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A centralized airflow control scheme for a complex ocean energy network (OEN) is proposed in this paper to reduce the output
power variation (OPV). The OEN is an integrated network of multiple oscillating water columns (OWCs) that are located at
different geographical sites connected to a common electrical grid. The complexity of the OWC-OEN increases manifolds due to
the integration of several OWCs and design of controllers become very challenging task. So, the centralized airflow control scheme
is designed in two stages. In control stage-1, a proportional-integral- (PI-) type controller is designed to provide a common
reference command to control stage-2. In control stage-2, the antiwindup PID controllers are implemented for the airflow control
of all the OWCs simultaneously. In order to tune the large number of control parameters of this complex system, a fitness function
based on integral squared error (ISE) is minimized using the widely adopted particle swarm optimization (PSO) technique. Next,
the simulation results were obtained with random wave profiles created using the Joint North Sea Wave Project (JONSWAP)
irregular wave model. The OPV of the proposed OWC-OEN was reduced significantly as compared to the individual OWC. It was
further observed that the OPV of the proposed scheme was lower than that achieved with uncontrolled and MPPT controlled
OWC-OEN. The effect of communication delay on the OPV of the proposed OWC-OEN scheme was also investigated with the
proposed controller, which was found to be robust for a delay up to 100 ms.

1. Introduction

Many countries around the world with a long coastal zone
have been actively exploring ocean waves as an alternate
energy source over the past five decades [1-9]. European
countries have taken a leading role in the research and
development of this sector [1-3]. Research in ocean wave
energy also started later in countries such as Australia,
Brazil, China, India, Indonesia, Japan, Korea, Maldives,
Taiwan, and the United States [4-9]. The majority of the
ocean wave power plants across the globe use oscillating
water column technology (OWC) [10-12]. With a lot of
consistent efforts by the research community, this

technology has matured enough in recent years. However,
due to high output power variation (OPV), hurdles remain
in its grid integration. The OPV is defined as the difference
between the maximum and minimum power generated from
the OWC plant. Reducing OPV is one of the major chal-
lenges of OWC. It requires advanced control systems to
minimize OPV as much as possible.

L.1. Literature Review of OWC Control. Over the years, the
OWC has been tried and tested by several control schemes
[13-41]. The initial stage of the controller design for OWC
was primarily on phase control [13] and latching control
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[14]. Subsequently, in [15], a controller by swinging rotor-
blades of the wells turbine was proposed to optimize OWC
performance. A reactive controller for a fixed two-dimen-
sional OWC was developed in [16]. In [17], an airflow
control scheme for OWC-Wells turbine using throttle and
bypass valves was discussed. Justino and Falcao [18] pre-
sented the rotational speed controller for OWC-Wells
turbine and electrical generator. An approach for obtaining
the maximum output power from the OWC plant was
described in [19]. In [20], a power electronic controller was
designed for an OWC system with an induction generator-
Wells turbine. In [21], the rotor side controller with constant
frequency and variable speed operation of OWC was
presented.

After the establishment of the OWC plant at the Mutriku
harbor in Spain, a neural network network-based controller
for OWC module was proposed in [22], which was supposed
to change the external rotor resistance values to vary the
induction generator slip. The PID-based control approaches
for OWC plants were developed in [23] for airflow and rotor
speed control. In [24], the control schemes proposed in [23]
were validated on the experimental module. Neural net-
work-based optimum speed reference for PI-based rota-
tional speed control of the OWC system was proposed in
[25]. In [26], an analysis was executed on fault-ride-through
capability of OWC stations. It was equipped with doubly fed
induction generator (DFIG) and an airflow-based controller.
In [27], a sliding-mode control of OWC plants for maxi-
mizing output power of DFIG was designed.

In recent years, many advanced control techniques for
OWC airflow as well as turbine rotor speed control tech-
niques have been developed. In [28], a control technique was
developed for efficiency enhancement of Wells turbine-
OWC devices. A comprehensive survey of electrical con-
trollers for ocean energy devices including OWC was dis-
cussed in [29]. In [30], the controller for merging local
energy storage with OWC was proposed. A rotational speed
optimization approach was applied in [31] to attain maxi-
mum power point tracking (MPPT) of OWC. In [32] as well,
a latching control scheme was developed for MMPT of a
floating OWC wave energy converter. An optimal speed
controller based on the fuzzy-backstepping method was
designed in [33]. Three Lyapunov-based nonlinear con-
trollers were proposed in [34] for OWC plant emulation,
rotational speed control, and DC link voltage control of
DFIG’s grid side converter (GSC), respectively. The flow
controller was designed in [35] for Wells turbines for
harnessing maximum wave power using OWC. An event-
triggered controller for the OWC energy plant was presented
in [36] wherein the main objective was to minimize control
updates when the controller and plant interact with the other
via communication channel. In [37], a fuzzy gain scheduled
and PI-type airflow controller for an OWC, which was an
advanced version of the airflow controller, were presented
earlier in [23, 24]. Recently, some artificial intelligence-based
airflow controller techniques have been proposed [38-40]. A
self-adaptive global best harmony search algorithm-based
airflow control of OWC was proposed by [38] wherein four
variants of the harmony search algorithm were implemented
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and tested to optimize the control design of the PID con-
troller in the airflow control scheme. In [39], another ap-
proach for airflow control was proposed which utilized
symmetry-breaking concept to design the controller. Fur-
thermore, an artificial neural network-based airflow con-
troller was designed using surface elevation measurements
[40]. This study considered real measured wave input data
and generated power of the NEREIDA wave power plant.
For more details on the control of OWC plants, please refer
[41].

