
Chapter 16
Control of Wave Energy Converters

R. Suchithra and Abdus Samad

Abstract Energy from the ocean is one of the least exploited renewable and sustain-
able energy sources, and possesses an enormous amount of untapped energy. The
harnessing of energy from the ocean can be accomplished by several methods such
as salinity and temperature gradient, waves, currents, and tidal variations. Amidst
all, the ocean waves are a highly promising form of energy. Ocean waves have a
tremendous amount of energy that can be harvested to meet the increasing energy
demand. There are several challenges in wave energy conversion, which include
the corrosive environment, the constraints of the converters, untuned device perfor-
mance for the incoming waves, and irregularities in waves and air velocity. These
challenges affect the overall system performance and decrease the overall conversion
efficiency. The solution for many of these problems is to tune the device according to
the wave climate and a controlled operation of the system. As waves differ in height
and period, an optimal control method can help improve the efficiency, performance,
and power absorption of a wave energy converter (WEC). This chapter presents a
review of various control schemes applied to wave energy devices to achieve higher
efficiency. The actual efficiency of WEC in real-time is very less compared to theo-
retical efficiency which is obtained around 70–80%. This large efficiency gap is due
to various stages involved in the wave energy conversion process. To achieve good
overall efficiency an optimal design and control techniques need to be applied at
different stages of WEC.

16.1 Introduction

The ocean waves are formed by the wind blowing over the surface of the ocean.
These waves contain an enormous source of energy. Compared to the other renew-
able energy resources, the ocean waves have the highest energy density [1]. Approx-
imately the entire ocean can generate an energy of about 8000–80,000 TW/year, i.e.
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a single wave crest holds an power of approximately 10–50 kW/m [2]. These waves
generate power constantly around the clock. The power generated by the waves
provides a good balance between supply and demand. The energy generated from
waves around the world is predicted nearly 1 TW or more [3]. A foremost part of
the solution to the global energy emergency can be met by harnessing the enormous
power of the waves.

Even though the waves contain this enormous power, the wave energy devices
fit in the lower level of the technology readiness diagram [4, 5]. The main reason
for this is that the wave energy device components do not operate and synchronize
well in different wave climates. In recent years, a lot of attention is given to improve
auxiliary subsystems such as gearing systems, control systems, electrical power take-
off, power system protection, and grid connections of wave energy converte (WEC).
An overall wave energy plant needs to be fully equipped with fault-tolerant devices
for power system protection and the ability to withstand and counteract the unpre-
dictable wave climate. The main issues in wave energy conversion include the harsh
ocean environment, system limitations, mismatch of wave frequency to the resonant
frequency, and irregular wave climates and air velocity. The solution formost of these
problems is to control the process of the wave energy device. As waves fluctuate in
height and period, a suitable control design would be able to improve the efficiency
of a wave energy converter. There are several studies available on the application of
control schemes on wave energy plants. The wave energy plant is dynamic in nature;
it includes nonlinearities while operating. A control system must be designed such
that it has a stable operation in all variable conditions. To extract maximum energy
from waves, the hydrodynamic parameters or the device power take-off (PTO) must
be tuned depending on the incoming waves. Various methods to control the operation
of WECs are given below.

16.2 Control Techniques Applied to WECs

In recent years, a lot of importance is given to improve auxiliary subsystems such
as gearing systems, control systems, electrical power take-off, power system protec-
tion, and grid connections of WEC. An overall wave energy plant needs to be fully
equipped with fault-tolerant devices for power system protection and the ability
to withstand and counteract the unpredictable wave phenomena. Challenges in
wave energy conversion include the harsh ocean environment, system limitations,
mismatch of wave frequency to the resonant frequency, and irregular wave climates
and air velocity. Owing to all these difficulties, the complete device performance
is drastically affected. The solution for many of these problems is to control the
process of the wave energy device. An efficient control method can help tune the
system corresponding to the input wave climate and improve the efficiency of a wave
energy converter. There are several pieces of literature available on the application
of control schemes on wave energy plants. The control strategies onWEC is broadly
classified as:
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1. Control of WEC primary parameters
2. Control of Secondary Converters.

