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ABSTRACT

Energy is one of the most important factors in the socioeconomic development of a country.
In a developing country like Malaysia, the development of islands is mostly related to the
availability of electric power. As an island surrounded by sea, power generated by wave
energy source will become one of the most promising solutions for the electrification of
island areas. But, the unpredictable nature of the wave energy source is the main drawback.
This paper presents a novel stand-alone wave energy supply system modeling with maxi-
mum power tracking and an energy storage-based power management algorithm in
MATLAB/Simulink environment. The main contributions of this research work are elimi-
nating the intermittent power generation nature of wave energy and efficiently extract the
maximum wave power. In the proposed stand-alone system, a DC–DC bidirectional buck-
boost converter controller is used to maintain the constant dc-link voltage. It also accumu-
lates the surplus wave power in the battery bank and supplies this power to the load dur-
ing the wave power shortage. A three-phase complex vector control scheme voltage source
inverter is used to control the load-side voltage in terms of the frequency and voltage
amplitude. Based on the simulation results obtained from MATLAB/Simulink, it has been
found that the overall system is capable of working under variable weather and load condi-
tions, and it can also able to extract the maximum wave power.
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1. Introduction

Energy was, is, and will remain one of the funda-
mental economic development foundations of any
nation. The majority of the island development prob-
lems all over Malaysia are mostly related to energy
production. Most of the offshore islands in Malaysia
use fossil fuels to generate electricity even though
Malaysia has a good mix of renewable energy sources
such as solar, wind, wave, biomass, and hydro. The
energy produced by the traditional sources increase
greenhouse gas emissions, which may be the key
source of global warming. Furthermore, the cost of
fossil fuel increases significantly with remoteness. By
2020, it is expected that Malaysia will discharge 285.73
million tons of CO2. This means that CO2 emission
will increase by 68.86% compared to the amount of
CO2 emitted in 2000. Electric power generation alone
contributes 43.40% of the total CO2 released by
Malaysia, which is the largest among all sectors [1,2].
In the previous Kyoto protocol, the Malaysian govern-
ment signed for a reduction in CO2. For this reason,
the government is very concerned about the related
environmental issue and wants to reduce the overall
CO2 emission. Therefore, island electrification using
renewable energy sources in Malaysia is an important
way to meet the challenge.

Among the various renewable energy sources,
wave energy is the most promising environmental
friendly clean and renewable energy source. It has a
greater potential than any other power source to solve
global energy problems. Extensive research on the
idea of wave energy has been conducted since the oil
crisis in the year 1970s. But, the first patent of wave
energy extraction was recorded in the late eighteenth
century [3]. Many WECSs have been patented and
new patents are granted each month [4], which are
based on nine basic techniques. These nine basic tech-
niques are cavity resonators or oscillating water col-
umn (OWC), heaving and pitching bodies, pressure
devices, particle motion converters, surging wave
energy converters, Russell’s rectifier, Cockerell’s rafts,
Salter’s duck, and wave focusing techniques [3–6].
Among the various wave energy converters, OWC is
generally considered as one of the most promising
ocean wave energy conversion devices [7].

Unlike other green energy resources, wave energy
can produce power all over the year. But, the high
dependency on weather condition is the main draw-
back of the commercialize power generation from the
wave energy source. An extensive review on the
development of ocean wave energy conversion tech-
nologies shows that only 7% of the developing systems
all over the world are pre-commercialized and there is

no fully commercialized wave device developed yet
[8]. A most recent design called “the Pelamis” (Sea
Snake in Greek) was installed in the Aguçadora Wave
Park near to Póvoa do Varzim; Portugal’s northern
coast is very much close to the full commercialization
[8]. In reference [8–14], the authors only discussed
about the design and development of wave energy
devices, but they have not discussed about the inter-
mittent power generation nature of wave energy
source. Similarly, in references [15–17], the authors are
also silent about this problem and they have not been
paid much attention for a stand-alone system.