1.2. Main Contributions. In the above-discussed control
schemes, the output power of OWC can be maximized
successfully using rotor speed regulation wherein actual
rotor speed follows optimum reference speed. Also, output
power can be controlled to some extent by using an air flow
controller but the high OPV is still a huge challenge in
OWC. To the best of the authors” knowledge this issue has
not been addressed so far by forming a large network of
OWC. The randomness in ocean wave input at the OWC
plant is a serious concern. If the multiple OWCs operating
at different geographical locations are integrated, then the
same randomness of ocean waves might be helpful in re-
ducing OPV as compared to that of an isolated OWC. The
OPV can also be reduced further by suitably designing a
centralized airflow controller for regulating the airflow of
OWC chambers situated at different geographical sites.
However, the design complexity of the controller for this
system is increased.

Hence, in this paper, the issue of high OPV has been
addressed by integrating multiple OWC sites located at
different geographical locations. Hereafter, the integrated
OWC sites would be referred to as OWC ocean energy
network (OEN). Now, two control schemes would be
designed for OWC-OEN: (i) localized MPPT control and (ii)
centralized airflow control for reducing OPV. The localized
MPPT control law would again be consisting of two sections:
(i) an algorithm for optimum reference speed calculation
and (ii) backstepping controller for rotor speed regulation.
The centralized airflow controller would provide common
commands to all individual OWC sites. The centralized
airflow controller is a two stage control scheme. In control
stage-1, a proportional-integral- (PI-) type controller is
designed to provide a common reference command to
control stage-2. In control stage-2, the antiwind PID con-
trollers are implemented for the airflow control of all OWC
sites. Suppose, there are N number of OWC sites included in
OWC-OEN, two unknown parameters of the PI controller in
control stage-1, and three unknown PID parameters of each
OWC site in control stage-2. Then, the 3N +2 number of
controller design parameters would be required to be
properly selected so that OPV of OWC-OEN can be reduced
considerably. In order to tune the 3N +2 parameters, an
integral squared error- (ISE-) type fitness function is defined.
The fitness function is minimized with the help of particle
swarm optimization (PSO) algorithm [42-45]. The PSO
method is very instrumental in optimizing the parameters of
complex systems.
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The numerical simulations were performed on
MATLAB® platform using Joint North Sea Wave Project
(JONSWAP) irregular wave model [46]. Several JONSWAP
wave profiles are generated randomly using Wave Analysis
for Fatigue and Oceanography (WAFO) MATLAB® toolbox
[47]. The performance of an arbitrarily selected OWC site
has been analyzed for relevant OWC parameters such as
rotor speed, control signal, Wells turbine flow coefficient,
and DFIG output power of controlled/uncontrolled OWC.
The performance of the proposed control system of OWC-
OEN has been validated using a newly introduced perfor-
mance index referred to as OPV index. The OPV index of all
OWC sites, uncontrolled OWC-OEN, localized MPPT
control of OWC-OEN, and centralized airflow control of
OWC-OEN are compared. Also, the effect of transmission
delay has been studied by introducing the delay in the OWC-
OEN.

The rest of the paper would be discussed with following
sections. Wave-to-wire modelling and control of an indi-
vidual OWC site in Section 2; design of OWC-OEN and
centralized airflow controller in Section 3; discussion on
simulation results in Section 4 ,and concluding remarks and
future scopes in Section 5.

2. Wave-to-Wire Modelling and Control of an
Individual OWC Plant

Figure 1 displays the schematic representation of OWC plant
configuration and its control schemes. As shown in Figure 1,
the OWC consists of a chamber, turbine, electrical gener-
ator, and controller [34]. The waves of the sea hit the front of
the chamber, causing an increase and fall in the water. In the
chamber, the air moves back and forth to a circular cavity
above the chamber. Thus, the Wells turbine generator
machine, which is mounted in the cavity, is operated by two-
way air flow [16].

The controllers are certainly an essential component of
OWC systems. There are mainly three control configura-
tions of OWC plants as uncontrolled, MPPT control, and
airflow control. In uncontrolled OWC plant configuration,
OWC operates without any control action. The output
power generated in uncontrolled condition directly depends
upon the sea wave input and the characteristics of turbine
generator. In case of MPPT control, the rotor speed is
regulated as per the reference rotor speed wherein the
reference speed depends upon the sea wave input to the
plant. This mechanism helps in extracting maximum output
power from the OWC plant. Finally, in airflow control of the
OWC plant, the control valve is used to restrict the airflow
inside the OWC chamber in such a manner that desired
electrical power is generated. Next, we will discuss OWC
device modelling and its MPPT control.

2.1. Ocean Waves. Most OWC experiments have chosen
regular types of ocean waves for OWC output evaluation,
but real sea wave actions and irregularities are highly un-
predictable. In order to deal with this problem, researchers
have therefore developed a number of practical sea wave

Wells turbine
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controller
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F1Gure 1: Different configurations of an individual OWC plant and
its control schemes.

models [46, 47]. In this analysis, the irregular JONSWAP
wave pattern is used to test the efficiency of the proposed
controls. It is one of the commonly used models for marine
technical research.

