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Abstract

The paper proposes a Multi-Objective Particle Swarm Optimization (MOPSO)-based Fuzzy Logic Control Proportional-Integral-
Derivative (MOPSO-FLC-PID) controller for stand-alone hybrid Diesel- variable speed Wave Energy Conversion System (WECS).
The optimal control performance can be achieved by tuning scaling factors of the FLC and gain parameters with Multi-Objective
Particle Swarm Optimization (MOPSO) algorithm in order to improve system dynamic performance especially when nonlinear-
ity, uncertainty and complexity of the hybrid Diesel-WECS are involved. Number of objective functions is defined to measure
the performance of the proposed controllers such as minimize the transient DC and AC voltage and current ripples, minimize
the DC and AC voltage and current Total Harmonic Distortion (THD), minimize the absolute total control steady state error
deviations, minimize the RMS absolute voltage deviations at the DC and AC load collection buses, ensure minimal losses as
well as wave energy optimal power utilization. Since some of these objective functions are conflicting, MOPSO is used to find
a Pareto front from which a desired optimal operating state can be chosen. For the purpose of comparing the improvement
obtained in the system dynamic performance with the application of the MOPSO-FLC-PID procedure to tune the scaling factors
of the FLC and the PID controller gains, these results are compared with those obtained using traditional Ziegler-Nichols PID
approach, PID type fuzzy logic controller designed with Single-Objective Particle Swarm Optimization (SOPSO-FLC-PID),
traditional PID type controller optimized with SOPSO-PID and traditional PID type controller optimized with MOPSO-PID.
A complete simulation model is developed for such stand-alone hybrid Diesel-WECS under variable speed operation using
MATLAB Simulink environment. Simulation results show that the proposed design approaches are efficient to find the optimal
scaling factors and PID gains of the controllers and therefore improves the transient performance of the hybrid Diesel-WECS
over a wide range of operating conditions, sudden load change and three-phase short circuit fault.

Key Words: Stand-alone, Variable speed wave energy conversion systems, Permanent magnet synchronous Generator, Voltage
and frequency control, PID self tuning, Fuzzy logic controller, Multi-objective particle swarm optimization

1 Introduction

Producing energy from renewable energy resources such as
solar, wind, ocean, micro-hydro, biomass, etc is attracting
more attention presently due to the rapid exhausting of tra-
ditional energy resources and also to control the emission
of green-house gases. The wave energy seems to be one
of the attractive renewable energy resources since its abun-
dance potential and pollution-free nature, which are used for

power generation for both isolated and grid connected appli-
cations!'™! Wave energy conversion systems are among the
most interesting and environment friendly technological so-
lutions for the electrification of remote communities, where
connection with the power grid is not feasible.

The different technologies to convert ocean wave power into
electrical power include Oscillating Water Columns, marine
and tidal current energy, ocean thermal energy, energy from
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salinity gradients, and cultivation of marine biomass. The
Oscillating Water Columns -type wave-energy-harnessing
method is considered as one of the best techniques to con-
vert wave energy into electricity despite being far from
competitive and significant scope exists for the improve-
ment of the capacity factor using the intelligent control sys-
tems.>~71 There are mainly two kinds of generators, used
for power generation: the asynchronous generators such
as Self-Excited Induction Generators (SEIG)®°! and Dou-
bly Fed Induction Generator (DFIG)!'% ! and synchronous
generators such as diesel generator set!'”l and permanent
magnet synchronous generator (PMSG).['¥ In comparison
with DFIG, the usage of PMSG based wave energy con-
version systems are increasing widely in power systems be-
cause of their optimal characteristics; high power factor and
high efficiency operation and high generated power-weight
ratio.[14-17]

Flicker or voltage fluctuations are mainly caused by the fluc-
tuations in the wave energy, unwanted harmonics are gen-
erated due to the power electronics interface (rectifier, in-
verter and dc—dc converter) between the wave generator and
the load, load unbalance and the control of an inverter to
present the customers with a balanced supply voltage are the
main Power Quality (PQ) challenges in a standalone based
WECS.!8!