In this paper, a detail dynamic modeling, control,
and simulation of a stand-alone wave energy supply
system with maximum power point tracking (MPPT)
is developed for islands communities. In the autono-
mous system, OWC wave energy device is used to
generate the electric power from the sea waves. A
MPPT algorithm is developed by controlling a boost
converter at generator-side end. Using a DC–DC bidi-
rectional buck-boost converter (DBBC), a control algo-
rithm is developed between the dc-link and battery
bank to maintain the constant dc-link voltage, and a
switch-mode voltage source inverter (VSI) with com-
plex vector control scheme is placed at the load-side
end to control the load-side voltage. In addition, a
simple passive L–C filter is placed after the inverter at
the load-side end to eliminate the unwanted high-
frequency harmonics, which are generated by the VSI
based on the inverter switching frequency.

This simulation model can be used not only for
investigating the stand-alone wave energy supply sys-
tem performance with MPPT, but also for sizing and
designing the stand-alone wave energy system to meet
the system load demands under any available wave
condition. In addition, results obtained from simula-
tion are described to verify the effectiveness of the
proposed system under the transient as well as
steady-state load and wave conditions.

The sequential workflow hints of this paper are as
follows: the complete mathematical modeling of OWC
wave energy device has been presented with the
necessary equations shown in Section 2. In addition,
Sections 2 describes MPPT algorithm, the dc-link volt-
age control algorithm, and complex vector control
scheme for load-side VSI. In Section 3, the Perhentian
Islands is considered as a potential area for generating
electric power from wave source based on the col-
lected meteorological data. Section 4 presents all the
necessary simulation results and discussions to check
the performance of the proposed system. Finally, in
Section 5, a conclusion is drawn by combining all the
key points of the study.
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2. System description

In this section, the detailed dynamic modeling of
each component of the proposed overall stand-alone
wave energy supply system is briefly described. The
proposed stand-alone system consists of an OWC
wave energy conversion device, a battery bank, a
DBBC dc-link voltage controller with proportional
integral (PI) control duty cycle, and a pulse-width
modulation (PWM) VSI located at the load-side end.
The OWC wave energy system consists of a Darrieus
turbine with a permanent magnet synchronous genera-
tor (PMSG), an AC–DC three-phase uncontrolled recti-
fier, and a generator-side DC boost converter with a
MPPT algorithm. Fig. 1 shows the complete block dia-
gram of the stand-alone wave energy supply system.

2.1. Modeling and characteristics of OWC

OWC works much like a wind energy system. It
uses movement of the water as a piston in a sealed
chamber, which causes the rise and fall of the water
level within the wave chamber. This cause creates
pressure oscillations within the chamber, which can be
used to drive a bidirectional wave turbine. The
bidirectional turbine extracts the kinetic energy of sea
wave and turned it into mechanical energy which is
fed into the electrical generator. The generator

converts this mechanical energy into electrical energy
which will either feed directly to the load or in the
grid.

It should be noted that this paper only focuses on
the development of a battery storage stand-alone wave
energy supply system and its MPPT algorithm for
island communities. Therefore, power developed by
the OWC with MPPT modeling is described here. The
detailed design and complete mathematical modeling
of OWC wave energy system can be found in refer-
ence [2,8,10–12,14,18,19], where more precise model is
established.

As mentioned earlier, OWC wave energy operating
principle is much like wind turbine system. The
power available at the wave turbine consists of two
terms: air velocity term Pa and air pressure term Ppt.
Therefore, the total chamber power can be described
using the following equation

Chamber power Pin ¼ Pa þ Ppt (1)

where the power Pa and Ppt acting on the turbine due
to the air velocity and pressure term as:

Pa ¼ qA2V3
2

2
(2)
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Fig. 1. Block diagram of the proposed stand-alone wave energy supply system.
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and

Ppt ¼ �A1

A2

H2
in

h2
x2f2 cosðxtÞ2 � 1g � sin2ðh=2Þ þ Q
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(3)

The output available power developed by the OWC
(power delivered by the turbine rotor) is a function of
the turbine power coefficient CP, so the total output
power developed by the OWC is as follows:
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(4)

where Hin is the averaged internal wave height (WH)
(m), A1 is the flow surface area of the chamber (m2), A2

is the inlet turbine area (m2), ρ is the air density
(kg/m3), Q is the air flow rate across the turbine, ω is
the angular velocity of the sea wave, V1 is the air flow
velocity inside the chamber (m/s), V2 is the turbine inlet
velocity (m/s), θ is the angular chamber length (m), ωm

is the angular velocity of wave turbine rotor (rad/s), k
is the tip-speed ratio, β is the pitch angle, and R is the
radius of Darrieus turbine. CP is only function of k

when β is equal to zero indicated in Eq. (5) [20], and also
power conversion rate performance of a Darrieus wave
turbine is influenced by k shown in Eq. (6).

