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This paper focuses on dynamic modeling, simulation, control and energy management in an isolated inte-
grated power generation system consisting of a 315 kW offshore wind turbine, a 175 kW tidal turbine, a
290 kW microturbine, and a 3.27 kAh lead acid battery storage. A first, due to efficient and economical
utilization of the renewable energy resources, optimal sizing of the hybrid system is accomplished based
on economic analysis using genetic algorithms. A model of power-consumption for a microturbine is
obtained using least square estimation algorithm based on capstone™ company data and is suggested
for implementing at economic analysis. For extraction of maximum energy from a variable speed wind
turbine, a developed Lyapunov model reference adaptive feedback linearization method accompanied
by an indirect space vector control is applied. Because of more reliability, more fuel flexibility, less envi-
ronmental pollution, less noise generation and less power fluctuation in comparison with a diesel gener-
ator, a microturbine integrated with battery storage is suggested as a back up for this system.

A supervisory controller is designed for energy management between the maximum energy captured
from the wind turbine and consumed energies of the load, dump load, energy of the battery based on
state of charge and generated energy by the microturbine. Dynamic modeling and simulation are fulfilled
using MATLAB Simulink™7.2.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energy resources are energies generated from natu-
ral resources such as wind, sunlight, tide, hydro, biomass, and geo-
thermal which are naturally replenished. Energy crisis, climate
changes such as rise of atmosphere temperature due to increase
of greenhouse gases emission and the Kyoto Protocol restrictions
in generation of these gases, coupled with high oil prices, limita-
tion and depletion of fossil fuels reserves make renewable energies
more noticeable.

Among the renewable energy resources, wind power has had
the world’s fastest growing energy source (at the rate of 30% annu-
ally) in many developed and developing countries over the last
20 years [1]. Active and reactive power control of fixed speed tur-
bines is described in [2,3]. The variable speed wind turbine (VSWT)
is used for more attraction of energy from the wind. The VSWT at-
tracts 10–15% more energy, has lower mechanical stress and less
power fluctuation in comparison with the fixed speed ones.

One of the most important studies in the VSWT is to apply var-
ious control schemes for several purposes in the plant. There are
some methods for control of the VSWT. These methods are used
to extract the maximum power, to control the voltage and fre-
quency of the load and reduce power fluctuation [4–6]. Maximum
ll rights reserved.
power attraction from the VSWT is achieved using linear control;
fuzzy logic control and hill climb searching (HCS) method [7–11].

Due to efficient and economical utilization of renewable ener-
gies, some of renewable energy resources such as wind turbine
and solar array are integrated together and produced excess energy
is utilized to store in a battery storage discussed in [12–15]. Be-
cause of dependency on wind speed and sun irradiance in such a
system, its reliability for satisfying the load demands decreases un-
der all conditions. Hence, some studies propose to use combination
of a diesel generator as a back up for these hybrid power genera-
tion systems [16–18]. But a diesel generator has several major dis-
advantages such as low flexibility to respond the demand changes,
high pollution and noise, low efficiency. These mentioned prob-
lems cause that a diesel generator is not propounded for integra-
tion with the clean power generation system.

Another element that plays an important role in an autonomous
wind–solar hybrid power generation system is battery storage. Bat-
teries are employed to store superfluous energy derived from wind
blowing and solar irradiance during windy or sunny days and then
to release during cloudy days or at nights. An ignored aspect in sev-
eral previous researches is a suitable estimation method of the SOC
of the battery for the appropriate management of energy in the hy-
brid power generation systems. So far, several SOC estimation
methods are employed for a battery such as fuzzy logic, neural net-
work, and specific gravity measurement; open circuit voltage
estimation, Kalman/extended Kalman filters and Ampere-hour
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counter [19–21]. One of these methods will be utilized for the hy-
brid system.

One of the most important studies in a hybrid system is eco-
nomic analysis and size optimization in order to achieve efficient
and economical utilization in the hybrid system. Various methods
and techniques such as a graphic construction technique, design
space approach, genetic programming (GA), and dynamic pro-
gramming are implemented for economical analysis and size opti-
mization in various hybrid systems such as wind/solar/battery
storage, and wind/solar/diesel/battery considered in [22–27]. As a
result of robust in finding global optimal solutions, the GA tech-
nique is implemented for optimal sizing design of the hybrid sys-
tem in this study.