16.2.1 Control of WEC Primary Parameters

The control system improves the cost-effectiveness of theWEC devices. The optimal
hydrodynamic control increases energy production by a factor of 1.5–2.8 [6]. The
control systemadds an advantage in the reduction of initial cost due to the reduction in
system dimensions for some specific amount of energy.Most of theWEC devices are
based on relative oscillatorymotion between two bodies or oscillating pressure distri-
bution within a closed chamber. These oscillators have their resonance, which can be
used to extract energy during certain wave conditions [7]. Due to the seasonal varia-
tion of wave spectra, the year-averaged efficiency of wave energy devices becomes
very low. The solution to this problem is a proper selection of a control scheme. A
control scheme can modify the dynamics of the device such that the efficiency of the
WEC can be enhanced for a wide range of wave climates. Various kinds of active
control mainly focus on structural control and control may be using passive loading,
phase control by latching.

16.2.1.1 Passive Loading

To extract maximum energy from ocean waves, the device PTO has to be tuned
depending on the incoming waves. Thus, control of the amplitude of the wave energy
devicemotion is donewith the help of tuning the damping of the device.Molinas et al.
[8] developed a control scheme for primary conversion stages, which would increase
the energy production of WEC. They developed a model using power electronic
converters implemented on the power network. Passive loading refers to the imple-
mentation of a mechanism to alter dynamic resistance, and mechanical resistance
experienced by the waves when they incident upon the device. Based on the wave
time scale, this dynamic resistancemaychange constantly dependingon theneed.The
load resistance is kept constant, provided by somemachinery,whichwouldmaximize
the converter energy. In this study, an oscillating water column (OWC)WEC system
dynamic is studied, considering it as a cylinder with a hemispherical bottom subject
to heavemotion. Passive loading is a form of a linear control strategy, where the force
exerted by the PTO is directly dependent on the velocity exerted by the air oscillation
or the velocity of the buoy. In this method, the amplitude is only controlled, and no
consideration is given to the phase. The comparison between passive loading with
optimum control and its performance in irregular waves is done by Tedeschi et al. [9].
The peak power always doubles when passive loading is applied for sinusoidal wave
conditions. The comparison of passive loading and optimal control shows that the
maximum energy extraction is possible when the damping and the optimal loading
are almost equal. Different passive loading schemes are classified in Table 16.1.
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Table 16.1 Various passive
loading schemes

Phase and
amplitude

Discrete control Latching control
(sub-optimal)

Declutching control

Continuous control Reactive control
(optimal)

Complex conjugate control (optimal)

Airflow control Valve in parallel with the turbine

Valve in series with the turbine

16.2.1.2 Amplitude and Phase Control

Optimum interaction between theWEC device and the incomingwave is achieved by
controlling the velocity of the device. The purpose of control is to use the optimum
phase and amplitude to extract maximum energy. The optimum phase is obtained
when the oscillating system is in resonance with the incoming wave. Falnes [10]
described a system with optimal phase control of OWC-WEC, which is done by
increasing the oscillation to attain an optimal interaction between the plant and wave.
Maximumpower absorption in theOWCdevice takes place under two conditions: the
oscillation velocity should be in phase with the excitation force, and the amplitude of
the oscillation must be tuned to the optimum value. This means the absorbed power
must be equal to the power radiated into the sea. Two types of control strategies
were stated in the above work; the first control strategy is used to maximize the
converter power based on the measurement of the input wave. The second one is
the amplitude of the oscillation needs to be tuned to the optimum value. This means
the absorbed power to be equal to the power reradiated into the sea. Nunes et al.
[11] applied phase and amplitude control on OWC-WEC containing variable pitch
Wells turbine. The study showed that the response of the system could exactly match
a particular frequency of the incoming wave, which is different from the device’s
natural frequency. A controller was developed to perform quality control, which
could predict few more seconds into the future for a fixed time window and use the
Fourier transform of the incoming wave inside the specific period to perform the
spectral analysis. From the data of spectral analysis, a reference for the controller
was constructed. Themodeling of OWC-WEC in the above work did not consider the
diffracted and radiated flow. However, for an OWC device exhibiting second order
dynamic behavior, the optimal condition for energy extraction took place when the
oscillating pressure inside the chamber and diffraction flow were in phase with each
other. The excitation force is due to the action ofwater inside the chamber. To develop
phase control on OWC-WEC, a Wells turbine with variable pitch was used in that
work. As this turbine can act either as a compressor or as a turbine, there is a chance to
control the pressure inside the chamber. The main factors behind implementing any
control strategy are the quality of energy extracted and the cost of implementation.
Any efficient control schememust have a good correlation between these two factors.
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16.2.1.3 Discrete Control

