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Abstract— A real-time latching controller with consideration
of wave force prediction is developed and applied to a heaving
point-absorber to maximize its energy absorption. The control
scheme is based on the combination of optimal command theory
and first order-one variable grey model GM(1,1). By forecasting
the wave forces in the near future, the control action at the next
instant is deduced. Simulation results show that the energy
absorption is increased due to the real-time controller. Therefore,
the developed real-time controller is applicable to an industrial
wave energy converter (WEC) in random waves. The effect of
wave force prediction deviation is also examined. It is shown that
the control efficiency is reduced in the presence of prediction
deviation.
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I. INTRODUCTION

It is expected that the global demand for energy will climb
up to 25 percent by 2040 and the world is pursuing economic
and renewable energy sources to keep up with this considerable
demand growth [1]. Compared with other sustainable energy
resources, wave energy is a kind of resource with high power
density and all-day availability. Owing to these advantages,
wave energy is regarded as a prospective solution to the
sustainable generation of power. Various types of wave energy
converters have been developed to harvest energy from ocean
waves [2-4].

Given that the energy extraction efficiency of WECs is
usually relatively (especially in off-resonance state), various
control methods were developed to maximize the energy
absorption. Babarit et al. [5] studied how the declutching
control influenced the energy absorption of a WEC in regular
and irregular waves. Merigaud and Ringwood [6] used the
pseudo-spectral control to maximize the energy absorption of a
one-degree of freedom WEC. Babarit and Clement [7] assessed
the benefits produced by the latching control. Based on the pre-
generated wave elevations, the optimal command theory was
applied to determine the control law. Henriques et al. [§]
applied latching control to an oscillating-water-column WEC.
The sensitivity of energy absorption to receding horizon length
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was examined. In spite of the well-developed control
strategies, most WEC control assume that the wave forces are
already know, implying that they are not applicable in real
practice where no one is able to know the wave forces in the
future.

Actually, it is necessary to predict the wave forces if a
controller is to be implemented to a WEC. Two categories of
prediction approaches are available. The first group is the
spatial prediction, which forecasts the wave information at a
certain point based on the observations at nearby locations.
This type of approach can be effectively applied in the WEC
array as each device operates as an observation station [9]. The
second group forecasts sea waves with the collection of past
wave information right at this point, which is by nature a
regression method and does not require the dynamic model of
the random process. Consequently, it is applicable to the
prediction of many variables, such as wave elevation, wave
force, floater velocity, etc. Fusco and Ringwood [10] came up
with a linear autoregressive model, which implicitly considered
the cyclical behaviour of waves. Ge and Kerrigan [11]
predicted the wave elevations using autoregressive moving
average model. Halliday et al. [12] utilized the fast Fourier
transformation to predict the random sea waves. A wave
prediction model based on the grey model was developed by
Truong and Ahn [13].

A predictive real-time latching controller is developed in
this work and applied to a heaving point-absorber to maximise
its energy absorption. The developed control scheme is based
on the combination of optimal command theory and first order-
one variable grey model GM(1,1). The energy capture
performances with and without the predictive real-time
controller are investigated to examine whether the proposed
control strategy can work effectively in real practice. Besides,
the effect of prediction deviation on the control efficiency will
be evaluated as well.

II.  MODEL DESSCRIPTION

A heaving point-absorber as shown in Fig. 1 is considered
in this work. The floater is a 5 m hemisphere, which is rigid
connected to the power take-off (PTO) system. The point-



absorber is only allowed to oscillate up and down. The draft of
the floater is Sm. The PTO system is simplified as a spring-
damper system. The restoring stiffness K is 78.8 kN/m, and the
damping coefficient C is 8.14x10° kg/s.

Floater

PTO system

iz

Fig. 1. The heaving point-absorber.

A.  Dynamics of the Floater

Based on the impulse response theory [14],
domain motion equation of the floater is given by

the time-
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where M is the mass of the floater and m is the added mass
corresponding to infinite frequency. z, z, and Z are the
displacement, velocity, and acceleration vectors. Flave is the
wave excitation force. f(f) is the binary control sequence.
When g = 1, the floater is locked; when £ = 0, it is free to
oscillate. The point-absorber switches abruptly between two
states (f = 0,1) so that the latching control is a bang-bang
control. ¢ is the damping coefficient representing the damping
force used to lock the floater. H is the so-called retardation
kernel function which represents the memory effect of
radiation force. It can be obtained from either the added mass
a(w) or the potential damping b(w)
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where w is the wave oscillation frequency. Eq. (1) is the
classical time-domain motion equation used in seakeeping
problem. It is inconvenient to implement the control strategy
using Eq. (1). Therefore, an alternative model is developed to
calculate the motions of the point-absorber in random waves,
in which the convolution term is replaced by a state-space
representation.
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Where 4, B, and C are constant matrices identifying the
system, which can be deduced from the hydrodynamic
coefficients of the point-absorber. The calculation of these
matrices is knowns as system identification. Define a state
vector x = [z, z, u]T with dimension (n+2)x1. Then (1) is re-
expressed as
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Eq. (4) is a first-order, one-variable differential formula,
which is very easy to handle. Given the initial condition x(0) =
0, it becomes a classical initial-value problem and time series
of floater movement can be obtained by the 4th Runge-Kutta
method. Then, the average energy absorption during simulation
interval [0,7] is given by