Renewable energy sources have unique characteristics which
influence where they are used. Generally, solar energy can be ap-
plied in areas where the amount of sun irradiance is sufficient.
Areas where winds are stronger such as offshore sites are preferred
locations for wind turbines. Furthermore, energy in water can be
used. Since water density is about 1000 times more than air, even
a slow flowing stream of water can be utilize to produce consider-
able amounts of energy. These cause that integration of wind tur-
bine, tidal turbine, microturbine, and battery storage is proposed to
utilize in the area with above specification such as in an oil plat-
form. Utilization of a microturbine as a back up in the hybrid sys-
tem makes higher reliability, less power fluctuation, less
environmental pollution and less noise generation. For example,
a traditional 30 kW diesel generator emits more nitrogen oxide
in one hour than a Capstone unit does in more than nine days of
full-load operation [28].

Because of nonlinear behavior of the plant, the methods based
on linear control theory, such as a proportional integral derivative
(PID) controller, are not suitable for the maximum power point
tracking (MPPT). The maximum energy attraction and voltage
and frequency control of the load are performed using fuzzy logic
control method. Generally, a fuzzy logic controller does not guar-
antee an optimal response. Furthermore, it increases complexity
of the control system. The MPPT using the HCS method is appropri-
ate only for the wind turbines with quite small inertia. For the
wind turbines with large inertia, this method is not able to extract
the maximum power. Thus, the input–output feedback lineariza-
tion method is proposed to eliminate the nonlinear behavior of
the plant. Model reference adaptive control method is used to esti-
mate the plant parameters such as optimum torque and rotor
angular speed in order to capture the maximum energy from the
VSWT when the wind speed change.

For proper performance of central controller, a suitable SOC
estimation method is needed in order to generate the reference
values for the controllers in the hybrid system. Among the SOC
estimation methods, the Kalman filter, neural network and fuzzy
logic are very complex and also too much calculations must be exe-
cuted. In the specific gravity method, the electrolyte may become
laminated and leads to diminish the sensors lifetime. A dynamic
mathematical model of a lead acid battery proposed by Matthias
Durr et.al in [29] is used for this hybrid system. Based on the
remaining battery energy, a new value for the battery open circuit
voltage is determined using the look-up table. The SOC calculation
is expressed in a look-up table relative to the battery open circuit
voltage (VOC).

An appropriate supervisory controller is designed for energy
management between maximum energy captured from the wind
turbine/tidal turbine and consumed energies of the load, dump
load, battery energy based on state of charge and the energy gen-
erated by the microturbine. This paper is organized as follows:
Description of the proposed system is presented in Section 2. Sec-
tion 3 describes the control system design. Optimal design and
economic analysis is fulfilled in Section 4. Simulation results and
discussion are presented in Section 5. Section 6 is the conclusions.

2. Proposed system description

The proposed hybrid energy generation system is depicted in
Fig. 1. This system consists of a wind turbine, a microturbine, a bat-
tery storage, induction and synchronous generators, indirect space
vector control (ISVC) scheme, sinusoidal pulse width modulation
(SPWM) converters, dc/dc converters, an adaptive feedback linear-
ization controller, load, dump load and a supervisory controller.

2.1. Wind energy conversion system

Every wind energy conversion system (WECS) consists of two or
three blades, Pitch angle control mechanism, yaw mechanism,
gearbox, generator and converters. A squirrel cage induction gener-
ator (SCIG) [30], a doubly fed induction generator [31] and a per-
manent magnetic synchronous generator [32] are used in the
WECS. The SCIG is chosen to be used in this system because of
its simple and robust mechanical structure. Stator is connected
to the load via converters. The dynamic modeling of the squirrel
cage induction generator in a stationary dq0 reference frame is
demonstrated as following in [33].

Rectifier and inverter used in the WECS are pulse width modu-
lation (PWM) controlled converters (AC/DC/AC). Some researchers
implement the AC/AC converter [34]. A six-pulse- full-controlled
rectifier is used to convert the AC output of self excited induction
generator (SEIG) into DC voltage. Voltage source inverter (VSI)
using pulse width modulation topology is implemented to convert
the dc link voltage to ac output voltage [35]. It consists of six insu-
lated gate bipolar-junction transistors (IGBT). Furthermore, the
SPWM is used in order to generate the gating pulse for applying
to the IGBT. The reference signal in the gating circuit for the IGBTs
in each leg is displaced by 120� achieved by shifting the reference
signal of the PWM. By comparing a sinusoidal reference voltage
with a triangular waveform, the gating signals are created. In the
basic operation of the circuit, if the sinusoidal voltage is higher
than the triangular waveform, the output of the comparator will
be one; otherwise the output will be zero.

