.

Figure 15 depicts the MPPT reactive control behavior
when exposed to the polychromatic wave conditions, as pre-
sented in Fig. 13b. Similar to the monochromatic condition,
the coefficients were assigned with their respective initial
values, as depicted in Fig. 15b and Fig. 15¢c, and the MPPT
perturbed them based on the mean power measurements.
However, the fluctuations in polychromatic waves lead to
notable power deviations, as depicted by the mean generated
power in Figure 15a. This is particularly evident at 480 s,

176792

z

< T T T T T

P S50k

=}

o

g

20

g0

% 0 100 200 300 400 500 600
Time (s)

_ ) ()

=] 5

2 2 ; . . ;

= J | |

§ 1.5F :

e

£ 1t J

=3 1 1 1 1 1

é% 0 100 200 300 400 500 600
Time (s)

(b)

£ xiot

> T T T T

C10F .

S i Sy I

S s ]

<

E o L 1 L L 1

a 0 100 200 300 400 500 600
Time (s)

(©

FIGURE 15. Experimental results of MPPT reactive control performance
under polychromatic sea state 3: (a) mean generated electrical power,
(b) damping coefficient By, (c) stiffness coefficient Kp¢,.

where there was a significant decline in the mean power
from 50.71 kW to 13.16 kW. The damping coefficient,
By, demonstrated a progressive rise as the power increases,
culminating at the peak of 1.81 x 10° Ns/m. Subsequently,
there was a decreasing to 1.56 x 10° Ns/m at 440 s,
corresponding with a decline in the mean power output
from 25.8 kW to 17.7 kW at 360 s, before it ascended
again to 1.81 x 10° Ns/m. Meanwhile, Ky increased as
the power increased until reaching 1 x 10° N/m at 160 s.
For the remaining duration, the K, alternated between
1 x 10 N/m and 7.5 x 10* N/m depending on the rise
or drop in the mean generated power. It is evident that the
power variations measured at each sampling period exceeded
the set power difference threshold, leading to larger step
changes in the coefficient updates. However, an exception
occurred at 280 s when the value of By, increased by
1491, a modification attributed to the mean generated power
witnessing an increment of 1.56 kW at 200 s.

Several points of concern emerge regarding the perfor-
mance of the MPPT reactive control under polychromatic
waves. Despite offering a simple and cost-effective method
for adjusting the damping and stiffness coefficients, the
intrinsic variability of polychromatic waves impedes the
MPPT’s capability to converge the coefficient values, such as
in monochromatic conditions. This challenge arises because
the MPPT struggles to determine whether shifts in power
output stem from changes in coefficients or from the inherent
fluctuations in wave power. Furthermore, the presence of
two tuning variables complicates the process of tracking
maximum power. Finally, while large control periods are
necessary to provide sufficient power information, they delay
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TABLE 4. Applied sea-states and their characteristics.

Param., sym. (unit) S1 S2 S3 S4 S5
Sign. height, Hy (m) .52 3.09 3.66 5.18 7.43
Energy period, T (s) 6.4 7.8 9.4 10.1 12.3
Mono. pow., P, (kW)  72.6 3654 7238 1329.6 33313
Poly. pow., P,, (kW) 36.3 1827 3619  664.8  1665.7
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FIGURE 16. Wave energy spectrum based on different sea-states
characteristics.
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FIGURE 17. Comparison between damping control (blue circle) and MPPT
reactive control (red triangle) in terms of: (a) average mechanical
absorbed power, (b) average generated electrical power, (c) capture
width ratio, (d) wave to wire efficiency.

the MPPT response, as counteractive coefficient updates are
performed in the subsequent control period.