The characterization parameters for JONSWAP are sig-
nificant wave height (H,,), peak wave period (T,), and
peakedness parameter (y). The JONSWAP model gives best
characterization in the range 3.64/H,,,<T,<5+/H,,, and
1 <y <7 [34]. The JONSWAP wave spectrum for the values of
H,0, Ty, and y given in Table 1 is shown in Figure 2 wherein
the highest frequency component is around 0.5 rad/s.

2.2. OWC Chamber Model. The OWC consists of a closed
room with four side walls with openings at top and bottom
(Figure 1). It is partly immersed in water and waves hit the
lower section of the chamber. As the water level rises and
falls, a two-way air flow is produced. The water level change
is also referred to as the wave height. The air velocity
mathematical definition is provided by [36]

V. = Aowc oh(t)
* Aduct +Avalve ‘ ot .

The air velocity definition established by (1) is the input for
the Wells turbine. Here, it has been assumed that A, = u,. It
means that the control valve has unity transfer function for a
simplified case or does not have any actuator delay.

(1

2.3. Wells Turbine Model. The Wells turbine [24, 48] is a
turbine of unique features and can be seen in Figure 3. This
rotates in the same direction by input of two-way air flow,
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TaBLE 1: JONSWAP wave model, OWC chamber, Wells turbine, and DFIG parameters.

JONSWAP wave model:

Hpo=7m; T,=11s; y=23853

Chamber:

AOWC =75 m2; Aduct =118 m2; Avalve =1 m2

Wells turbine:

n=38; k,=0.7079; b=0.4m; r=0.3643m; [=0.38 m

DFIG:

p=4; R;=0.0181; R,=0.0334; L,=7.543; L, =7.573; L,,=7.413; V = 390//3V;
w, =100 rad/s; F=0.02; J=50; Py_,eq = 100.0kW (individual OWC site);

Pgtotal—rated =2.0MW (OWC-OEN)

Initial conditions:
w,o=100rad/s; vy, o =vy, =V /w,=0.7167 Wb;
Vg0 = Yaro = Ygr0 =0 Wb

15

10 - -

Spectral density

0 I Il
0 0.5 1 1.5 2

Wave frequency (rad/s)

F1GURE 2: JONSWAP wave spectrum.

but has a restriction of stalling. The power output falls
considerably because of the stalling. A control unit is
therefore necessary to prevent the stall.

Turbine torque description is given as follows [24]:

T, =fi(9)- Vi’ (2)
where f; (¢) is stated as follows:
fi@)=Ckr-(1+97%), (3)

where C, is the Wells turbine torque coeflicient and depends
on ¢ as displayed in Figure 3. The ¢ is given by

¢ = Vx : (rwr)il' (4)

As shown in Figure 4, ¢ < ¢y, = 0.3 provides the highest
torque coefficient to deliver the maximum torque and
therefore the maximum output power.

The turbine is attached to a DFIG. The coupling function
of the turbine generator can thus be expressed as follows:

do,
dt

:%(Tt_F‘wr_Te)’ (5)

where w, has initial condition w,.

2.4. DFIG Dynamics. This analysis considered a direct-
quadrature (dq) dynamic DFIG model. The dg dynamic
model’s benefit is that every three-phase voltage or current
in the stationary frame can be interpreted as DC voltage or
current in a synchronous revolving frame [15, 16]. The state
equations of dg-axis stator and rotor flux states of DFIG are
given as follows [20]:

illating airfl - > Electrical generator
Oscillating airflow ?\5__’,\:‘/
+

———— e
Turbine duct ,,”1— o= \\: =~< Turbo generator shaft
N\

’
\\
~
\\

- -
~——— ———

Wells turbine
(rotor hub)
L —

Symmetrical
aerofoils

A

Unidirectional

ctional |,
rotation (

\,
N\,

Oscillating airflow

FIGURe 3: Wells turbine schematic diagram.

N
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T

Torque coefficient
o
[ 38}

(=]
T
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Flow coefficient

FiGUrE 4: Turbine characteristics.

dy,, R.L RL
Ts = _%st + wqus + %Wdr + Vas
dl//qs _ Rer RsLm

ar WYy — Tvlqs ++ Tqu + Vgs>

; (6)
Yy R.L R.L
d: = TI<W1 ds — ;< sv]dr - (wr - we)ll/qr + Var>

dy, R,L
qu = }{qus + (wr - we)v/dr + Vqr’

where K = LL, = L} W45 Y0 Ygp» and y,,, are stator and
rotor dq flux quantities. R, and R, are stator and rotor
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resistances, whereas L, L,, and L,, are the stator, rotor,
and mutual inductances. w, is the stator supply fre-
qQUENCY, Ve, Vg Vg and v, are stator and rotor dq
voltages. The flux states ¥4, V45 Var and y,, are sub-
jected to initial conditions Va5, Ygs0» Yaro» and ¥y,
respectively. The electromagnetic torque and output

power expressions are

Te = _M(l//qSWdr - V/dsV/qr) >
P,=T,w,

(7)

where M = —(3/2)(p/2) (L,,/K) and p is number of poles of
DFIG.

The dg-axis voltages of the rotor are converted into abc-
axis voltages of the rotor. Furthermore, the abc-axis voltage
signals will be sent to pulse width modulation (PWM), the
gate pulses of which will be sent to DFIG’s DC/AC rotor side
converter (RSC) [11, 12, 23].