The output power and torque of turbine (Tt) vs. rotational speed
in the WECS are given as follows:

Pw ¼
1
2
q � A � Cpðk;bÞ

R �xopt

kopt

� �3

ð1Þ

Tt ¼
1
2
q � A � Cpðk;bÞ

R
kopt

� �3

�x2
opt ð2Þ

Furthermore, the output power of a wind turbine vs. wind
speed is approximated by an equation as follows [26]

PwðVÞ ¼

V2�V2
cin

V2
rat�V2

cin
� Pr ; Vcin 6 V 6 Vrat

Pr ; Vrat 6 V 6 Vcout

0; V 6 VcinandV P Vcout

8>>>>><>>>>>:
ð3Þ

where Pr, Vcin, Vrat and Vcout are the rated power, the cut-in wind
speed, the rated wind speed and the cut-off wind speed,
respectively.

The power coefficient is maximized for an optimum TSR value
when the blade pitch angle is zero. The optimum rotor speed can
be calculated as following equations:

xopt ¼
kopt

R
� Vwn ð4Þ
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Fig. 1. The proposed hybrid system structure.
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Thus

Vwn ¼
R �xopt

kopt
ð5Þ

where xopt, kopt, R, and Vwn are optimum rotor angular speed (rad/s),
optimum tip speed ratio, radius of turbine blade (m) and wind
speed (m/s), respectively. For the WECS, power coefficient (CP) is
maximized for an optimum TSR value when the blade pitch angle
is zero.

2.2. Tidal turbine

Tidal power is captured using tidal turbines. Tidal powers are
more predictable than wind and solar powers. Tidal stream and ti-
dal barrage are two different classifications for generating energy
from the tides. The kinetic energy of moving water and the poten-
tial energy in height are used in tidal stream and tidal barrage sys-
tem, respectively. The energy captured from tidal stream system
that is suitable for integrating with the proposed WECS can be ex-
pressed as

PT ¼
1
2
q � A � Cptðk;bÞ � V2

t ð6Þ

where q is the density of water (approximately 1000 kg/m3), A the
swept turbine area (m2), Cpt the turbine power coefficient and Vt is
the velocity of water flow. The operation of tidal energy conversion
system (TECS) is similar to the WECS in modeling and output re-
sponse with distinction that the speed of water fluid is much less
than the air fluid [36].
2.3. Microturbine model

A microturbine is a small high-speed gas turbine that generates
electrical power within 20–500 kW range. It consists of four com-
ponents: compressor, combustor, turbine and generators. Single-
and split-shaft are two types of microturbines. In the single-shaft
microturbine, the turbine and generator are mounted on the same
shaft. Output frequency of the microturbine is from about 400 Hz
up to several kilo Hertz. It must be converted to 60 Hz using power
electronic converters. In the spilt-shaft configuration, imple-
mented in this paper, the turbine shaft is connected to the gener-
ator by a gearbox and the converters are not needed [37–39].
The GAST model, developed by General Electric, is one of the most
commonly model to simulate a gas turbines [40]. The model con-
figuration of the microturbine is shown in Fig. 2.
2.4. Battery storage model

The battery storage accompanied by the microturbine is used as
a backup for the wind energy conversion system. The value of each
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Fig. 3. Block diagram for determining Voc and SOC.
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element is functions of open circuit voltage (Voc) and state of
charge (SOC) [29]. Voc depends on battery discharge current (IB), at-
tracted energy from battery (Ecd) and battery temperature (Tb). In
this model, battery remained energy for determining Voc is calcu-
lated using a look up table. Fig. 3 shows the algorithm of block dia-
gram for determining the Voc and SOC. In this model, the battery
initial current is used to estimate the maximum available energy.
For determining the remainder energy of the battery and SOC,
the energy being drawn from the battery is dynamically calculated
and subtracted from the initial energy.

3. Control systems design

The most important objectives of the control systems used in
this paper are: (i) capturing the maximum power from the wind
turbine using the ISVC scheme and adaptive feedback linearization
method; (ii) control of the load voltage and frequency using a
SPWM voltage source inverter (SPWM-VSI) control and (iii) energy
management between generated and consumed energies of the
hybrid system components using the supervisory controller.