CP ðkÞ ¼ 55:04� 4:69k
k

e

�21þ 0:735k
k

� �
þ 0:0068k
1� 0:035k

(5)

and

k ¼ xmR

V2
(6)

Based on the Eq. (5), the relation between CP and k
shown in Fig. 2. It can be noticed from that for k equal
to 7.4, the optimum value of CP is about 0.4. It means
Darrieus turbine extracts maximum power when it
operates at maximum CP (i.e. at CP-opt). Therefore, it is
important to keep the rotor speed of Darrieus turbine
at an optimum rage of the k with varying WH and
wave period (WP).

Using Eqs. (4) and (6), the target optimum power
and torque of the Darrieus wave turbine can be
expressed as:

Ptotal�opt ¼ �A1

A2

H2
in

h2
x2f2 cosðxtÞ2 � 1g � sin2ðh=2Þ

���

þ Q

A2

xm�optR
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(7)
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Fig. 2. The relation between CP and k of Darrieus turbine.
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and

where

xm�opt ¼ koptV2

R
(9)

The mechanical power developed by the Darrieus
wave turbine is a function of the rotor mechanical
speeds for different WHs and periods as shown in
Fig. 3 and this figure also indicates the optimum
power. The maximum power can be extracted from
the wave turbine if the controller can properly follow
the optimum curve shown in Fig. 3.

2.2. Control of generator-side converter with MPPT

Fig. 4 shows the control structure of the generator-
side converter. The main control objective of this con-
troller is to control the duty cycle of the generator-side
DC–DC boost converter which is shown in Fig. 5 to
extract maximum power from variable wave condi-
tion. The control algorithm follow the below steps:

(1) Calculate generator speed ωg.
(2) Determine the reference torque using the

below equation:

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.2

0.4

0.6

0.8

1

1.2

Turbine Speed wm  [ p.u ]

M
ec

ha
ni

ca
l P

ow
er

 P
m

 [ 
p.

u 
]

V2 e

V2 d

V2 c

V2 b

V2 a

V2a, V 2b, V2c, V2d, V2e = Turbine Inlet Velocities

a

b

c

Pm_opt

Fig. 3. The relation between the mechanical power and rotor mechanical speeds of a Darrieus wave turbine for different
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(3) This reference torque is used to calculate the
reference DC current using the rectifier volt-
age Vdr as given by:

Idr�ref ¼ Tg�ref � xg

Vdr
(11)

(3) The error between the measured DC current
and DC reference current is used to control
the duty cycle of the generator-side converter
through a PI controller to extract the maxi-
mum power from the wave turbine.

The acceleration or deceleration of the PMSG is deter-
mined by the difference between the generator torque
Tm and turbine torque Tg. If the PMSG speed is higher
than the optimal speed, then turbine torque is less
than the PMSG torque and the PMSG will be deceler-
ated. The PMSG will be accelerated if the PMSG speed
is less than the optimal speed. For describing this
MPPT control function, consider Fig. 3. If the PMSG
operating at point “a” and turbine inlet speed
increases from V2e to V2d (point “b”), the additional
00power and hence torque causes the PMSG to
accelerate and also causes the difference between the

Reference current
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To switch Sm in
Figure 4
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PI
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P D

PWM Generator
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Fig. 4. The control algorithm of the generator-side converter for MPPT [26].

Fig. 5. The complete model of the proposed stand-alone wave energy supply system.
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measured DC current and DC reference current; this
difference is used to control the duty cycle of genera-
tor-side converter to extract the maximum power. The
accelerating torque is the difference between the tur-
bine mechanical torque and the torque given by the
optimum curve. Finally, the PMSG will reach the
point “c” where the difference between of the torque
is zero. A similar situation occurs when the turbine
inlet velocity decreases based on WH and WP. In the
proposed MPPT method, the turbine inlet velocity is
no need to monitored using mechanical sensor.