2.5. Localized MPPT Control of an Individual OWC Plant.
The airflow control and rotor speed regulation blocks, as
shown in Figure 1, are the two most important con-
trollers for OWC control. As mentioned earlier, the
rotor speed regulator is considered for localized MPPT
control of the OWC plant. The MPPT control can be
achieved using linear or nonlinear controller in which
the actual rotor speed is forced to track an optimum
speed reference [24, 25, 27, 31, 33, 34, 36]. The optimum
reference speed calculation algorithm is designed in
such a manner that it would always lead to maximum
output power. In this work, a backstepping-type rotor
speed controller and optimum reference speed calcu-
lation algorithm have been designed using the approach
described in [36].

The optimum reference speed calculation algorithm [36]
is presented next. It is calculated using air velocity infor-
mation in the following steps:

(i) Step 1: calculate the value of V. using (1).

(ii) Step 2: calculate peak values of V as follows:

if  V, #0,

V. =0,

V., =V

p= Ve
- (8)

else

V=0
end

(iii) Step 3: pass Vip through zero-order-hold (ZOH) as
follows:

V,,=ZOH(V,,). 9)

(iv) Step 4: for threshold value of the flow coefficient,
¢, = 0.3, calculate the reference speed using (4) as
follows:

wref = ‘_/xp (r¢th)_1' (10)

(v) Step 5: calculate w,; by limiting the minimum and
maximum values of @, as follows:

lf (l)ref < we,
Wig = W,
elseif  w,.;>w,,
Wig = Wps (11)
else
Wig = wref’
end

where w, is the minimum value of w;; and w,, is the
maximum value of w,;.

(vi) Step 6: in order to avoid any sudden change in the
reference value, pass w,; through a low-pass filter.
The new reference value is calculated as follows:

Zld:hf®wld. (12)

The frequency domain representation of s is given as
follows:

H(s) = : (13)

As a result, the z,; is the optimum reference speed to be
used for proposed controllers. Next, the backstepping-type
rotor speed regulator would be designed to force the actual
rotor speed to track the optimum reference speed z, .

The state space model from [36] is given below:

zy = kyz, + kyz, + D,
.1 1~1 272 (14)
Z2y =k (2, — w,) + kyzy + 14y,

where  ky =—(F/]); ky=-(M/]); ky=(L,/L,)ys
ky=-(R,LJ/K); u, =controlsignal =v,; D= (T,/]);
z; =w,; and z, = y_,..

Furthermore, simplifying the above equation, we have

z2, = f1(zy, D) + kyz,, (15)

zZ, =f2(z1) z,) + Uy, (16)

where f,(z,, D) =k,z, + D and f,(z,, z,) = k3 (z; — w,)+
kyz,.

A step by step design approach is applied for the
backstepping controller. For a second-order system
expressed by (15) and (16), the controller is designed in two



stages. First, a virtual controller, z,;, is to be designed. Then,
z,4 would be used for designing final control law u,.

For designing the virtual control law, z,;, let us choose
the error component as follows:

Z, =252, (17)

Next, the first order derivative of (17) is written as
follows:

El =21y~ 2, = 21~ f1(z1, D) —kyz,. (18)

Furthermore, by adding and subtracting k,z,,; term, (18)
becomes

%1 =21y~ f1(z1, D) = kyzy + kyzyq = Ky 254 (19)

The virtual control law z, ; is chosen as follows:

Zyq = kgl (214 = f1(21, D) + 0,1%), (20)

where o, > 0.
Define

Zy =255 — 2. (21)

Substituting (20) and (21), (19) can be expressed as
follows:

Z, = —0,Z, + k,Z,. (22)
Next, the derivative of (21) is given by
Zy =2~ % =%~ f2(21,22) - U, (23)

For designing the control law which ensures the closed
loop stability of systems (15) and (16), a Lyapunov function
candidate, V;,, is chosen as follows:

Vir =5 (2 +22). (24)

The first order time derivative of (23) is expressed as
follows:

lef = 21%’1 + 2222,
:>lef =2, (-012, +ky7,) + 2, (250 = f2(21,2) —u,),

=>Vzpf =- ‘715? +2,{20 — f1(21,2)) + ko2 —u, .

(25)
The control law u,
u, =25 — f1(21,2,) + kyZ, + 0,25, (26)
gives
lef = -0,Z - 0,2, <0, (27)

where o, > 0.

Here, (27) becomes negative semidefinite and le £ does
not contain any trajectories of error states z, and z, other
than trivial trajectory Z, = Z, = 0. Then, error states Z, and
Z, converge asymptotically to zero. Hence, the system given
by (15) and (16) with control law u, given in (26) is as-
ymptotically stable.
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In Section 3, the airflow control concept would be ex-
tended to the airflow control of OWC-OEN. As per the
analysis of this work, the formation of OWC-OEN reduces
the OPV as compared to the individual OWC plant. This
could be further reduced by a centralized airflow controller
to restrict the power generation as per the desired or ref-
erence power. The power output signal is sent by com-
munication network to the controller. The controller output
is again sent back to the OWC using the same channel.
Needless to mention that the communication channel is a
digital platform wherein the analog-to-digital (A/D) and
digital-to-analog conversion (D/A) of plant and controller
data also takes place simultaneously.