3.1. Indirect space vector, feedback linearization and developed model
reference adaptive controllers design

3.1.1. Indirect space vector controllers design
In this section, voltage and current of the stator are controlled

by the stator indirect space vector control based on stator field
dq0 model. The equations of electromagnetic torque of the induc-
tion generator are discussed in [35].
Teg ¼
3P
4

Lm

Lr
� ðiqs � kdr � ids � kqrÞ ð7Þ

kqr ¼
Lm

1þ Lr
rr
� S
� iqs ð8Þ

ids ¼ �
4

3P
� Lr

Lm
� Tem

kqr
ð9Þ

xsl ¼ �
Lm

Lr
� rr

kqr
� ids ð10Þ

where rr, Lr id, iq, vd, vq, kd and kq are rotor winding resistor, rotor
inductance, currents, voltages and fluxes of the d-q model,
respectively.

The optimum torque (Tae,opt) obtained using adaptive controller
is used as input of ISVC. i�qs and i�ds are obtained using the Tae,opt and
the ISVC equations. Furthermore, v�ds and v�qs are generated by con-
trollers based on these currents. v�a, v�b and v�c are obtained from
these voltages using dq0/abc converter based on reference signals
for sinusoidal pulse width modulation generator to generate pulses
for applying to the IGBT gates of rectifier.
3.1.2. Feedback linearization and developed model reference adaptive
controllers design

The input–output linearization method is used for obtaining a
linear relationship between a new input (l) and the output (y)
[42]. Fig. 4 shows the driven train of the SEIG. In this figure, Kls,
Bls, Jr, Kr, xr, Jg, Kg and xg are the shaft damping, the shaft stiffness,
the rotor inertia, the rotor external damping, the rotor angular
seed, the inertia, the external damping and the angular speed of



Fig. 4. Driven train of the SEIG.
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the generator, respectively. Also, Tae is the aerodynamic torque, Tls

the low speed shaft torque, Ths the high speed shaft torque, Teg the
electromagnetic torque of generator and ng is the gearbox coeffi-
cient. The dynamic equations for the low speed shaft and the high
speed shaft are [41]

Tls ¼ Kls � ðxr �xlsÞ þ Bls � ðhr � hlsÞ ð11Þ
Ths ¼ ng � Tls ð12Þ

Relationship between the rotor angular speed (xr), the aerody-
namic and the electromagnetic torques can be written as [41]

J
dxr

dt
þ K �xr ¼ Tae � Teg ð13Þ

K ¼ Kr þ n2
g � Kg ð14Þ

Assuming l is an additional input and Tae is an aerodynamic estima-
tion of the wind turbine torque; l is given as

l ¼
bT ae � Teg

J
� K

J
xr ð15Þ

Thus, the generator torque is written

Teg ¼ J �
bT ae

J
� l

 !
� Kxr ð16Þ

This leads to the following equation

J
dx
dt
þ K �xr ¼ Tae � J �

bT ae

J
� l

 !
� Kxr

 !
ð17Þ

Consequently

dx
dt
¼ Tae � bT ae

J
þ l ¼

eT ae

J
þ l ð18Þ
Fig. 5. Configuration of the adaptive
If eT ae becomes zero, then the Eq. (18) can be written

dx
dt
¼ l ð19Þ

For the aerodynamic estimation, the optimum rotor angular speed
is written using Eq. (4) as

xopt ¼ n
kopt

R
vwn ð20Þ

If eis the tracking error

e ¼ xopt � x̂r ð21Þ

The dynamic error at closed loop system can then be expressed with

de
dt
þ a0e ¼ 0 ð22Þ

Using Eqs. (19), (21) and (22) is obtained

l ¼ dxopt

dt
þ a0 � e ð23Þ

a0 is the designed parameter. According to a model reference adap-
tive system (MRAS) [43]

eðtÞ ¼ HðpÞ � ½K � /TðtÞ � lðtÞ� ð24Þ

where e is the scalar error, His the strictly positive real transfer
function and / is the vector function of time. The variation of /(t)
is defined as [40,42]

d/ðtÞ
dt
¼ g � e � lðtÞ � sgnðKÞ ð25Þ

gis a positive constant. Assuming l is bounded
If t ?1 then e(t) ? 0
According to the previous equations, the following adaptive

relation for bT ae is suggested
feedback linearization controller.
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bT ae ¼
g � e