Furthermore, technical assessments are conducted to
evaluate the proposed MPPT reactive control strategy
against damping control. These technical assessments include
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FIGURE 18. The power tracking performance of the power curtailment

controller under a monochromatic wave: (a) running mean generated
power, (b) scale factor, (c) PTO control force.

mechanical absorbed power, generated electrical power,
capture width ratio (CWR) and the wave to wire efficiency
(nw2w)- The capture width ratio is a dimensionless assessment
that describes the WEC’s ability to absorb wave energy,
whereas the wave-to-wire efficiency describes the WEC’s
efficiency in converting wave power into electrical generated
power. The following equations calculate both assessments

Py
CWR = = (69)
P, -
P,
Nw2w = P D x 100% (70)
where
1Y
Py =+ ZPm(z) (71)
5 i=0

Polychromatic sea wave profiles containing five sea states
with varying energy periods T, and significant wave height
H;, were applied to investigate the technical assessments
under different wave conditions. The polychromatic wave
profiles were modeled using the PM wave spectrum, and
Table 4 illustrates the characteristics of the applied sea
states, whereas Fig. 16 shows their respective wave energy
spectrum. It is noticed from Fig. 16 that S1 and S5 contain
the lowest and the highest available energy, respectively.

Fig. 17 presents a comparative analysis between the MPPT
reactive control and the damping control strategies under
polychromatic sea conditions detailed in Table 4. Both
control strategies run for a duration of 1000 s and compared
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FIGURE 19. The power tracking performance of the power curtailment
controller under a polychromatic wave: (a) running mean generated
power, (b) scale factor, (c) PTO control force.

on the basis of average mechanical absorbed power, average
generated electrical power, capture width ratio (CWR) and
the wave to wire efficiency ((n,2,,)). It’s obviously seen that
the MPPT shows greater superiority in all the assessments.
The MPPT achieves an average absorbed power of 8.29 kW,
33.92 kW, 41.25 kW, 79.3 kW, and 166 kW in sea-states 1,
2, 3, 4, and 5, respectively. This shows an increase ranging
from 65% to 72% when compared to damping control. The
same is noticed in Fig. 17b, where the MPPT increased the
WEC power generation by 62.5%, 70.6%, 59.4%, 57.9% and
55.4% sea state 1, 2, 3, 4 and 5, respectively. Furthermore,
the overall capture width ratio for the MPPT varies between
0.22 and 0.1, which is greater than that of damping control,
i.e., 0.065—0.15 as shown in Fig. 17c. However, they both
exhibit similarities in which they both decrease in more
energetic wave profiles, which is intuitive considering that
greater wave power is available. This is because WECs have
amplitude restrictions caused by the finite buoy volume, or by
limits on the stroke of the PMLG [3]. From Fig. 17d, lower
wave to wire efficiency 1,2, were also recorded for more
energetic sea states due to the amplitude restrictions and
that larger control forces f,, are required, resulting in higher
PMLG stator currents and hence greater copper losses.

C. POWER SETPOINT FOLLOWING

The power curtailment controller is activated when the
heaving WEC operates at power setpoint following mode.
The PI controller runs at a sampling period of 0.01 s, and the
scaling factor X is bounded by the range [0.1, 1]. Figure 18
depicts the effectiveness of the power curtailment controller
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in tracking power under a monochromatic wave is depicted.
This wave has wave height of 3 m coupled with a wave period
of 8 s. The heaving WEC managed to follow the desired
power setpoint of 60 kW, as seen in Fig. 18a. Figure 18b
illustrates the relation between the scale factor A and the
running mean generated power P,. Initially, A operates at
its maximum, a value of 1. This continues until the 36.4 s,
at which point P, aligns with its power setpoint, prompting
a variation in A. Whenever P, is below the power setpoint, A
increases, and vice versa. After 75.5 s, the controller managed
to confine P, close to the power setpoint. It is seen from
Fig. 18c that A effects the control force magnitude in a
proportional relation.

Figure 19 shows the power tracking performance under
polychromatic wave with H;, = 3 m and 7, = 8 s. The
controller is tasked with following a power setpoint of 60 kW.
During the initial 150 seconds, the WEC operates at its peak
generation capacity to attain the specified power command.
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This is shown by A = 1, as illustrated in Fig. 19b. Similar
to the monochromatic wave condition, when P, lingers
beneath the power setpoint, there’s a consequent increase
in A, and the opposite occurs when the power exceeds the
setpoint. However, A convergence is not seen because of the
rapid power variations in polychromatic wave conditions.
This suggests that as the wave power content increases,
A experiences a decrement, and vice versa.