3. Formation of OWC-OEN and Centralized
Airflow Controller Design

In this section, the concept depicted in Figure 1 is extended
to a network of multiple OWC sites at different geographical
locations.

3.1. Formation of OWC-OEN. The OWC-OEN is proposed
to be implemented in a smaller coastal region not greater
than 50 km. OWC sites of OWC-OEN are independent from
each other and are having at least 2km distance between
them. Typically, the distance covered by the wave front is a
few hundred meters. As per the proposed configuration, two
sites are separated by at least two kilometers and thus, the
wave profiles at these two sites can be assumed to be un-
correlated. Next, each OWC site receives distinct sea wave
input due to changed geographical location.

It is also assumed that each OWC site of OWC-OEN
supplies the current to a common electrical grid, as shown in
Figure 5, wherein the grid voltage and frequency are as-
sumed to be constant. Hence, the total output power could
be taken as a sum of output power of all individual OWC
sites provided there is common grid voltage provided to each
OWC. Suppose, there are N number of OWC sites connected
to the grid network and are called as OWC-1, OWC-2, .. .,
OWC-N. The output power from these OWC sites is
denoted as P, P .» Pgn. The total output power,

g1 Pgas -
p

gtoral> 15 given as follows:

N N N
Pgtotul = Z ng = Z Tekwrk = z Vsklsk’ (28)
k=1 k=1 k=1

where T',; is the electromagnetic torque of kth OWC site; w,;,
is the rotor speed of kth OWC site; V  is the grid voltage of
kth OWC site and V3 =V, =---=V; and I is the
current supplied by kth OWC site to grid and
Isl #:152#: ¢ISN‘

The centralized airflow control unit, as displayed by
Figure 5, is located in the land area and is not very far (few
tens of kilometers) from different OWC sites of OWC-OEN.
Each OWCsite is also equipped with MPPT control at a local
level so as to extract maximized output power. We consider
the use of high speed fiber-optic cables for communication
between the central airflow control unit and the OWC-OEN.



Complexity

OWC-OEN

(e +

Central airflow control
unit

F1Gure 5: Block diagram of OWC-OEN and its centralized control
unit.

The output power data from OWC sites is transmitted to the
controller and vice versa. The one-way delay time associated
with fiber-optic cables for communication over large dis-
tances (several hundreds of kilometers) is typically around
100-150 ms [49]. As the distance between the central control
unit and the OWC sites is only a few tens of kilometers, the
communication delay would be much lower than 100 ms. In
order to ensure a rigorous analysis of simulation results,
three communication delays on higher side are considered as
7 = 100 ms, 500 ms, and 1000 ms.

Three types of configurations of OWC-OEN from the
control point of view are considered in this study which are
uncontrolled, localized MPPT control, and centralized air-
flow control. In uncontrolled configuration, the controllers
are assumed to be absent at local (i.e., MPPT control) as well
as central level (i.e., airflow control). Therefore, the output
power of each OWC site is delivered to the grid without
performing any control action. In localized MPPT control of
OWC-OEN, each OWC site is coupled with MPPT control at
the local level and the maximized power is extracted. Then,
the maximized output power from each OWC site is de-
livered to the grid. In centralized airflow control of OWC-
OEN, each OWC site is integrated with control valves. The
control valves are operated at the central level using the
airflow controller that controls the amount of total power
delivered to the grid.

3.2. Centralized Airflow Controller Structure. The internal
structure of central airflow control unit of OWC-OEN is
shown in Figure 6. It consists of two control stages as control
stage-1 and control stage-2. Control stage-1 consists of a PI-
type controller. The total output power, P is compared
with the reference total output power, Py, s> and error,
€ gtotal> 18 fed to the PI controller. The PI controller provides a
common control command P,_ to control stage-2. The
internal structure of antiwindup PID-type controllers used
for control stage-2 is shown in Figure 7.
The error e (¢) in Figure 7 is given as follows:

gtotal>

egk (t) = Pg—ref - ng’ (29)

where k=1,2,...,N. P, is the common reference
command obtained from the central PI controller as
depicted in Figure 6 and P, is the output power obtained
from kth OWC site via communication network. The suffix k
is used to denote the PID; controller that belongs to kth
OWC site. Similarly, K, T, and Ty are the proportional
gain, integral time constant, and derivative time constant of
the PID,, respectively. Next, the output of PID, controller,
u,;, works as the input to the airflow control valve of kth
OWC site. Antiwindup PID controller output characterises
the effective valve area. Therefore, the effective turbine duct
area fluctuates according to the deviations in the valve area,
and the required output power is achieved by adjusting the
air flow rate. For simplicity, the transfer ratio between the
valve input (control signal) and the valve output was taken as
unity. The saturation effect is due to the valve that works as
the final control actuator. Therefore, the PID output is
constrained to prevent the impact of valve saturation. The
saturation range is taken between 0 and 1. The PID output
has no effect on the valve reaction when the valve becomes
saturated. The valve goes to a steady state, but the error
between the actual and desired values causes the amplitude
of the PID integrator to increase continuously. It enhances
the control effort without affecting the valve response. To
avoid this, the antiwindup PID control scheme has been
implemented wherein the integral action of PID is reduced
via algebraic feedback, as shown in Figure 7. The antiwindup



FIGURE 6: Block diagram of internal structure of central control
unit.

PID controller scheme was also proposed earlier in [23, 24]
for the OWC plant.