The control of the PMSG is achieved traditionally by vector
control technique based on proportional, integral and differ-
ential controllers (PID controllers). Suitable PID controller
parameters are needed for a better system performance and
stability. However, the coordinated tuning of these con-
trollers is tedious and it might be difficult due to the nonlin-
earity and the high complexity of the system. Therefore, it is
interesting to use non-conventional control techniques, such
as fuzzy logic, in order to achieve high performances and
robustness.!'”! The idea of the fuzzy set theory and fuzzy
control was introduced in 1965 by Zadeh in an attempt to
deal with the problem of knowledge representation in an un-
certain and imprecise environment.[?]

Fuzzy PID controllers have self-tuning ability and on-line
adaptation to nonlinear, time varying, and uncertain sys-
tems.[?!) There are many adjustable components in a fuzzy
system, such as rules, membership functions, and scaling
factors. Up to now, many methods such as genetic algo-
rithms (GA),??! fuzzy control,*® neural networks®*! and
Particle Swarm Optimization algorithm (PSO)?>-?7] have
been used for scaling factor tuning.

“Particle Swarm Optimization (PSO) is an evolutionary
computation optimization technique (a search method based
on a natural system)” developed by Kennedy and Eber-
hart.!?$-311 The PSO mimics the behavior of individuals in a
swarm to maximize the survival of the species. Comparing
with other heuristic optimization techniques, the PSO algo-
rithm has many advantages such as simple concept, easy
implementation, robustness to control parameters, and com-
putational efficiency.”?’! In this paper, a new structure which
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merges MOPSO-Based PID self-tuning and fuzzy logic con-
trol is proposed to enhance the control and adaptation ability
of a stand-alone based Wave-Diesel hybrid energy conver-
sion system. The control signal is generated by a modified
PID controller with variable gains to be used under different
dynamic changes and external variations and encoded in the
fuzzy rule base to achieve an optimal setting with respect to
a number of objective functions.

This paper is organized as follows: Section 2 presents the
PMSG and WECS mathematical models description and the
systems to be studied and controlled. Section 3 shows the
dynamic simulations of the studied system to evaluate the
performance of the proposed controllers. Finally; specific
important conclusions of this paper are drawn in Section 6.

2 Modeling of the studied system

2.1 System configuration

Figure 1 shows the proposed hybrid Diesel-Wave Energy
Converter model for PMSG converting power from the
wave to deliver power isolated DC and AC loads with con-
stant frequency and constant RMS voltage for a large range
of wave variation. The PMSG is coupled directly to the
wave energy conversion system. The output power trans-
fers through an AC-DC-AC stage, which consists of a diode
bridge rectifier, a boost converter, and a load-side inverter,
which is connected to the AC loads bus. The generated volt-
age from the variable waves leads to very large DC-link
voltage fluctuations. A buck/boost converter is proposed
to control the DC-side voltage and current to maintain the
DC voltage constant, minimize the ripples in the DC link
current and capture maximum wave energy over the whole
wave level range. Also, the system is connected to the AC-
bus load though a vector controlled Pulse Width Modulated
(PWM) IGBT-inverter to to invert the constant DC power
into AC power for the desired single-phase and three-phase
loads and control the amplitude and frequency of the supply
voltage. The diesel motor is used for the non-grid-connected
wave energy conversion system according to time span in
the low wave level periods. The vector controlled PWM
voltage source IGBT-inverter is proposed.

2.2 DC-Side converter control

The AC power output from the generator is converted into
DC power through diode rectifier circuits, and it is boosted
by the boost chopper circuit. The DC-DC converter was de-
signed around a low cost single switching device buck/boost
chopper as shown in Figure 2. The basic idea of the pro-
posed control strategy of the switch mode rectifier is to con-
trol the duty cycle of the DC chopper circuit based on the
measured samples of the voltage and current signals (v4 and
i4) in order to make the output voltage keep constant. The
control algorithm includes the following steps: measure the
output DC voltage and current (vg and 74), set the refer-
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ence DC voltage (vg4). In the first loop, the actual signal of
the dc-link voltage (vq) is compared with the dc-link refer-
ence voltage (v};) to form the DC voltage error signal, which
is multiplied by a scaling factor (o) and passed through a
summation block to be added to the dc current error. In the
second loop, the actual signal of the dc-link current (i4(k))