J
ð26Þ

Then the optimum torque (Tae,opt) is obtained

Teg;opt ¼ bT ae � J � l� K �xr ð27Þ

Configuration of the adaptive feedback linearization controller
is shown in Fig. 5. It is implemented to design of linear controller.
It causes that the linear PID controller is encountered with a linear
plant instead of a nonlinear one. Thus, the design of the PID con-
troller is fulfilled using Ziegler–Nichols method based on Eq.
(22). Adaptive controller operates as Eq. (26). This controller gen-
erates the estimated torque (bT aeÞ based on difference between
the rotor angular speed and optimum angular speed (xopt �xr).
The feedback linearization makes a linear relationship between in-
put and output of the plant according to Eq. (27).
3.2. Supervisory controller

For management of the maximum energy captured from the
WECS and TECS, a supervisory controller is applied. After adjusting
the WECS for the maximum energy generation using the adaptive
feedback linearization controller, the supervisory controller calcu-
lates the reference powers for the battery regulator controller,
microturbine controller and dump load controller based on sub-
traction of the load power from the wind/ tidal turbines powers
Fig. 6. Supervisory controlle
(Pe = Pw + PT � PL) according to the flow chart shown in Fig. 6. In
the flowchart; Pw, PT, Pb,est, Pb,ref, Pdl,ref, PMT,ref and Pe are the maxi-
mum power extracted from the wind turbine, tidal turbine, esti-
mated battery power calculated dynamically using the method
discussed in Section 2.4, battery reference power, dump load refer-
ence power, microturbine reference power and excess/deficiency
power calculated based on subtraction between generated and
consumed energies, respectively.

All steps of the supervisory controller operation in the flow
chart are explained as below:

Step 1: compare the wind/tidal turbines generated powers with
the load power (Pe = Pw + PT � PL), if Pe is positive, go to
step 2, otherwise go to step 7.

Step 2: The battery is in charge mode. Rapid charge is applied
for charging the battery so that it is charged at an hour.
In this step, Pe is positive, this means that generated sum
of wind turbine and tidal turbines powers is more than
load power; if the estimation of battery power (Pb,est) is
equal to the maximum charge power go to step 3, other-
wise go to step 5.

Step 3: In this step, Pe is positive, if the excess power is less than
the maximum charge power, apply Pb,ref = Pe, otherwise;
calculate DP2 = Pe � 100 and go to step 4.

Step 4: If DP2 = 0, apply Pb,ref = 100 kW, otherwise; apply
Pb,ref = 100 kW and Pdl,ref = DP2.
r operation flow chart.
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Step 5: In this step, Pe is positive, if the excess power is more
than the maximum charge power apply Pb,ref = Pb,est

and Pdl,ref = Pe � Pb,est, otherwise; go to step 6.
Step 6: If Pb,est � Pe, go to step 5, otherwise apply Pb,ref = Pe.
Step 7: In this step, Pe is negative, this means that the wind/tidal

generated powers is less than load power; if the battery
discharge power estimation is less than the power defi-
ciency, go to step 8, otherwise; go to step 10.

Step 8: In this step, Pe is negative, if the absolute value of the
power deficiency is less than the absolute value of the
maximum discharge power (�100 kW), apply Pb,ref = Pe,
otherwise calculate DP1 = jPej � 100 and go to step 9.

Step 9: If DP1 is zero, apply Pb,ref = �100 kW, otherwise apply
Pb,ref = �100 kW and PMT,ref = DP1.

Step 10: In this step, Pe is negative, if the absolute value of the
power deficiency is more than the absolute value of
the maximum discharge power apply Pb,ref = Pb,est and
PMT,ref = jPej � jPb,estj, otherwise go to step 11.

Step 11: If the absolute value of the battery estimated power is
less than the absolute value of Pe, go to step 10, other-
wise apply Pb,ref = Pe.

4. Optimal sizing and economic analysis

The main purpose of this section is to find the optimal size of a
stand-alone wind turbine/tidal turbine/microturbine/battery stor-
age system utilized to satisfy the requirements of given load de-
mands base on economical analysis. Among several techniques
and methods used to achieve the optimal configurations of hybrid
systems, genetic algorithms method is implemented because of its
robust in finding global optimal solutions and particularly in mul-
timodal optimization problems. For economical analysis and opti-
mal design of the hybrid system, Total annualized cost of system
(ACS) composed of annualized capital cost (Cacap), annualized
replacement cost (Carep), annualized operation and maintenance
cost (Cao&m), and annualized fuel cost (Ca fuel) for five main parts,
consist of wind turbine, microturbine (MT), tidal turbine, battery
storage and the other devices included controller, inverter, rectifier
and chopper, are considered [26].