3.3. OPV Index of Individual OWC Sites and OWC-OEN.
The OPV index is the difference between the maximum and
minimum values of the actual output power of OWC divided
by the total rated power of the OWC. The main objective of
this paper is to reduce the deviations in the output power to
make it suitable for electrical grid integration. In other
words, the OPV index is the measurement of the suitability
of the output power for the electrical grid, and it is desirable
to keep this index as minimum as possible. Next, we define
an OPV index as follows:

P, ox — P
OPV =|-2 “;X gmm) (30)
g-rated
where P__, and P,_;, are the maximum and minimum

values of output power of an OWC, respectively.
Now, for individual OWC sites, the OPV index is defined
as follows:

OPVl _ Pgl—max - Pgl—min
Pgl—rated
OPV2 _ Pg2—max - ng—min
sz—rated
- (31)
OPVN _ |PgN—max - PgN—min|
| PgN—rated J

Complexity

€k 0]

Differentiator

FiGure 7: Antiwindup PID controller structure of kth OWC site.

Next, the OPV for complete OWC-OEN is defined as
follows:

gtotal—min |

. gtotal-max

OPVtotal | P

gtotal-rated

where P_,eq is the rated power of the kth OWC site and
P jiotal-rated is the rated power of OWC-OEN.

The OPV index expressed in (10), (11), and (12) is very
important for measuring the improvement in the power
variation of OWC-OEN. The objective is to obtain the
minimum possible value of OPV index by suitably designing
the centralized airflow controller.

3.4. Centralized Airflow Controller Tuning Using PSO.
The complex controller tuning involves 3N+ 2 unknown
parameters to be determined. Therefore, we choose PSO-
based optimization approach for tuning controller param-
eters. Now, we define an ISE type fitness function as follows:

T,
ISE = JO & s (33)

where e, is defined as follows:
€gtotal = Pgtotal—ref - Pgtotal' (34)

Therefore, the ISE can be written as follows:

TS
ISE = J-O (Pgtota.l— ref — gtotal) dt, (35)

where T is simulation run time of the OWC-OEN model.

Next, the objective is to minimize ISE in such a way that
all 3N + 2 parameters of OWC-OEN controllers are properly
selected. So, the PSO algorithm has been applied for opti-
mum selection of control parameters of OWC-OEN.

The population-based swarm intelligence method is
widely adopted to find the optimal solution when solving
complex optimization problems with a large search area. The
PSO approach [39, 40] is a population-dependent search
strategy that has a wide target field to address the problem of
optimization. This approach represents the behavior of birds
and fish schools. In a PSO system, an individual bird or fish
is known as particles and each particle has its position and
velocity. Now, particle travels in multidimensional search
space depending on its own knowledge and the surrounding
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particle experience. The position and speed of the particles
are changed during the search space movement. The velocity
and position upgrading of particles depends on three factors
which are inertia, cognitive, and social factors.

The PSO is a very popular as well simple approach for
tuning PID controllers. Several research studies have applied
PSO in their works related to PID controller tuning [41, 42].
However, there are many optimization algorithms available
in the literature and anyone of them could be utilized for
tuning purpose. The comparison of optimization algorithms
is not taken into account in this study because the proposed
research work is mainly focused on reduction in OPV using
centralized airflow controller.

The velocity and position update of each particle can be
calculated using the current velocity and position as follows:

V’;H :WVI;- +¢py xrand () x [pbest)j - XI;] +¢pp x rand ()

X [ghes; = X]1}
(36)

Position update equation is given by

k+1 _ -k k+1
X" =X+ Vi, (37)

where
k

Wp =Wp—max_[Wp—max_Wp—min] X(%)’ (38)
and k,_,, = maximum number of iterations, k =iteration
number, j= particle number, V* =velocity of jth particle
in kth iteration, W ,=inertia weight factor, W, . =
Maximum inertia weight factor, W,_;, = Minimum inertia
weight factor, c,; = cognitive acceleration factor, ¢, = social
acceleration factor, rand () =random numbers uniformly
distributed in the range (0, 1), X']? = position of jth particle
in kth iteration, py.=local best position, and gy =
global best position. The block diagram of PSO algorithm-

based tuning of OWC-OEN controllers is given in
Figure 8.

4. Discussion on Simulation Results

In this section, the centralized airflow controller has been
validated through numerical simulations. The simulation
parameters used for OWC-OEN airflow control and rotor
speed regulation schemes are provided in Table 1. The
number of OWC sites are chosen to be N =20. The WAFO
toolbox in MATLAB® has been used for generating
JONSWAP spectrum-based twenty distinct sea wave
scenarios for twenty OWC sites located at different
locations.

The sea scenario SW1 (Figure 9) is chosen for demon-
strating the MPPT outcome of OWC-1, whereas all sea
scenarios, i.e., SW1,SW2,...,SW20, are selected for eval-
uating the performance of OWC-OEN with MPPT, un-
controlled OWC-OEN, and OWC-OEN with centralized
airflow control. The wave height and corresponding airflow
velocity for sea scenario, SW1, is shown in Figure 9.

( Randomly initialize the particles

v

Run the OWC-OEN MATLAB model (.slx)
calculate the fitness value (i.e., ISE) of
each particle (i.e., OWC-OEN controller
parameters)

N

Find py., particles & fitness value of each
Ppest Particle

N

Find g particle & its fitness value from
Prest Particles & corresponding particle
fitness values

v

Update velocities and positions of each
particle

N

_/

Stopping
criteria
met?