(a) Latching control
Latching control is a phase control scheme that was developed in the early
1970s byBudal and Falnes [12], whichwas used to demonstrate the application
of control systems for optimizing the motion of WEC, which was oscillatory.
In this method, the velocity of the absorber is put on to be in phase with the
excitation forces, which is done by clutching the WEC system at an upper
and lower position. In other words, the adequate delay in the release of the
device in order to bring it to operate in phase with the diffraction force would
make the system operate in a near-optimal condition. Thus, latching control is
a sub-optimal control strategy as the amplitude is made sub-optimal, however,
the phase is forced to be in optimal range by resisting the moving part of the
body constant for a certain duration of the wave cycle.
Evaluation of latching control for heave oscillations was done by Korde [13].
He implemented latching control of a floatingWEC implemented in deepwater.
The evaluation was done with a variation formulation of the control sequence
in the time domain. Latching is applied to a hemispherical platform from a
stationary onboard platform. The equipment includes a pneumatic cylinder
with open/ close valves for latching. This time-domain calculation is carried
out for small-amplitude regular and irregular waves [14]. Babarit et al. [15]
described a latching control with the help of weak modeling, which is used to
apply optimal control theory. It involves the generation of parametric resonance
in the response of the mechanical system. Two types of WECs were studied.
One was a heaving buoy with one degree of freedom. Next was a four-degree
freedom WEC called SEAREV [16]. Latching applied to the above said sub-
optimal weak formulation in regular waves, which could also be used to get an
optimally controlled WEC in the time domain in a random sea. The analysis
made is the maximum benefit of latching control onWEC [17]. A Comparative
study of latching control for heaving point absorber is done in reference [18]
were two strategies aiming at maximizing the absorbed energy and keeping
the velocity and excitation force in phase. The result shows that irrespective of
the control strategy of the WEC, the efficiency improves with latching control.

(b) Declutching control
Declutching or unlatching control, a dual latching control, involves the decou-
pling of the PTO. This infers that the PTO force is made equal to zero in
the equation during certain portions of the power cycle. This type of control is
mainly implemented in devices that have a longer natural period than the useful
part of the spectrum. The primary moving part is permitted to adjust freely for
half of the wave cycle, and the desired velocity PTO system is achieved. This
methodwas listed in the paper [19], which showed that the correct PTO strategy
can improve the power capture of wave plants from 12–15%. Unlatching is
accomplished by bypassing the pumps at specified moments. These moments
are established by the optimal command theory. Clement et al. [20] described
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discrete control strategy, which involved latching, unlatching, and combined
latching-unlatching. Which showed that latching control needs mechanical
breaks and locks, whereas declutching control needs simple elements such as
valves in the case of hydraulic PTO and switches in the case of electrical PTO.
Pico plant uses this method to prevent damage in the system, and SEAREV
WEC uses it to increase energy production. Babarit et al. [15] described two
control strategies such as pseudo- continuous control and declutching control
shows the improvement of energy absorption with the implementation of the
above-said methods.