Wave Energy Converter

is compared with the delayed dc-link current (iy(k + 1)) to
form the DC current error signal, which is multiplied by a
scaling factor («;) and passed through a summation block to
be added to the dc voltage error. The total dc error is passed
through the FLC-based PID controller to generate the refer-
ence switch signals for DC chopper.
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Figure 1: Schematic representation of the proposed hybrid Diesel-Wave energy converter with PMSG
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Figure 2: Schematic of control strategy for DC load bus Converter

2.3 AC-Side converter control

Figure 3 shows the overall control scheme of the AC-side
inverter. The control of the AC-side converter are organized
in two loops; a quadrature voltage loop, which controls the
quadrature current component and DC-link voltage control
loop that controls the dc-link voltage. This implies that the
dc-link voltage control loop has to act on the d component

Published by Sciedu Press

of the current. DC-link voltage controller is used to sta-
bilize the dc link voltage. The dc-voltage PID controller
maintains the dc voltage to the reference value. The actual
signal of the dc-link voltage (vg.) is compared with its com-
mand (v};,) to form the error signal, which is passed through
the PID controller to generate the reference signals for the
d-axis current component (};,). In the second loop of the
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AC-load side converter, the quadrature voltage component
is compared with the quadrature reference voltage to gen-
erate the error signal which is passed through the PID con-
troller to generate the reference signal for the g-axis current
component (iy,). The instantaneous three-phase reference
currents (¢, %y, 1) are generated by transforming the refer-
ence d-q components i, and iy, in the stator-flux oriented

DC-AC Converter

reference frame. The actual three-phase currents signals (7,
ip, %) are then compared with their reference signals (z};, 7},
15) to generate the error signals, which are passed through
the hysteresis current controller to form the switching sig-
nals. They are then used by the PWM module to generate
the IGBT gate control signals to drive the IGBT converter.
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Figure 3: Schematic of control strategy for AC load bus inverter

2.4 Fuzzy logic control-based PID controller (FLC-
PID) structure
The overall design procedure of the fuzzy PID controller re-
alized by means of PSO is illustrated in Figure 4. It has the
basic PID structure, but the PID parameter settings are gen-
erated by fuzzy inference, which provides a nonlinear map-
ping from the error signal e (difference between system out-
put and reference signal and defined as e(k) = Reference(k)
- Output (k)) to the PID gains Kp, Ki and Kd. Ae is the
first-order difference of error signal and defined as Ae(k) =
e(k) —e(k -1). Note that the input variables to the fuzzy con-
troller (E and A E) are transformed by multiplying the error
(e) and the first-order difference of error signal (Ae) by the
scaling factors 81 and (2 whose role is to allow the fuzzy
controller to “see” the external world to be controlled. The
dynamic behavior of this PID-type FC structure is strongly
dependent on the scaling factors 3; and (5 difficult and del-
icate to tune. If the controllers are tuned properly, it is pos-
sible to improve the two converter’s performance during the
transient disturbances. The choice of the adequate values
for the scaling factors of each PID-type FC structure is of-
ten done by a trials-errors hard procedure. Therefore, tun-
ing controllers is tedious and it is difficult to achieve a set
of optimal parameters manually and becomes difficult and
delicate without a systematic design method. To deal with
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these difficulties, the optimization of these scaling factors
(£1 and (5 tuned based on PSO because the control param-
eters have an effect on the performance of controller. The
MOPSO algorithm is applied to find the optimal parame-
ters of the controllers automatically. In the DC-side and the
AC-side control loops, there are three PID controllers and
each of them has a proportional gain, an integral, a differ-
ential gains and two scaling factors. The objective of the
MOPSO is to find the optimal parameters of the PID con-
trollers, namely, three proportional gains (K p;, Kpo, and
Kp3), three integral gains (K71, K9, and K3) and three
differential gains (K p1, K po, and K p3)to optimize the pro-
posed fitness functions. The set of rules which define the
relation between the input and output of fuzzy controller
can be found using the available knowledge in the area of
designing the system. These rules are defined using the lin-
guistic variables. The membership functions for the inputs
and outputs for the fuzzy controller are shown in figures 5
and 6. Tables (1), (2) and (3) show the control rules that used
for fuzzy self-tuning of PID controller. Where, NB: nega-
tive big, NM: negative medium, NS: negative small, ZE:
zero, PS: positive small, PM: positive medium and PB: pos-
itive big. VB: very big, B: big, MB: medium big, ZE: zero,
M: medium, S: small, MS: medium small.
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Table 1: Rule bases for tuning K p