ACS ¼ Cacapðwind Turbineþ Tidal turbineþMTþ Battery

þ othersÞ þ CarepðbatteryÞ þ Cao&mðwind Turbine

þ Tidal turbineþMTþ Batteryþ othersÞ
þ CafuelðMTÞ ð28Þ
4.1. The annualised capital cost

The annualised capital cost of each component is defined as the
following equation [26]

Cacap ¼ Ccap � CRFði;YprojÞ ð29Þ

Ccap, Yproj and CRF are the initial capital cost of each component, the
component lifetime, and capital recovery factor respectively. CRF is
determined as the following equation [26]

CRFði;YprojÞ ¼
i � ð1þ iÞYproj

ð1þ iÞYproj � 1
ð30Þ

i is the annual real interest rate related to nominal interested rate, i0,
and the annual inflation rate,f, as follow

i ¼ i0 � f
1þ f

ð31Þ
4.1.1. Annualized replacement cost
The annualized replacement cost (ARC) is defined only for bat-

tery storage replaced periodically during the project lifetime. The
ARC is calculated as [26]

Carep ¼ Crep � SFFði;YprojÞ ð32Þ

where, SFF is the sinking fund factor and is stated as [26]

SFFði;YprojÞ ¼
i

ð1þ iÞYproj � 1
ð33Þ
4.2. Annualized fuel cost

The annualized fuel cost function, Cafuel(MT), is just used for
microturbine. For obtaining of the cost function of a microturbine,
fuel cost curve vs. output power is modeled as the following
equation

Cafuel ¼ aþ b � Pm þ c � P2
m ð34Þ

If the points of fuel cost curve vs. output power are clarified, the a, b,
c will be determined using least square estimation algorithms.

J ¼
Xk

j¼1

aþ b � Pmj þ c � P2
mj � Cafuel

� �2
ð35Þ

@J=@a ¼
Xk

j¼1

2 � ðaþ b � Pmj þ c � P2
mj � CafuelÞ ¼ 0 ð36Þ

@J=@b ¼
Xk

j¼1

2 � Pmj � ðaþ b � Pmj þ c � P2
mj � CafuelÞ ¼ 0 ð37Þ

@J=@c ¼
Xk

j¼1

2 � P2
mj � ðaþ b � Pmj þ c � P2

mj � CafuelÞ ¼ 0 ð38Þ

Thus an algebraic equation set vs. a, b, c is obtained as following

k � aþ b �
Xk

j¼1

Pmj þ c �
Xk

j¼1

P2
mj ¼

Xk

j¼1

Cafuel ð39Þ

a �
Xk

j¼1

Pmj þ b �
Xk

j¼1

P2
mj þ c � P3

mj ¼
Xk

j¼1

Pmj � Cafuel ð40Þ

a �
Xk

j¼1

P2
mj þ b �

Xk

j¼1

P3
mj þ c � P4

mj ¼
Xk

j¼1

P2
mj � Cafuel ð41Þ
4.3. Annualized operation and maintenance cost

The maintenance cost of the nth year Ca o&m(n) is calculated
based on the maintenance cost of the first yearCa o&m(1) as [26]

Cao&mðnÞ ¼ Cao&mð1Þ � ð1þ f Þn ð42Þ

For minimization of the ACS objective function, the following con-
straints must be imposed:

0 6 Pw 6 PL;max ð44Þ
0 6 PT 6 PL;max ð45Þ
0 6 PMT 6 PL;max ð46Þ

Genetic algorithm is a technique implemented in order to find opti-
mized answer in optimization problems. The GA is categorized as
global search heuristics that use techniques inspired by evolution-
ary biology such as inheritance, mutation, selection, and crossover.

Two-point crossover, roulette wheel selection methods have
been selected to each chromosome. Gatool is used for the achieving
the minimum cost based on obtained cost function. Fitness scaling
is Rank, Selection function is Roulette, Crossover function is 0.7,



Table 3
DC/DC converter specifications of the WECS.
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Mutation function is Uniform 0.2, Crossover is Two point, and Ini-
tial population is 50.
Chopper type Buck-boost

Semiconductor switch type IGBT
Converter inductor 185 mH
Converter capacitor 1900 lF
Switching frequency 2 kHz
Proportional gain of voltage control system 16.6
Integral gain of voltage control system 7.5
PWM reference voltage 440 V

Table 4
Synchronous specifications of microturbine.

Rated power 380 kW
Rated line to line voltage 660 V
Frequency 60 Hz
Inertia constant (H) 0.822 s
Friction factor 0

Table 5
DC/DC converter specifications of the battery storage.