Figures 20 and 21 demonstrate the efficacy of the
PCC strategy for the heaving WEC in relation to power
setpoints. This is illustrated under two separate wave
scenarios: monochromatic waves, as shown in Fig. 20, and
polychromatic waves, as presented in Fig. 21. The wave
characteristics align with those depicted in Fig. 13, and the
instantaneous generated power is averaged every 40 s, akin
to the methodology employed for recording the generated
power in the MPPT reactive control. In Fig. 20, the power
setpoint varies every 120 s, starting with 35 kW and changes
to 20 kW than 30 kW and finally 20 kW. Contrasting
with the maximum power generation depicted in Fig. 14a,
the WEC generates power at levels below its maximal
capacity, approximately 74.3 kW, in order to comply with the
predetermined power setpoints. Furthermore, it’s noticed that
some transient time is required for the WEC to remain within
suitable ranges around the power setpoint, as this duration
facilitates the convergence of the scale factor A.

In Fig. 21, a constant power of 20 kW was given as
the power setpoint. At the start, the mean generated power
was below the required setpoint, and hence maximum power
generation mode is activated and the MPPT Reactive control
algorithm tuned the coefficients until the setpoint is reached
at 120 s. After 120 s, the active power PI controller managed
to regulate the generated output at a range between 19.1 kW
and 21.69 kW because of the fluctuating power contents in
polychromatic sea states.

V. CONCLUSION

In this paper, the control issue for a heaving WEC operating
at maximum power generation or power setpoint following is
addressed. Maximum power generation is achieved through
a reactive control strategy employing a variable step size
MPPT algorithm. This algorithm tunes the damping and
stiffness coefficients toward maximum power generation,
which dictates the control force. The MPPT algorithm is
a low computational approach that is less susceptible to
WEC uncertainties and avoids the need for wave frequency
knowledge. The results from the HIL experimental setup
demonstrated that in the case of monochromatic wave con-
ditions, the MPPT reactive control effectively modified the
coefficients. This adjustment continued until a convergence
was achieved at values that maximize power generation.
Then, the controller was subjected to a polychromatic wave
to assess its performance in real sea wave environments.
It was noticed that the intrinsic variability of polychro-
matic waves caused the MPPT to continuously adjust the
coefficients, thus preventing a convergence such as in
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monochromatic conditions. Furthermore, a comparative anal-
ysis was undertaken to evaluate the performance of the MPPT
reactive control against damping control across various
polychromatic sea states. The experimental findings indi-
cated that the proposed control approach exhibited superior
performance in a range of technical evaluations. Notably,
it was able to generate an excess of 55.4% electrical power
compared to the damping control for each polychromatic sea
state.

For the power setpoint following, the control force,
as determined by the MPPT algorithm, is multiplied by a
scale factor determined by a PI-based PCC. The advantage of
this strategy is that it will add flexibility to the WEC system,
allowing it to function as a more controllable power source
by regulating its generation phase power, thus reducing its
reliance on an ESS. Furthermore, this strategy is independent
of the control force computations derived from the MPPT.
This characteristic facilitates its seamless incorporation into
other methods to maximize power absorption. Results show
the efficiency of the PCC, where decreasing the scale factor
reduces the magnitude of the control force, thus limiting the
generation output of the WEC to levels beneath its maximum
capacity to track predefined power commands accurately.
This efficiency was particularly notable in monochromatic
wave conditions because the uniform nature of these waves
facilitated a more straightforward scale factor determination.
The irregularities in polychromatic waves introduced difficul-
ties for the PPC, yet it managed to maintain the power output
within satisfactory limits near the power reference.

Future research work of this study may involve incorporat-
ing artificial intelligence and machine learning techniques to
forecast the varying wave conditions and adapt the parame-
ters of the MPPT algorithm accordingly. This incorporation
aims to allow the MPPT algorithm to differentiate between
changes in power output caused by coefficient modifications
and those resulting from fluctuations in wave energy.
Regarding the PCC strategy, proper tuning of the PI controller
presents a significant challenge due to the fluctuating power
content of polychromatic waves. Improper tuning can lead
to potential issues like slow response and oscillations if not
properly calibrated. Thus, an adaptive method is preferred to
automatically tune the gains in accordance with the prevailing
wave conditions. Finally, an energy management strategy is
needed to shift between maximum generation and setpoint
following. This guarantees that power generation remains
within the limits of what the interconnected power system
can absorb and the ESS’s storage capacity, ensuring optimal
utilization.
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