Table 3: Rule bases for tuning K p

Ae/le NB NM NS ZE PS PM PB Ae/e NB NM NS ZE PS PM PB
NB VB VB VB VB VB VB VB NB ZE MS S M MB VB VB
NM VB VB MB MB MB VB VB NM MS MS MB MB MB VB VB
NS B B B B MB MB VB NS S MB B MB VB VB VB
ZE ZE S ZE MS S S S ZE M MB MB MB VB VB VB
PS B B B B MB MB VB PS B MB VB VB VB VB VB
PM VB VB MB MB MB VB VB PM MB VB VB VB VB VB VB
PB VB VB VB VB VB VB VB PB VB VB VB VB VB VB VB
Table 2: Rule bases for tuning K;
Aee NB NM NS ZE PS PM PB 3 Digital simulation results
NB M M M M M M M The proposed MOPSO strategy has been tested for valida-
tion using the PMSG whose ratings are given in the Ap-
NM MS  MS MS  MS MS MS MS pendix. The wave model of Fig. 7 is adopted to gener-
NS S S S S S S S ate a specific power reference and validate the good power
7E MS  MS - MS MS  MS tracking performances and therefore confirm the effective-
ness of the proposed control strategy based on MOPSO. To
PS S S S S S S S compare the improvement obtained in the system dynamic
PM MS  MS MS MS MS MS MS performance with the application of the MOPSO procedure

PB M M M M M M M

to design the scaling factors of the fuzzy logic-based PID
controller, these results is compared with those obtained us-
ing the SOPSO for tuning fuzzy PID controllers, standard
MOPSO-based for tuning PID controller, SOPSO-based for
tuning PID controller and Ziegler-Nichols PID approaches.
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Figure 7: The wave model

The quality of the gains adjustment is measured by an index
that represents the weighted sum of the Normalised Mean
Square Error (NMSE) deviations between output plant vari-
ables and desired values. This way the objective to improve

10 12 14 16 18 20

the system performance during the transient disturbances
will be obtained by specifying optimal values for the con-
troller gains. The NMSE deviations between output plant
variables and desired values are defined as:

J1 = minimize{ NMSEypc} = mim’mize{Z(

16

Vbe — VDCfref)2}
> (Vbc—ref)?
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S>(Upc — Ipc—ref)?

Ja = minimize{ NMSErpc} = minimize{

J3 = minimize{ NMSEy sc} = minimize{ 2.

Jy = minimize{THDypc} = minimize{ 7
d1
Where T'H Dy p¢ is the Total Harmonic Distortion (THD)
of the DC bus voltage and V1, Vo, Vis, Vaa, Vs . . . are the
DC bus voltages at their respective harmonics. The objec-
tive is to reduce the THD and fluctuations/variations in the
Common DC collection system by limiting DC bus V tran-

Js = minimize{THDpc} = minimize{ i
d1
Where THDjpc is the THD of the DC bus current and
Va1, Vao, Vas, Vaa, Vs . . . are the DC bus currents at their
respective harmonics.
The Single Objective Optimization and Multi Objective Op-
timization strategies are used to solve this complex opti-
mality search problem. A single global optimal solution is
obtained by optimizing a single aggregate objective func-
tion with weighted single objective parameters scaled by a
number of weighting factors. The weighted single objec-
tive function (Jy) combines several objective functions us-
ing specified or selected weighting factors as follows:

t
Jo :/ (a1 J1 + ando + agJs + agJy + asJs)dt (6)
0

Where a1=0.2, a5=0.2, a3=0.2, a;4=0.2 and a5=0.2, are se-
lected weighting factors. Ji, Jo, J3, J4 and J5 are the se-
lected objective functions. On the other hand, the main ob-

V E;.LOZQ Ign

>-(Ipc—ref)? ! @

Vac — Vac—res)?

Z(VAC—ref)Q } (3)
V E:LOZQ Vd2n } (4)

sients and ripple content. The THD of a waveform is calcu-
lated by taking the square root of the addition of the squares
of the harmonic currents, and dividing them by the funda-
mental component.