P= jc 2(t,B)dtIT (5)

III. REAL-TIME LATCHING CONTROL

A. Optimal Command Theory

Assuming that the wave forces during an interval [#1,£,] are
already known, our objective is to maximise the average
energy absorption through the binary control sequence f(t).
From a mathematical point of view, it is required to find the
maximum of P subject to constraint Eq. (4). Now, define a
Hamiltonian H

H=C+A-(yx+1) (©6)

According to the Pontryagin maximum principle, the
optimal £ is the one maximising the Hamiltonian at every time
step throughout [#1,t,]. Apparently, the Hamiltonian reaches the
maximum value on condition that

,32{1 Acz <.0 ™

0 otherwise
Eq. (7) is the criteria to judge whether the point-absorber
should be locked or not. At this point, the next work is to

calculate A and z . Please note that A follows the following
relationship.
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Eq. (8) cannot be solved numerically like an initial value
problem as the final condition is given here. An iterative
process is applied here. Firstly, run the simulation with £(¢) = 0
to obtain the motions free of latching action. Subsequently,
determine A by integrating (8) backwards from ¢t = £, to t = ¢
Then, the control sequence f(f) is deduced. Iterating the
process with the determined control sequence until the results
converge, the optimal control sequence f(¢) can be derived.

B. Wave Force Prediction

The application of optimal command theory is based on the
assumption that the wave forces are already known. Therefore,
it is required to predict the wave forces before applying the
optimal command theory to deduce control sequence. The first
order-one variable grey model GM(1,1) is used here to predict
the wave force. In the grey prediction theory, the prediction is
based on the collection of historical raw data without
requirement of the mathematical model of the dynamic
process. At time step f;, start the forecasting process by
collecting at least 4 consecutive raw data X over the past few
seconds. Moreover, the raw data must be non-negative. To

meet the requirement, a positive offset O = |2'min(xl.)| is

added to the raw data so that the data will be positive. The
offset O is subsequently deducted from the predicted results at
the end of the forecasting process.
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and acquire parameters a and b with the least square method
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Establish the first order-one variable grey model GM(1,1)
to predict the random signal within interval [#+1,+p]
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Where x,,, is the predicted data at time step Zi+,. At time

step t;, collect raw data and predict the data over [#i+1, fi1+p-dt].
Repeat the forecasting process at step #+1 again to forecast the
data over [ti+2, ti+2tp-dt]. By collecting raw data and predicting
future data alternately, the grey model can provide real-time
prediction of the random signal.

C. Predictive Real-time Control

Based on the combination of GM(1,1) model and optimal
command theory, a predictive real-time controller is developed.
Fig. 2 illustrates the procedure of the real-time control strategy.
At time step ¢, predict the wave forces over a certain receding
horizon [#+1, ti+1+Af] using the GM(1,1) model. Since the wave
forces have been predicted, one can use the optimal command
theory to deduce the optimal control sequence over [fi1,
tin+At]. At time step #+1, apply the control action which has
been predicted at the previous step and repeat the process again
to predict the control action at time step #+. Please note that
only the predicted control sequence S(ti+1) is adopted. By
receding forward this algorithm, the real-time control is
implemented throughout the entire interval. Such a control
strategy is also known the receding horizon control or the
model predictive control.

ti+2 ti+p+1

livs iy

t. receding horizon At = p-dt t

N

Fig. 2. Receding horizon control.
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IV. VALIDATION

Firstly, we validate the numerical model in the absence of
the latching control. The energy absorption in a set of unit
regular waves with various oscillation frequencies are
simulated. The results are compared with those suggested by
frequency-domain hydrodynamic analysis programme Wadam
[15], developed by DNV-GL. Please note that the point-
absorber is a linear system without the latching control so that
Wadam is applicable here. The PTO system force is modelled
with the ‘additional damping’ and ‘additional stiffness’ options
provided in Wadam. As displayed in Fig. 3, the agreement
between the two simulation tools are very good.
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Fig. 3. Energy absorption in regular waves.