Figure 8: PSO algorithm flowchart for tuning OWC-OEN con-
troller parameters.

4.1. Performance Analysis of MPPT Control. The MPPT
performance of OWC-1 at the local level has been evaluated
in this section. The optimum reference speed, ®,¢_owci> 18
calculated first using the algorithm suggested in [36]. This
reference is generated in a manner that the turbine flow
coefficient always remains below the permissible threshold
limit to escape the turbine stalling. If turbine stalling is
avoided, then the output power can be maximized to its best
possible level. Next, the backstepping-based nonlinear
controller is implemented for rotor speed control that in
turn provides the efficient tracking of reference speed by
actual rotor speed. This is observed in Figure 10, wherein the
actual rotor speed of OWC-1 very closely follows the op-
timum reference speed. The rotor speed for uncontrolled
OWC-1 is clearly representing the turbine stalling case. The
control effort needed to manipulate the rotor speed is also
shown in Figure 10 which is having a range of £150 volts
and is required only when the reference value is changing.

Next, turbine flow coefficient and electrical power
waveforms are shown by Figure 11. The turbine flow co-
efficient for MPPT-controlled OWC-1 always remains below
the threshold level, i.e., 0.3, whereas for uncontrolled OWC-
1, it exceeds the threshold and causes the stalling in Wells
turbine. Similarly, the output power gets maximized in case
of MPPT control as compared to uncontrolled OWC-1.
However, the OPV is very high as seen in power waveform
for OWC-1. The OPV index of all OWC units is provided in
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FiGure 11: Flow coefficient and output power for OWC-1 with SW1.

Table 2 which would be compared with the OPV index of
OWC-OEN later.

As shown in Figure 12, the total output power has been
analyzed with and without MPPT control after forming
OWC-OEN. For uncontrolled case, the output power ob-
tained has a peak value of Py max = —373.3 kW,
whereas MPPT control provides the peak value of
P jotal-max = —587.4  kKW. Again, the OPV index of OWC-
OEN is not at an acceptable level. Therefore, the centralized
airflow controller to be discussed next was required to deal
with high OPV issue of OWC-OEN.

The output power waveforms have negative amplitude
which represents the generation mode of DFIG. In the
generation mode, the negative peak of output power

actually represents the P,_, ... The value of output power
that is close to time axis is treated as P,_;,. In the motor
mode of DFIG, the power waveforms would have positive
amplitude.

4.2. Performance Analysis of Centralized Airflow Control.
The centralized airflow controller, as shown in Figure 6, is
designed using PSO. For N=20, there are 62 control pa-
rameters which have been tuned with an objective to
minimize the ISE as given in (35). The ISE was minimized by
applying PSO algorithm as per the flowchart shown in
Figure 8. The PSO parameters for running optimization are
given in Table 3.
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TaBLE 2: OPV index values of individual OWC sites.
OWC site Py min (kW) Py max (KW) OPV index
OWC-1 2.6 -53.2 0.558
OWC-2 2.5 -54.5 0.570
OWC-3 2.5 -31.6 0.341
OWC-4 2.6 -55.2 0.578
OWC-5 2.7 -54.4 0.571
OWC-6 2.6 =541 0.567
OWC-7 2.6 -54.0 0.566
OWC-8 2.7 —48.6 0.513
OWC-9 2.6 -51.5 0.541
OWC-10 2.7 -54.6 0.573
OWC-11 2.6 -40.1 0.427
OWC-12 2.6 -53.5 0.561
OWC-13 2.7 —47.7 0.504
OWC-14 2.7 -54.5 0.572
OWC-15 2.7 -54.8 0.575
OWC-16 2.7 -54.3 0.570
OWC-17 2.7 -54.8 0.575
OWC-18 2.7 —48.6 0.513
OWC-19 2.7 -52.2 0.549
OWC-20 2.7 -54.6 0.573
5 5
, X10 , X10
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5 0 . . . - Pgtotal-min 5} 0 gtotal-rmin
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FiGgure 12: Total output power for uncontrolled and MPPT-controlled OWC-OEN.
Next, the optimized control parameters were obtained by TaBLE 3: PSO parameters.
running the optimization algorlthm for 100 iterations. The PSO parameters Values
tuned parameters of centralized airflow controller are -
. . . . . . Number of particles 50

provided in Table 4. The numerical simulations are obtained o .
for OWC-O ith lized airfl ller. Th Particle dimension 62
or OWC-OEN with a centralize airtlow controller. Three Maximum number of iteration (k) 100
cases of total output power refe_r__ence @) P gtotal-ref = ~20 kW, Maximum inertia weight factor (W ,_,,) 0.9
(i) P gtotal-ref = ~110 kW, and (iii) P gtotal-ref = —200 kW have Minimum inertia weight factor (W ,_;,) 0.1
been considered for analyzing the controller performance. Cognitive acceleration factor (c,;) 2
The P iy a1ref selection is based on observing the total output Social acceleration factor (c,,) 2

power waveforms. The total output power is more con-
centrated in the lower range (i.e., below —250kW) and
hence, the centralized airflow controller is found to be more
effective in the lower range and the effectiveness gets reduced
substantially at higher ranges.