}

jective of the Multi-Objective optimization strategy is find-
ing the set of acceptable Optimal Solutions (Pareto front).
In the calculation of the optimal gains by the MOPSO-FLC-
PID procedure, the objective is to improve the overall dy-
namic performance of the hybrid Diesel-WECS renewable
energy system when it is subjected to severe electrical load
disturbances and faults in the electrical network. The dy-
namic simulations were carried out for a load change by
50% and a three phase short circuit next to the AC bus at
time t = 0.2 s, lasting for 0.2 s. The gain values for differ-
ent approaches are presented in tables 4, 5 and 6. Table 7
shows the system behavior comparison using the SOPSO-
PID, MOPSO-PID, SOPSO-FLC-PID and MOPSO-FLC-
PID based Self tuned controllers. The oscillations and
the maximum overshoot of the dc-link voltage and current,
when applying the MOPSO-FLC-PID are slightly smaller
than when applying the MOPSO-PID and SOPSO-PID, as
shown in Figures 8-11.

(&)

Table 4: The optimal parameters of the DC Load Bus in different approaches

Ziegler-Nichols PID SOPSO PID MOPSO PID SOPSO Fuzzy PID MOPSO Fuzzy PID
Kp 3.9668 5.2922 6.6309 4.9552 9.9871
K| 1.1878 0.2885 0.4681 0.7744 0.6187
Kp 0.2417 0.3033 0.2114 0.8798 0.3536
oy 1.0786 1.8861 2.3159 1.3774 1.7973
o 0.8552 0.7853 0.8890 0.8517 0.3655
B2 2.6248 2.3728 1.2406 2.1329 1.2123
B 2.0101 1.5885 1.7914 1.9618 2.0676
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However, the dc-link voltage oscillations in both designs,
with and without FLC do not affect the continuous op-
eration of the hybrid Diesel-WECS and consequently im-
proving the PMSG dynamic performance. Figures 12-14
show the AC-side voltage, current and power factor dy-
namic behaviors for constant load, sudden load change and
3-phase short circuit fault. A reduction in the over-current
can easily be observed, when the gains are adjusted by
the MOPSO-FLC_PID as compared with those adjusted via
other approaches, consequently contributes towards main-
taining the converter in operation during the fault period.
In addition, it is observed that with the use of gains ob-

tained without FLC the terminal voltage presents deeper sag
as compared with those controllers with gains adjusted by
the proposed MOPSO-FLC_PID procedure. Figures 15-18
illustrate the total harmonic distortion measurement in the
three phase grid voltage waveforms, three phase grid cur-
rent waveforms, three phase rotor voltage waveforms and
three phase rotor current wave forms. The system produces
less than 10% voltage and current THD which is compli-
ant to IEC 6100-3-2. The simulation results demonstrate
that the MOPSO-FLC-PID controller works very well and
shows very good dynamic and steady state performance.

Table 5: The optimal parameters of the AC Load Bus-quadrature axis loop in different approaches

Ziegler-Nichols PID SOPSO PID MOPSO PID SOPSO Fuzzy PID MOPSO Fuzzy PID
Kp 6.5376 8.9092 7.4407 6.1767 9.3993
K| 0.9417 1.3416 1.0002 1.5944 1.8651
Kp 0.7905 0.9875 0.2992 0.5492 0.2867
B1 1.1504 1.9781 1.0472 1.7672 1.8990
B2 1.0372 1.3054 1.0987 0.8292 1.6793

Table 6: The optimal parameters of the AC Load Bus-Direct axis loop in different approaches

Ziegler-Nichols PID SOPSO PID MOPSO PID SOPSO Fuzzy PID MOPSO Fuzzy PID

Kp 9.7868 6.8197 8.1815 5.1859 4.3239
K| 1.1269 0.4243 1.1755 0.7297 1.2531
Kp 1.0047 0.7145 0.2244 0.4899 0.8347
By 0.7109 1.2165 0.4987 1.0033 0.3317
B2 0.5962 0.9673 6.5961 0.5380 0.7339
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Figure 8: DC link Voltage and current responses-based SOPSO-PID controller when load is increased by 50%
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10: DC link Voltage and current responses-based SOPSO-FLC-PID Controller when load is increased by 50%.
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Figure 11: DC link Voltage and current responses-based MOPSO-FLC-PID Controller when load is increased by 50%.
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Figure 12: AC Voltage and Current responses at a constant load.
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Figure 13: AC Voltage and Current responses when the load suddenly increased by 50%.
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Figure 14: AC Voltage and Current responses at a short circuit fault.
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Figure 15: THD level for DC Side voltage waveform.
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Figure 16: THD level for DC Side current waveform.
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Figure 17: THD level for AC-Side voltage waveform.
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Table 7: System dynamic behavior comparison in different approaches