16.2.1.4 Continuous Control: Reactive Control

The maximum energy from theWEC can be extracted when the amplitude and phase
of the incident wave excite the resonant oscillations within the chamber. When the
OWC is loaded, it can be expressed with a real part and an imaginary part. If at
resonance, the real part equals the imaginary part of the resulting force from water
column oscillation, 100% of the incident wave can be absorbed. However, when
the load is applied to WEC, this load exhibits a reactive component, which is not
equal to the resistive component. By controlling the resistive and reactive compo-
nents, a maximum amount of energy extraction is possible. However, to achieve this
maximum energy, optimum damping and resonance conditions should correlate with
a particular wave period. Korde [21] has given a significant contribution to the reac-
tive control of different wave energy devices. Reactive control is a frequency domain
control used in the early days. The dynamic parameters such as spring coefficient
and inertia of the WEC in primary conversion are mainly considered for control.
Control is done to enable maximum energy absorption at a particular frequency.
Korda’s work [6, 21] formulated that, for a particular wave frequency, the wave
energy device is resonated with the help of feedback signals of the displacement and
acceleration commands. At the same time, for a particular frequency, the damping
coefficient of the PTO mechanism can be tuned to balance the radiation damping of
the system using velocity feedback. This allows the hydro-dynamically maximum
energy absorption and can be done at each peak frequencies of the incoming wave
spectrum. In order to achieve reactive control, the force should be in phase with
displacement and acceleration. Many devices exploit the resonance phenomena to
achieve maximum power, such as OWC-WECs and point absorbers. The importance
of frequency matching considering dynamic variables is explained by Andrade et al.
[22]. In principle, reactive control can be achieved by reversing the oil flow during
part of the wave cycle. However, numerical analysis in [23] showed that reactive
control is hard to achieve by reversing the oil flow direction during part of the wave
cycle.
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16.2.1.5 Complex Conjugate Control

In a point absorber system, the mechanical resonance appears when the imaginary
part of the total impedance sums up to zero. For such a device the maximum energy
absorption takes place when the impedance of the PTO mechanism becomes equal
to its complex conjugate [22]. When such a control scheme is applied, the maximum
energy transfer depends on the upcoming buoy’s velocity values. This method is non-
causal because it is needed to estimate an irregular wave for some instance into the
future. Thus, the optimal PTO force cannot be implemented adequately in practice.
To deal with non-causality, an approximate complex conjugate method is proposed.
This involves causal functions in order to implement some alternative sub-optimal
control strategies.

16.2.2 Airflow Control

Amethod to change the flow rate is by providing valves. There are twoways in which
valves can be placed for an OWC duct, one is placing a bypass valve, and another
method is to place a throttle valve. The enhancement of the OWC-WEC performance
using bypass and throttle valve was studied by Falcão and Justino [24]. The study
concluded that the use of a single or set of valves delayed the stall in the turbine and
substantially increased the energy produced by the WEC, mainly during high wave
incidence. The study also stated that the bypass valves have opted for a systemwhere
the turbine damping is much higher than the optimum damping, and throttle valves
are mainly used for underdamped systems.

The performance of OWC-WEC coupled to a Wells turbine is significantly
affected due to two reasons. Firstly, the unsteady bidirectional airflow across the
turbine. The second reason is due to increasing the flow rate above critical limits.
Due to these reasons, mechanical efficiency and power output drop rapidly. Amethod
to change the flow rate is by providing valves (Fig. 16.1). There are twoways inwhich
valves can be placed for an OWC duct, one is placing a bypass valve, and another
method is to place a throttle valve. The next study using only bypass valves was given
in the literature [25], where an increase in energy production was observed with the
use of the valves. In the works of literature [26–28], the throttle valve is used in series
with the device. A propotional integral derivative (PID) controller is used to control
the position of the valve according to the incident wave along with the rotational
speed control of the turbine. This complementary control action delayed the stall
by altering the flow velocity across the turbine. However, their work used classical
controllers, which are inefficient for robust tracking of the reference signals, and
external disturbance rejection as the valve actuator is typically an uncertain system
due to friction, external disturbances, and parametric uncertainties due to the cumber-
some identification process. In the OWC device, the mass flow rate identification is
a very tedious task. Thus, such systems have high parametric uncertainties, thus the
conventional controller often fails to perform well.
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Fig. 16.1 Schematic of amplitude and phase control of OWC-WEC