The total output power, Py, and corresponding error
waveforms for different references are shown in Figure 13.
The total output power of OWC-OEN successfully tracks the
reference power. Although for lower as well as higher
P jotal-rer> the OPV index is higher when compared with
—110kW. The lowest OPV index of 0.0093 is
—110kW. Overall, the airflow

gtotal-ref =

achieved with P gtotal-ref =

controller reduces the OPV significantly as compared to
uncontrolled OWC-OEN and MPPT-controlled OWC-
OEN. Next, a detailed comparison of OPV index values for
uncontrolled OWC-OEN, MPPT-controlled OWC-OEN,
and OWC-OEN with centralized airflow controller can be
found in Table 5. It can be seen in the table that the cen-
tralized airflow controller leads to lowest OPV index among
all configurations of OWC-OEN. The OPV index with
MPPT controlled OWC-OEN is higher than that of un-
controlled OWC-OEN as provided in Table 5. The
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TaBLE 4: Central airflow control unit parameters.
Controllers K, T; T,
Control Stage-1 PI 0.130 0.129 —
PID, 8.580 2.078 1.131
PID, 5.850 0.617 0.642
PID; 9.765 1.278 1.989
PID, 6.905 2.155 0.988
PID; 11.528 2.092 1.734
PIDg 6.121 0.806 2.376
PID, 5.254 2.329 1.096
PIDg 11.191 2.029 1.856
PIDo 7.240 2.025 2.764
PID,, 5915 2427 0.917
Control Stage-2 PID,, 3321 1.639 1.970
PID,, 11.860 2.197 0.804
PID;3 7.070 2.449 0.917
PID4 10.458 1.816 2.093
PID, 5 5.011 2.642 1.617
PID4 10.403 1.945 1.140
PID,, 8.131 2.460 0.858
PIDg 10.751 0.735 1.860
PIDq 10.293 2.499 0.767
PID,, 6.380 1.150 0.912
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Figure 13: Continued.
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Fieure 13: OWC-OEN output power and error waveforms with centralized airflow controller. (a)Pgpref = ~50kW,
(b)Pgtotal—ref =-110 kW, and (C)Pgtotal—ref = -200kW.

TaBLE 5: OPV index values of OWC-OEN.

OWC-OEN ngmin (kw) ngmax (kW) OPV index
Uncontrolled -56.6 -373.3 0.1583
MPPT -56.2 -587.4 0.2656
Pgtoml_,ef =110kW -98.5 -117.1 0.0093
Airflow control Pgtoml,,ef =50kW -28.4 -96.0 0.0338
Pgwml_ref =200 kW -107.5 -273.9 0.0832
7 =100 ms -98.1 -118.7 0.0103
Airflow control with delay 7 =500ms -65.0 -175.2 0.0551
7 = 1000 ms -50.0 -201.5 0.0757
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FiGure 14: Continued.
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FIGURre 14: OEN output power and error waveforms with communication delay. (a)7 = 100 ms. (b)7 = 500 ms. (c)7 = 1000 ms.

centralized airflow controller is also tested with different
cases of communication delay in OWC-OEN in next section.

4.3. Performance Analysis of Centralized Airflow Control with
Communication Delay. The centralized airflow controller
has been validated with different communication delays of
7 =100 ms, 500 ms, and 1000 ms. The total output power
and corresponding error waveforms are shown in Figure 14.
The OPV index increases with increase in 7 value as observed
from the waveforms. So, it is required that the communi-
cation network should be able to transfer data with a very
high speed in order to avoid any performance deterioration
occurring due to delay. However, it is very much possible
nowadays to transmit data with bandwidths in gigahertz
range with advanced communication technology. It is also to
be noted here that each OWC site may have different
communication delays which needs further attention. It is
observed that the total output power waveform in
Figure 14(a) seems very similar to that of Figure 13(b) with
P jotalrer = ~110kW. It is due to the time range of 40s in
both Figures 14(a) and 13(b) which is very high as compared
to the communication delay of 100ms. Therefore, the
variation appears in the same Figures 14(a) and 13(b).
However, there is clear difference in performance of both
ceases in terms of the OPV index, as given in Table 5.

5. Concluding Remarks and Future Challenges

This paper presented a novel concept of OWC-OEN and its
centralized airflow control to mitigate the OPV issue of
ocean energy systems. The centralized airflow controller
consisting of two control stages was designed using PSO due
to complexity of tuning parameters. The PSO helped in
choosing large number of control parameters of a very
complex OWC-OEN by minimizing an ISE-type fitness
function. A comprehensive simulation analysis was pre-
sented to validate the proposed airflow control scheme. The
JOWNSWAP-based irregular wave patterns were randomly
selected as the input to individual OWC sites. Also, an OPV
index was defined to compare the output power waveforms
of individual OWC sites and OWC-OEN. The OWC-OEN

with centralized airflow control delivers the lowest OPV
index as compared to uncontrolled OWC-OEN and MPPT
controlled OWC-OEN. The centralized airflow controller
works reasonably well when OWC-OEN is under the effect
of communication delay. As with the case of any other
spatially distributed control network, large communication
delays degrade the performance of the OWC-OEN. The
communication delays considered in this study are assumed
to be uniform for all OWC sites. The unequal communi-
cation delays for OWC sites located at different geographical
locations would further increase the complexity of OWC-
OEN. It is an interesting subject, which needs thorough
investigation in further studies on OWC-OEN.
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