2.3. Dc-link voltage control

In this proposed system, a neutral wire is inserted
between the dc-link capacitors which are connected
before the VSI for feeding the single-phase load as
well as the three-phase loads, shown in Fig. 5.

In this paper, the dc-link side is connected to a bat-
tery bank through DBBC; the main objective of the
DBBC control is to maintain a constant dc-link voltage
as a reference value and discharge/charge current
from/to the battery bank according to the required
load power. The battery bank DBBC controller sche-
matic diagram is shown in Fig. 6. The battery bank
voltage can be kept lower as compared to the dc-link
reference voltage (V�

dc) using DBBC and so a smaller
number of battery are required to be connected in ser-
ies. In the proposed system, the battery bank voltage is
kept at around 300 V whereas V�

dc = 650 V. In this
study, the depth of discharge of the battery bank is
considered to be 60% [2,21–23]. In addition, it is
assumed that it should provide electric power to the
2.5 kW load for approximately an hour when the gener-
ated wave power is zero. The detailed calculation of
the battery bank rating is discussed in Appendix I.

In Fig. 4, the value of the switching frequency,
inductor, and capacitors used in DBBC is important
for its conduction mode operation of it [2,24,25]. The
inductor used in the battery bank side shows the

lower ripple current results, which increases the life-
time and efficiency of the battery bank. Conduction
mode operation of DBBC also depends on input and
output current. The value of the inductor and capaci-
tors are as follows [2]:

Inductance L2 ¼ VBattery � ðVdclink � VBatteryÞ
IBattery � fs � Vdclink

(12)

Buck mode capacitance C2 ¼ kL � IBattery
8� fs � VBatteryðrippleÞ

(13)

and

Boost mode capacitance C3 ¼ DBoost � Idclink
fs � VdclinkðrippleÞ

(14)

where VBattery is the voltage of the battery bank, Idclink
is the dc-link current, Vdclink is the dc-link voltage,
Vdclink(ripple) is the boost side output desired ripple
voltage, VBattery(ripple) is the buck side output desired
ripple voltage, fs is the switching frequency, kL is the
estimated coefficient of indicator ripple current at
buck side, and IBattery is the battery bank current.

The battery bank, in this paper, can act either as a
sink or as a power supply. As a result, due to the
weather conditions, it should charge or discharge
within specified limits when there is surplus or a lack
of wave power. In this study, the surplus power due
to the high wave power condition initially supply to
the battery bank until its upper limit charge carrying
capacity and after that the dump load absorbs the
additional power. The dump load controlled via the
chopper control is shown in Fig. 7. In this case,
the controller switching decision is made by compar-
ing the present status and upper limit of state of
charge (SOC).

The battery bank may not able to meet the system
load demand at each instance in case of long-term or

Fig. 6. The schematic diagram of DBBC converter controller.
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lower wave power conditions. For this reason, an
emergency backup is integrated with the proposed
stand-alone system in this paper. The control algo-
rithm of the emergency backup is shown in Fig. 8. A
flow chart is depicted in Fig. 9 based on the above
control coordination among the wave sources, battery,
emergency backup, and dump load, where the lower
and upper limit of SOC of the battery bank is kept at
0.2 and 0.8, respectively.

2.4. Load-side VSI control

A three-phase space vector control VSI is used at
the load end as an interface element between the
dc-link voltage and the system load. It is used to
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control the voltage and frequency at the system load
end. In this study, the system load voltages should be
controlled in terms of voltage amplitude and fre-
quency because there is no power grid connection.
The space vector control method is used to control the
system output voltage during the variation in required
wave power or load power.

Based on the synchronously rotating frame
described in [26], the space vector control technique is
used in this proposed system. The three-phase Ia, Ib, Ic
currents and Va, Vb, Vc voltages should be measured
and transformed from the stationary reference a-b-c
frame to the rotating reference d-q frame using the
preferred output load voltage frequency. In this paper,
the specified output phase voltage root mean square
(RMS) value and the frequency are 220 V and 50 Hz,
respectively.