Falcao et al. [24, 25] developed a model for efficiency improvement using a valve
in series or parallel with the turbine shaft for airflow control the airflow. Numerical
analysis shows that the turbine efficiency is particularly affected by two behaviors.
Firstly, due to the unsteady flow of air displacement by free surface water oscillation.
Secondly, due to the proportionality of airflow with turbine rotational speed. This
model involves a throttle valve or bypass valve based on whether the WEC device
is over-damped or under-damped by the turbine. The airflow control scheme also
prevents losses due to aerodynamic stalls at the turbine rotor blade and prevents
excessive air flow rate. This is of extreme importance when the performance of the
turbine is greatly affected by rotor stalling. Study shows that throttle valve in series
with the turbine is better compared to parallel mounted in enhancing the power and
reduction of stalling.

16.2.3 Control of Secondary Converters

The control of the WEC device has to meet several criteria such as allowable speed
range for optimal operation, the aerodynamic performance of the turbine, power
quality, allowable fluctuation in power delivered to the grid, and efficiency of the
wave towire conversion. Control needs to be allied to various stages in order to obtain
an efficient operation. Various control schemes applied to secondary are tabulated in
Table 16.2.
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Table 16.2 Control strategies for secondary converters

Rotational speed control Voltage/frequency control on stator

Voltage/frequency on rotor

Direct torque control

Power quality control

Real-time control of turbine blade pitch or geometry control [29, 30]

16.2.3.1 Rotational Speed Control

Fixed rotational speed turbines are capable of operating only within a limited range
of flow conditions around the best operating point. In particular, for the Well turbine
during the low sea state, the power output is low were as during the most energetic
sea state also its performance is poor which mainly due to aerodynamic losses. This
loss is mainly caused by rotor stalling. Wells turbine operates only within a certain
bandwidth. The restricted bandwidth is due to stalling. An efficient way to widen the
response of the turbine is with the help of variable rotational speed. This enables the
turbine to respond to awide range of sea states. As the turbine flow rate is proportional
to speed and power output is a proportional cube of speed. Thus, if the turbine speed
is controlled, one can enhance the operation of the turbine by delaying the stall
and maximizing the power absorption. The rotational speed should approximately
match sea conditions.With just doubling the speed, the power output of the turbine is
increased by 8 times; this increase of speed is done with the help of power electronic
devices. The scheme of speed control was first addressed by Justino et al. [31] for the
OWC plant. Their work considered three control strategies: (i) the electrical torque
is controlled as a piecewise constant function of time. (ii) The electrical torque is
controlled in such a way that differential torque is always a function of differential
speed with respect to time. (iii) The electrical power is controlled as a continuous
function of one or several state variables, as power is a function of pressure and
speed. Voltage/frequency (V/F) control law is applied on stator and rotor as separate
strategy and a comparison is made; his work shows that V/F control applied on the
stator is optimal. There is always a trade-off between output power quality and the
efficiency of a plant.

In the literature [32], a stochastic model was developed to design an optimal
algorithm to control the turbine rotational speed of an OWC device coupled with the
Wells turbine. The model is developed in the frequency domain with the assumption
of known hydrodynamic coefficients and turbine performance curves. Linear control
theory is applied on a random sea state, considering sea surface height as a normal
probability density function. The relation between the instantaneous generator torque
and rotational speed is considered for developing an optimal control law. Their work
addresses several losses associated with a wave energy converting device, such as
(i) viscous losses due to fluid effect; (ii) aerodynamic losses due to turbine stall; (iii)
bearing frictional losses, and (iv) losses in the generator.
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These losses can be minimized by successfully implementing control strategies
to several stages of the plant. Stochastic modeling is mainly involved if the device
is considering operating in random sea waves. The study concluded that a valve
system for airflow control, when operated near-optimal point, could only increase
the average power output by 3%. However, the control of rotational speed could
increase the energy production by 20% to match the individual sea state.