V. RESULTS AND DISCUSSIONS

A. Regular Waves

Fig. 4 plots the energy absorbed by the WEC in regular
waves. The wave amplitude is 1 m. The receding horizon is set
to 0.27 (T is the period of the regular wave). It is desirable to
see that the energy extraction is improved with the real-time
controller. It proves that the real-time controller can work
effectively in real practice. Fig. 5 illustrates the effect of
latching action on the dynamics of the WEC. As expected, the
response of the WEC is a succession of locked and ramp
stages. The floater is latched for a certain duration when the
velocity vanishes. Once released, the velocity starts to climb up
rapidly. Due to the latching action, the amplitude of the
velocity is augmented. At the same time, the velocity phase is
tuned (see Fig. 6). With the regulation of the real-time
controller, the velocity is generally in phase with the wave
force. This property has been widely used as the criterion to
calculate latching control since the work of Budal and Falnes
[16]. Therefore, Fig. 5 can be used to validate the developed
controller.
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Fig. 4. Average energy absorption in regular waves.
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Nevertheless, the real-time controller seems to be effective
only within low frequency range. When the point-absorber is
subject to high frequency waves, the controller no longer helps.
As pointed out in [17], the duration of a single ramp is roughly
equal to half resonant period of the WEC on condition that the
PTO damping coefficient C is sufficiently small (weak
damping). Therefore, the solution of control sequence is only
available when the wave period is larger than the resonant
period of the WEC. Although the damping coefficient C
adopted is very high to harvest more wave energy, this
property can still help to interpret why the real-time control is
effective in low frequency regular waves.

B. Irregular Waves
TABLE I. WAVE CONDITIONS

Case 1 Case 2 Case 3
H; (m) 2 4 6
T (s) 11.11 12.33 13.27

Three random wave conditions are considered to examine
the effectiveness of the predictive real-time controller (see
TABLE I). The receding horizon is set to 2 s. TABLE 1I lists
the average energy absorption in the three wave conditions
concerned. Owing to the control regulation, the average energy
absorption is increased by over 40%. It proves that the
proposed real-time control scheme is effective in the real world
as well. Consequently, it can be implemented to an industrial
WEC product directly.



TABLE II. AVERAGE ENERYG ABSORPTION

Without control With control
Case 1 34.8 kW 49.9 kW
Case 2 140.0 kW 201.1 kW
Case 3 284.0 kW 428.8 kW
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Fig. 7. Responses of the point-absorber, Casel. (a) velocity and wave force;
(b) energy absorption.

Fig. 7 compares the responses of the WEC with and
without the real-time latching control in irregular waves. From
the red solid curve representing velocity with the application of
latching control, it is obvious that the floater is locked
randomly. At the same time, the amplitude of velocity is
amplified under the action of latching control. Moreover, one
can see that the velocity phase is tuned. The velocity is
generally in phase with the wave force under the action of
latching control. The effect of real-time latching control on the
energy harvesting is illustrated in Fig. 7 (b), where the power
output peak is increased significantly representing the benefit
produced by the real-time control. Nevertheless, the power
output becomes less stable as the PTO system is locked
occasionally. The potential damage of this property to the
integrity of PTO mechanical facilities deserves further
investigation.

C. Effect of Prediction Deviation

Since the wave forces over receding horizon [#+1, #+1+Af] is
forecasted, the predicted wave forces differ from the real ones.
Such prediction deviation may have an influence on the real-
time controller performance.

Fig. 8 displays the prediction deviation effect on the energy
absorption. As shown, the point-absorber extracts more wave
power with the real-time controller when the prediction
deviation is omitted, implying that the prediction deviation has
a negative effect on the efficiency of the real-time controller.
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Fig. 8. Effect of prediction deviation on the control efficiency.

Since the point-absorber is subject to the real wave forces
no matter whether the wave forces over [fi+1, ti+1tAf] is
predicted or not. The discrepancies in Fig. 8 is completely
caused by the control law f, which is deduced on the
forecasted wave forces rather than the actual ones. Fig. 9 plots
the control law deduced by the real-time controller with and
without prediction deviation. In the presence of prediction
deviation, the control law is somewhat varied compared with
that free of deviation. It indicates that the controller sometimes
makes the wrong decision regarding whether locking the point-
absorber or not. For example, the point-absorber should be
released at # = 0.8 s whereas it is locked due to the prediction
deviation. Consequently, the controller efficiency is reduced.
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Fig. 9. Control law with and without prediction deviation, Casel.

VI. CONCLUSIONS

Considering that most previous WEC control studies
assume that the wave forces are already known and are not
applicable to a true wave energy device, a predictive real-time
controller is developed in this study. The real-time control
scheme is based on the combination of optimal command
theory and grey model GM(1,1). The wave forces over the
prediction interval are forecasted with the grey model GM(1,1)
and then the control sequence is deduced by using the optimal



command theory. By receding the control scheme forward at
each time step, the real-time control is implemented.

The movement of the point-absorber is a succession of
latched and ramp stages in regular waves in the presence of
latching action. By regulating the velocity and making it in
phase with the wave excitation forces, the real-time controller
enlarges the energy absorption. For the random wave
conditions considered in this study, the energy absorption is
increased by more than 40% with application of the real-time
controller. Simulation results manifest that the real-time control
strategy developed in this paper can work efficiently in real
world, where the wave forces are stochastic and unknown.
Besides, the prediction deviation has a negative effect on the
efficiency of the real-time controller.
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