Chopper type Boost

Semiconductor switch type IGBT
Converter inductor 155 mH
Converter capacitor 2500 lF
Switching frequency 2 kHz
Proportional gain of voltage control system 0.15
Integral gain of voltage control system 0.38
PWM reference voltage 440 V
5. Simulation results and discussion

MATLAB Simulink™7.2 is used to evaluate the performance of
the proposed hybrid power generation system and controllers.
The mathematical model and design details of each component
in the hybrid power generation system were presented in the pre-
vious sections. For the energy conversion system used in this pa-
per, pitch angle is supposed zero and yaw control mechanism is
not considered. It consists of aerodynamic system based on wind
speed model, wind power vs. wind speed model and etc., induction
generator (SEIG), a SPWM AC/DC converter, a DC/DC buck-boost
converter, a DC/AC inverter, AC filters, adaptive, PID and ISVC con-
trollers. The Specifications of the induction generator and the
SPWM AC/DC converter of the WECS are shown in Tables 1 and
2, respectively. The DC/DC converter is used in order to fix the
DC link voltage for the inverter. The specifications of this chopper
are given in Table 3.

The microturbine is required for the time that the hybrid sys-
tem of wind turbine, tidal turbine and battery storage cannot sat-
isfy the load demands. It consists of compressor, combustor,
turbine and generator. Mathematical model and the specifications
of the synchronous generator used for microturbine are presented
in Fig. 2 and Table 4, respectively [39].

Accompanied by the microturbine, the lead acid battery and a
boost dc/dc converter are used. The boost converter and a control-
ler are required in order to control the voltage of battery bus based
on the battery reference power value (Pb,ref). The parameters of this
converter and controller have been shown in Table 5. In this con-
verter, the IGBT is controlled using a proportional and integral
(PI) controller. This controller alters the duty cycles of pulses ap-
plied to the chopper IGBT gates. The battery capacity and charge
efficiency of the charger are 3.27 kAh and 85%, respectively.

The dump load is used to consume the excess power. It consists
of three phase resistors connected in series with gate turned off
(GTO) switches. The consumed power by the resistors of the dump
load is discussed in [44].

Optimal sizing based on economical analysis, discussed in Sec-
tion 4, is accomplished using the GA for maximum load demands
Table 2
The SPWM AC/DC converter specifications for the WECS.

Semiconductor switch type IGBT/DIODE

Snubber resistance 5 kX
Snubber capacitor Inf.
Internal resistance 1 mX
Carrier frequency 3 kHz

Table 1
Induction generator model parameters for the WECS.

Nominal power 400 kVA
Nominal voltage (line-to-line) 480 V
Nominal frequency 60 Hz
Generator type Squirrel cage
Stator resistance 0.01615 p.u.
Stator inductance 0.05258 p.u.
Rotor resistance 0.01515 p.u.
Rotor induction 0.05258 p.u.
Mutual induction (Lm) 2.95 p.u.
Inertia constant 1.2 s
Friction factor 0
Pairs of poles 2
(400 kW). The cost and lifetime of each component is shown in
Table 6. In order to obtain the annualized cost of microturbine,
the least square estimation algorithm was applied. For calculation
of a, b and c, the fuel flow input of some microturbine produced by
Capstone™ company is implemented that is given in Table 7. The
results of this analysis are obtained as: size of 315 kW for wind tur-
bine, 175 kW for tidal turbine, 290 kW for microturbine and
3.27 kAh for lead acid battery. The total cost of this hybrid system
based the economical analysis becomes 312,080 $.

There are three models in the wind speed modeling; amongst
all, wind guest model is used in this paper. The wind and tidal
speeds variations are shown in Fig. 7. The wind speed changes
approximately between 7 m/s and 13 m/s. Also, the tidal speed
varies between 1.5 m/s and 2.5 m/s. The generated power by the
WECS and TECS are shown in Fig. 8. The initial load power is
350 kW. At t = 600 min, the load power increased to 150 kW using
a three phase breaker and then at t = 1200 min, the load power de-
creased up to 350 kW using another three-phase breaker. Further-
more, sum of generated power from wind and tidal turbines and
load power are shown in Fig. 9.

According to the wind turbine generated power and the load
power profiles, from t = 0 to t = 600 min, generated wind turbine
power is less than the load power (350 kW) and the battery will
be in discharging mode. But in some subintervals of this duration,
the power deficiency is more than the maximum discharge power.
In this case, the battery is discharged based on the maximum dis-
charge power; remainder unmet load power is consumed by the
microturbine.