Alberdi et al. [28] proposed a complementary control scheme inwhichboth airflow
and rotational speed are controlled. The rotational speed is adjusted instantaneously
according to the slip of the generator in order to match the available sea state. The
speed is regulated such that the stall region is avoided. This change of speed according
to the inputwave condition is donewith the help of power electronic devices. A vector
control scheme (field orientation control) is employed in such cases when alternating
current (AC)machines are used in the systems. In thismethod, the three-phase current
and voltage vectors are decoupled into two vector components each, one component
is directly linked with the active power (a function of rotational speed), and the other
is linked with the reactive power of the system. Thus, the systems can be controlled
in terms of these vectors. The control block is modeled as a feed-forward controller
where PI controllers are used for regulating the power output. It is observed that
there is an improvement in the instantaneous power output, in particular, and there is
a regulation of power quality. Portillo et al. [33] investigated the control problem on
the OWCdevice, theoretically and experimentally. Their studywas based on latching
control and speed control of turbine using easily measurable variables by developing
a causal control law. The rotational speed control was done using power and torque
coefficients of the turbine to formulate a stochastic relationship to control the turbine
and making it operates near the best operating point. This rotational scheme is also
helpful in the case of an OWC device coupled with an impulse turbine. Even though
this turbine is not affected by stalling and has a broad operating range compared to
Wells turbine, there are certain losses due to an excessive incidence flow angle at
the entry to the second row of guide vanes affecting the turbine performance. These
losses are predominant during certain range of flow coefficient. Thus, by controlling
the speed the turbine can be operated in the flow coefficient where the losses are
minimum. The state of the art of the airflow control and rotational speed control is
given in Table 16.3.

16.2.3.2 Direct Torque Control

Tedd et al. [44] modeled a direct torque control (DTC) technique for wave dragons.
This device is a fully automated prototype that is deployed in Denmark.Wave dragon
does not involve any active control to survive extreme sea conditions. The improve-
ment in power absorption is greatly influenced by different control systems used in
WEC. Control is split as slow, fast, and very fast. Very fast control ensures the turbine
runs at the optimal speed, and the power quality is maintained good enough to deliver
to the grid. Power electronics are used to give good performance and a stable system.
Direct torque control is based on space vector modulation DTC- SVM as it is more
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Table 16.3 State of the art of the control of OWC-WEC

Literature Control technique Turbine Control variable Inference

[34] Turbine pitch
control

Wells Changing the
pressure drop and
flow rate across
the turbine

Increase in the
amount of energy
extracted from sea
state

[35][36] Rotational speed
and airflow

Wells Control algorithm
implemented in
PLC

Single-speed
operation
insensitive to wave
climate

[31] [37][38] Rotational speed Wells and bi-radial Control of
electromagnetic
torque in PLC

Variable speed
control operation

[28] Rotational speed
and airflow control

Wells Complementary
control: Throttle
valve control
using PI and
control of
rotational speed
using PI

Variable speed
control to delay
the stall of the
turbine

[33, 39] Threshold latching
control and
rotational speed
control

Bi-radial Suboptimal
latching control
and theoretical
formulation for
rotational speed
control

Numerical
implementation of
latching and speed
control as a
suboptimal
optimization
problem

[40–43] Rotational speed
control

Bi-radial Hardware in-loop
of back to back
converter with
PLC and a
receding horizon
latching control
scheme is used

Increase in mean
power of the spar
buoy OWC device

advantageous than classical DTC. A review of various DTC for induction machines
is given by Reza et al. [45]. This method combines DTC and FOC (field orienta-
tion control) for better operation. The proper implementation of torque controller is
important concerning the power quality issue [46]. The DTC also ensures a power
control for a wave energy device.