Ziegler-Nichols

SOPSO Fuzzy MOPSO Fuzzy

PID SOPSO PID MOPSO PID PID PID
RMS AC Voltage (PU) 0.9895 0.9950 0.9966 0.9987 0.9994
RMS AC Current (PU) 0.6516 0.5991 0.5895 0.5440 0.4076
RMS DC Voltage (PU) 0.9986 0.9991 0.9992 0.9996 0.9999
RMS DC Current (PU) 0.5527 0.5326 0.4846 0.4253 0.4184
Maximum Transient AC Voltage
0.08379 0.08012 0.07830 0.07127 0.0686
Over/Under Shoot (PU)
Maximum Transient AC Current —
0.09691 0.08819 0.08518 0.07615 0.05313
Over/Under Shoot (PU)
Maximum Transient DC Voltage
0.07228 0.06692 0.05904 0.05088 0.04251
Over/Under Shoot (PU)
Maximum Transient DC Current —
0.07479 0.06904 0.06171 0.04229 0.04056
Over/Under Shoot (PU)
NMSE\pc 0.009427 0.008689 0.007653 0.006642 0.006110
NMSE p¢ 0.000377 0.000307 0.000244 0.000195 0.000188
NMSEyac 0.009831 0.005916 0.005827 0.004709 0.004235
NMSE; 0.009015 0.007564 0.007302 0.006959 0.006908
THDypc (%) 0.09011 0.08555 0.06439 0.05999 0.04665
THD\pc (%) 0.09663 0.09448 0.08841 0.08385 0.06537
THDyac (%) 0.06391 0.05763 0.04078 0.00336 0.02810
THD)ac (%) 0.06981 0.06509 0.05063 0.00588 0.04401
System Efficiency (PU) 0.7265 0.7283 0.7397 0.7396 0.7471
System Power Factor 0.9781 0.9820 0.9978 0.9909 0.9994
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Figure 18: THD level for AC-Side current waveform.
4 Conclusion

In this paper, a control strategy based on MOPSO for tuning
the scaling factors of the FLC is proposed and successfully
applied to stand-alone hybrid Diesel- variable speed WECS.
The AC load side PWM inverter is controlled using vector
control scheme to maintain the amplitude and frequency of
the inverter output voltage quite well at constant load and
under varying load conditions, fluctuating waves and three-
phase short circuit fault. The DC-DC converter controller

Published by Sciedu Press

helps in maintaining the dc voltage constant as well as acts
as a DC-side active filter and reduces the oscillations in
the generator torque which occur due to unbalanced load.
The performances comparison, with the SOPSO for tuning
fuzzy PID controllers, standard MOPSO-based for tuning
PID controller, SOPSO-based for tuning PID controller and
Ziegler-Nichols PID approaches, shows the efficiency and
superiority of the proposed MOPSO-based fuzzy PID con-
trollers approach in terms of the obtained solution qualities,
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the convergence speed and the simple software implementa-
tion of its algorithm. MATLAB/Simulink simulation results
show that the proposed design approach is efficient to find
the optimal parameters of the FLC-based PID controllers
and improves the transient performance of the wave energy
system over a wide range of operating conditions. The sim-
ulation results demonstrate that the performance of the con-
trollers is satisfactory under steady state as well as dynamic

conditions and under balanced as well as unbalanced load
conditions. THD levels of the converter output voltage has
been estimated using fast Fourier transform which satisfies
the IEEE 519-1992 standard. The hybrid generating sys-
tem with the proposed control strategy is suitable for a small
scale standalone variable speed wave turbine installation for
remote area power supply. Moreover, the proposed tech-
nique can be extended to systems with different topologies.
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