Furthermore, in the time duration of t = 600 min to t = 1200 min,
the wind turbine generated powers is more than the load power
(150 kW) and the battery will be in charging mode. But in some
subintervals of this duration, the excess power is more than the
maximum charge power. In this case, the battery is charged based
on the maximum charge power by dump load in order to prevent



Table 6
The costs and lifetime of each component.

Initial capital cost Replacement cost Fuel cost Maintenance cost in the first year Lifetime (year)

Wind turbine 3500 $/kW Null Null 90 $/kW 20
Tidal turbine 5200 $/kW Null Null 63 $/kW 20
Microturbine 850 $/kW Null 0.0037 $/kW 85 $/kW 20
Battery storage 1500 $/kAh 1500 $/kAh Null 50 $/kAh 5
Others 8000 $ Null Null 80 $ 20

Table 7
Characteristics of fuel flow input vs. output power.

Fuel flow input
(MBTU/h)

Operational power of
microturbines

0.433 25
0.842 60
2.28 190
6.84 500
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overcharging of the battery. So, the dump load operates as a protec-
tor for the battery.

The supervisory controller role is to adjust the reference powers
of the microturbine and dump load based on excess and deficiency
powers. The operation of the controllers and hybrid system in the
other subintervals is similar to the considered durations. The bat-
tery power and dump load/ microturbine powers discussed in this
section are shown in Figs. 10 and 11, respectively.
A DC/AC inverter is utilized to adjust the load voltage and fre-
quency to 230 V and 60 Hz for satisfying the required load power
using the SPWM method. The switching frequency of the inverter
is 2 kHz. In order to eliminate the switching harmonics, a 5 mH
inductive low output passive filter is applied. Specifications of
the SPWM inverter are given in Table 8. The line-to-line output
voltage amplitude in the SPWM inverter is determined as the fol-
lowing equation [45]:

VL�L ¼
ffiffiffi
3
p

2
ffiffiffi
2
p �ma � Vdc�Link ð47Þ

Vdc�link is the DC link voltage and ma is the amplitude modulation
index. According to the Eq. (47), since the amplitude modulation in-
dex is 0.85 and the DC link voltage is adjusted to 440 V by the DC/
DC converter, the obtained line to line AC voltage of the inverter for
satisfying the load demands is approximately 230 V. The profiles of
root mean square (RMS) value of the load voltage in per unit (p.u.)
system and load frequency (Hz) are evident in Figs. 12 and 13.
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Table 8
SPWM DC/AC inverter specifications.

Semiconductor switch type IGBT/DIODE
Snubber resistance 6.5 kX
Snubber capacitor Inf.
Internal resistance 1 mX
Carrier frequency 3 kHz
Modulation index 0.85
Frequency of out put voltage 60 Hz
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According to these figures, the variation of the RMS value of the load
voltage is less than 0.85 % and the variation of the RMS value of the
load frequency is less than 0.16 % that are acceptable.

6. Conclusions

In this paper, synthetic operation of an offshore wind turbine, a
tidal turbine, a microturbine, and a battery storage working to-
gether as autonomous hybrid system in order to provide sufficient
electrical energy supply for satisfying the stand-alone load de-
mands at all times and conditions was proposed and considered.
Optimal sizing and economical analysis of the hybrid system was
accomplished using genetic algorithms for minimizing the annual-
ized cost of system. A model of power-consumption for a microtur-
bine was propounded and obtained using least square estimation
algorithm based on capstone™ company data and was suggested
for implementing at economic analysis. Less environmental pollu-
tion emission, less noise generation, less power fluctuation, more
reliability and more fuel flexibility in comparison with a diesel
generator cause that a microturbine was propounded as a back
up for the hybrid system. Using synthetic operation of model refer-
ence adaptive control and feedback linearization technique, the
maximum power and torque of the wind turbine were extracted
and applied to the ISVC in the SEIG. In order to control the load
voltage and frequency, a sinusoidal pulse width modulation meth-
od was used. For achieving the proper operation of the supervisory
controller to adjust the reference power values of controllers cor-
rectly, the open circuit voltage estimation method for estimating
the value of the SOC has been implemented. The supervisory con-
troller has been used for the management of energy between gen-
erated and consumed energies. The proposed system can be used
in the isolated rural and mountainous areas where are far from
the power generation networks.
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