16.2.3.3 Power Quality Control

Considering the control of an electrical drive of WECs, there are two converters,
namely rotor side converter, and grid side converter. The power control scheme helps
in the protection of the rotor side converter to avoid overshoot in the rotor current.
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The power quality issues in the wave energy converter need to rectify with a signifi-
cant minimal error to connect it to a grid. Power quality issues are the total harmonic
distortion, peak overshoot, sag, swell, and low power factor. These issues need appro-
priate attention in order to meet the energy demand. Lagoon et al. [47] worked on a
model-based predictive power control scheme to ensure the active and reactive power
to attain their reference values, which is designed for doubly fed induction generator
(DFIG) using stator flux decoupling and deadbeat control loop. The control action
was implemented on a model to be controlled, depending on the optimal reference
point. The predictive control scheme optimizes the cost function and formulates the
future control action. Themodel is assumed to be linear, and its state-space equations
are used to calculate its active and reactive powers. For this analysis, information
regarding leakage induction and resistance is needed for this control scheme. The
paper addresses various controllers which can be chosen for power control such as
internal model controller, fuzzy logic controller, direct torque controller its advan-
tage and disadvantage are discussed. The internal mode controller has a good power
response compared to the PI controller, but it is difficult to employ due to the predic-
tive functional controller and internal mode controller scheme. When considering
fuzzy logic controller, it contains a relatively complex transformation of voltages,
currents, and the control outputs between the stationary, rotor, and synchronous refer-
ence frames. In the indirect torque controller, the switching states are chosen from an
optimal switching table depending on the instantaneous error between the reference
and predicted values of active and reactive power and angular position. The study
concluded that the control scheme had better tracking performances for DFIG. Other
control problems that arise on the grid side of the wave energy converter are active
and reactive power control, DC-link voltage control, injected power quality control,
grid synchronization, voltage harmonic compensation, and fault handling.

Xiang et al. [48] worked on developing power control for a direct drive wave
energy converter. Power control stages require the following requirements: (i) Reac-
tive power compensation in the active rectifier. Maximum energy transfer between
the generator to the dc link is realized by means of a unity power factor controller,
(ii) Regulation of the dc capacitor voltage, (iii) Current control of the inverter output
current and consequently the inverter power into the power sink. Two control strate-
gies addressed are frequency tuning control and unity power factor control. Both
ensure a proper improvement in the power quality requirement of the grid. Garrido
et al. [49] developed a control scheme for rotor side and grid side converter to control
the power output of OWC coupled with a Wells turbine (Fig. 16.2). They used a
sensor-less control scheme with an observer for induction rotor speed based on the
disturbance model. For any given sea state, the control scheme could extract the
maximum possible power using a point tracking technique. The performance curve
is predefined for each turbine; the rotor speed is regulated so that the flow coeffi-
cient remains under desired bandwidth, resulting in a stall-free operation, yielding
maximum power output.
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Fig. 16.2 Rotor side and grid side converter control of OWC-WEC

The performance of the OWC-WEC turbine can be significantly improved by the
application of an appropriate control technique. The operating principle of OWC-
WEC is typically different from other WECs, such as the point observers, AWS-
WEC, overtopping devices. Thus, control strategies are also different for OWCbased
devices and have different control variables compared to other devices. For example,
the reactive control variable for OWC-WEC is the air turbine blade angle. In the case
of latching control, the control variable is the pressure inside the chamber; for airflow
control, the valve area is altered, and for rotational speed control, the electromagnetic
torque is controlled by appropriately switching the power converters.

16.2.3.4 Active Control of Turbine Blade Pitch or Geometry Control

The power extracted from the waves in the OWC device is limited mainly due to the
stalling phenomena of the Wells turbine. In order to address this problem, a study
was proposed to change the instantaneous angle of incidence of the turbine blade by
controlling the blade pitch [30, 34]. However, this method faces technical difficulties,
such as the implementation and maintenance of the actuators.

16.3 Conclusion

This chapter has summarized the recent research advances in control solutions applied
to various wave energy converter technologies. Typical illustrations are addressed
for OWC-WEC and AWS types of converters. With the increasing importance and
complexity of energy systems, there is a need to focus much on the performance,
scalability, reliability of the system. State-of-the-art gives good hope for developing
wave energy converter technology. This chapter mainly insists on the importance of
the involvement of each stage in energy conversion. Suitable selection of optimal
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control laws can significantly improve performance, efficiency, and power absorp-
tion. The complexity of the device is very high. Its survivability and cost are also a
great concern forWEC developers. The initial installation is very high, but the poten-
tial of wave energy is very high compared to any other source. Thus, more focused
research can give optimized devices that can adapt to the ever-changing wave energy
source. There is very little literature on the role of energy storage in standalone power
systems and complexity in grid connection. In these fields, future research can be
improved to get a stabilized, better-performing wave energy plant.
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