The equations of voltage using reference rotating
d–q frame transformation are taken from [26]:

vd ¼ vdi � Lf
did
dt

þ Lfxiq (15)

vq ¼ vqi � Lf
diq
dt

� Lfxid (16)

Using the d–q reference rotating frame transformation,
the active and reactive power is given by:

Active power P ¼ 3

2
ðvdid þ vqiqÞ (17)

Reactive power Q ¼ 3

2
vdiq þ vqid

 �

(18)

The active and reactive power equations will be as
follows if the reference rotating frame is as vq= 0 and
vd=│V│:

P ¼ 3

2
vdid ¼ 3

2
Vj jid (19)

Q ¼ 3

2
vdiq ¼ 3

2
Vj jiq (20)

Therefore, the active and reactive power can be con-
trolled by controlling direct and quadrature current
elements, respectively. And for the resistive load case,
V�

d can be expressed as:

V�
d ¼

ffiffiffi
2

p
V�

RMS (21)

where V�
RMS is the RMS reference value of the output

phase voltage. In this control technique, internal con-
trol loops output current and external control loops
output voltages are regulated by PI controllers. In this

Fig. 10. The three-phase load-side VSI controller.

66 N.H. Samrat et al. / Desalination and Water Treatment 57 (2016) 58–74



paper, the Ziegler–Nichols tuning method is used for
regulating all the PI controllers [27]. The control tech-
nique of the load-side VSI is depicted in Fig. 10.

Based on the switching frequency of the inverter,
the unwanted high-frequency harmonics will generate
in output AC voltage by the VSI, which ultimately cre-
ates power quality problem in the consumer end.
Space vector PWM technique is used in this controller,
because it slightly reduces the harmonics contents in
the output voltage. And also, it increases the funda-
mental output voltage. To reduce the unwanted high
frequency harmonics for avoiding the power quality
problem in the customer end, a simple passive L–C fil-
ter is used in the load-side end. The passive L–C filter
design [2] is given in Appendix II and the values are:

Lf ¼ 0:052 H

Cf ¼ 2 lF

2.5. Modeling of battery

In this paper, a typical battery model [28] is imple-
mented. This model uses only the SOC of the battery
as a state variable to avoid the algebraic loop problem.
In addition, the model developed [28] can precisely
characterize four types of battery chemistry including
lead–acid battery.

In this paper, the battery is modeled using a con-
trolled series connected voltage source with a constant
resistive value, shown in Fig. 7, where the controlled
voltage source is expressed by the following equation
[28]:

E ¼ E0 � K
Q

Q� R
idt

þ A exp �B

Z
idt

� �
(22)

VBattery ¼ E� RinIBattery (23)

where E0 is the no load voltage of the battery (V), Q is
the battery capacity (Ah), K is the polarization voltage
(V), A is the exponential zone amplitude (V), VBattery

is the battery voltage (V), B is the exponential zone
time constant inverse (Ah)−1, Rin is the internal battery
resistance (Ω), ∫idt is the charge drawn and supplied
by the battery (Ah), and IBattery is the battery current
(A) (Fig. 11).

Based on Eq. (22), the typical battery model is
developed in MATLAB/Simulink and connected to a
DBBC using controlled voltage source.

3. Site selection

Malaysia is surrounded by sea and its latitude and
longitude is 2˚-30´˚N and 112˚-30´˚E. It has a total of
878 islands [29–32]. In Malaysia, Perhentian Island
(shown in Fig. 12) is one of the most popular islands
resort. Geographically, Perhentian Island or Pulau Per-
hentian is a hot and humid island with rain all year
round. It is approximately 20 km off the northeastern
coast of West Malaysia in the state of Terengganu. It is
a resort island and there is only one village inhabited
by the locals. Diesel generators are the main source of
electric power. On this island, the National Energy
Policies and University Kebangsaan Malaysia installed
a solar-wind hybrid energy system in 2007 [33]. It was
not connected to the electrical network because of its
weak hybrid power management strategy during peri-
ods of lower wind and solar irradiation conditions. The
winds are rare in this area and also PV efficiency
decreases due to the humidity affect.

As an island surrounded by the sea, wave energy
can be considered as one of the efficient power genera-
tion sources in Perhentain Island. The wave data of
Perhentain Island are shown in Fig. 13, where the
average peak WH and WP occur from November to
January. The wave data of the Perhentain Island are
collected from Malaysian Meteorological Department
Labuan (MMDL). In addition, the collected wave data
are analyzed by the “hindcast” technique [35]. MMDL
measured wave data using voluntary observation ship
Scheme and acoustic doppler current profiler equip-
ment.

At this site, the maximum and minimum average
WH measured in November (WH= 2.1 m) and June
(WH= 0.88 m). On the other hand, the maximum and
minimum average WP measured in DecemberFig. 11. Nonlinear typical battery model [28].
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(WP = 6.1 s) and July (WP = 4.64 s). The power gener-
ated by the wave during the whole year is shown in
Fig. 14, and it is mainly depend on the WH and

WP according to the wave theory and equations in
reference [1,2].

Malaysian sea has an average 8.5 kW/m wave
power level [1]. With reference to above Fig. 14, it
could be said that Perhentain Island site is economi-
cally viable for commercial scale wave power genera-
tion in Malaysia, because it has an average 15.9 kW/m
wave power level. Because any wave power site are

Fig. 12. Location of target site (Perhentian Island) (modified from [34]).

Fig. 13. Monthly average WH/WP data of a year for
Perhentian Island.
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Fig. 14. Average wave power level of a year for Perhentain
Island.
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able to produce electric power at competitive prices if
it has an average wave power level equal or above
15 kW/m. In addition, these sites are considered to
have an exceptionally high-energy resources than
other renewable energy source like wind and solar.

4. Simulation result and discussion

The simulation model of the proposed stand-alone
wave energy supply system with energy storage has
been modeled using Matlab/Simulink environment
under the different wave and load conditions. In this
study, PMSG is modeled in Matlab/Simulink from the

literature [36–38] and the parameters of it are taken
from [39], which are presented in Appendix III. The
parameters of the OWC and Darrieus turbine are also
mentioned in Appendix III. In this section, the average
WH and WP for February, March, and June from
Section 3 is used to test the performance of the
proposed stand-alone system under the following
conditions. In this simulation study, 20 μs time is used
for sampling during the simulation.

Figs. 15 and 16, respectively, show that the value
of power coefficient and the wave power at different
steps. It is clear from both figures that simple MPPT
control technique without any mechanical sensor
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Fig. 15. Power coefficient of Darrieus turbine during the whole simulation.
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works well, where the CP value is kept at its optimum
value which approximately equals 0.40 with varying
wave and load condition to extract maximum power
from available WH and WP. The simulation results of
the MPPT control algorithm demonstrate that the con-
troller can be able to extract maximum power from
the variable speed wave turbine under the fluctuating
WH and WP.

The performance of dc-link voltage controller is
presented in Fig. 17. Fig. 17 shows the active power
distribution curve of generated wave power, load
demand, and battery bank power. From Fig. 17, it can
be seen that the performance of the dc-link DBBC volt-

age controller is quite satisfactory because the power
from the battery bank changes (charges/discharges) in
order to maintain system power stability under vary-
ing wave and load conditions. So, it is clear that the
dc-link DBBC voltage controller is able to discharge
the battery bank into the load when the load power is
more than the generated wave power and also the
controller is able to charge the battery bank when the
load power is less than the generated wave power.

Furthermore, it can also maintain the constant dc-
link voltage at 650 V during the change in wave and
load power, as shown in Fig. 18. But it shows
insignificant deviation when there is a variation in
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Fig. 17. Active power distribution curve of the stand-alone wave energy supply during the variation in wave power with
variable load.
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Fig. 18. Dc-link voltage of the stand-alone wave energy supply system during the variation in wave power with variable
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load. This is because of the appreciable delay between
wave and load power changes. In this case, wave and
battery bank power satisfactorily meets the system
load demand at each instant. Therefore, it can be
established that controller performance is quite accept-
able in a steady state as well as in transient wave and
load power conditions.

The output line current response of the above
conditions during the long-time simulation is shown
in Fig. 19. The output line current varying in Fig. 19
because load is varying in this case. Fig. 19(b) and (c)
show the output line current when the load power
increase at simulation time from 7.95 to 8.05 s and
when the load power decrease at simulation time
11.96 to 12.06 s, respectively. For above condition, out-
put line voltage for whole simulation time is shown in
Fig. 20. With reference to Fig. 20, it is seen that the
VSI controller shows satisfactory performance, because
it maintains voltage stability in load side during the

Fig. 19. Output line current response with change in
required load power. (a) Output line currents throughout
the full simulation time; (b) Output line current when the
load increases at simulation time from 7.95 to 8.05 s; (c)
Output line current when the load decreases at simulation
time from 11.96 to 12.06 s.

Fig. 20. Output line voltage response with change in
required load power. (a) Output line voltage throughout
the full simulation time; (b) Output line voltage when the
load increases at simulation time 7.95 to 8.05 s; (c) Output
line voltage when the load decreases at simulation time
11.96 to 12.06 s.
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wave and load power variation. Fig. 21 shows the out-
put RMS line voltage (for line Vab) where it is main-
tained at 385 V as a reference value. The total
harmonics distortion in the output voltage and current
at load side is about 1.7 and 1.55%, respectively,
which illustrates the good quality of the voltage and
current generated at the load-side end.

Based on the above simulation results, it can be
concluded that the proposed stand-alone system is be
able to deliver a suitable quality of voltage and cur-
rent to the load with the help of inverter switching
and a passive L–C filter. It could be found from the
literature in reference [1,3,4,6,8,10–12] that the overall
efficiency of the OWC varies from 10–15% according
to the chamber and turbine design. But in this analy-
sis, it can found that the OWC efficiency is almost
18.5% for the proposed hybrid system. Finally, it has
been established that the proposed stand-alone system
can successfully accommodate WH, WP, and load
changes, and the MPPT algorithm can efficiently
extract the maximum wave power during the load
changes.

5. Conclusion

A stand-alone wave power generation system with
MPPT and an appropriate power management algo-
rithm has been designed and modeled in this paper
for remote island uses in the absence of electric power
grid. The power available from wave energy source is

highly dependent on weather conditions such as WH
and WP. In this paper, an OWC wave energy system
integrated with a battery bank using a novel topology
to overcome this deficiency. And also a generator-side
boost converter controller is able to extract the maxi-
mum power by keeping CP value at its optimum value
with varying wave and load condition. This stand-
alone topology shows excellent performance under
varying load power requirement, WH and WP where
wave data are based on real-world records. Based on
the simulation results and analysis, it could be con-
cluded that the proposed stand-alone system can be
satisfactorily used in the Pehentian Islands. Future
work should aim at setting up the proposed stand-
alone wave energy supply system in the University of
Malaya laboratory to verify the simulation results.
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Appendix I

The battery bank rating calculation:

Battery rating ¼ 2:5 kW� 1 h

300 V� 0:6
¼ 13:89 A h

Hence, 12-V, 14-Ahr battery rating is considered and
consequently, 25 numbers of batteries are required to
connect in series.

Appendix II

The Eq. (2) related to passive L–C filter design:

K ¼ k2 � 15
4 k

4 þ 64
5p k

5 � 5
4 k

6

1440

� �1=2
(24)

Lf ¼ V0

I0fsw
K
Vdclink

V0;av
1þ 4p2

f

fsw

� �2

K
Vdclink

V0;av

" #1=2

(25)

Cf ¼ Vdclink

Lf f2swV0;av
(26)

where k—modulation index = 1; V0—load voltage = 220 V;
I0—(load current) = 4.58 A; f—fundamental frequency =
50 Hz; fsw—switching frequency = 2 kHz; V0,av—total
harmonic load voltage = 5% of V0; Lf—inductance of filter;
and Cf—capacitance of filter.

Appendix III

Table 1 Parameters of PMSG

Number of poles 4
Rated power 3 kW
Rated speed 241 rad/s
Per phase stator resistance (R) 0.4578 Ω
d-axis and q-axis stator inductance (Ld & Lq) 0.00334 H
Magnetic flux induced in the stator

windings (ψ)
0.171 Wb

Rated torque 14.2 Nm

Table 2 Parameters of OWC

OWC chamber length (Lch) 1.5 m
Water surface area inside the

chamber (A1)
1.4 m2

Turbine inlet area (A2) 0.012 m2

Water depth (d) WH
(m)

WP
(s)

d
(m)

0.98 4.9 16.47
0.9 4.79 15.75
0.88 4.79 15.73

Table 3 Parameters of Darrieus turbine

Swept area by balde (A) 0.012 m2

Air density 1.22 Kg/m3

Height of the rotor (Ht) 240 mm
Diameter of the rotor (Dt) 100 mm
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