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Abstract—This paper presents a flower pollination
algorithm (FPA) tuned fuzzy logic controlled (FLC)
synchronous buck converter (SBC) for an integrated wave/
supercapacitor (SC) hybrid energy system. In order to
compensate the irregular wave effects on electrical side of the
wave energy converter (WEC), a SC unit charged by solar
panels is connected in parallel to the WEC system and a SBC is
controlled to provide more reliable and stable voltage to the
DC load. In order to test the performance of the designed FLC,
a classical proportional-integral-derivative (PID) controller is
also employed. Both of the controllers are optimized by FPA
which is a pretty new optimization algorithm and a well-known
optimization algorithm of which particle swarm optimization
(PSO) to minimize the integral of time weighted absolute error
(ITAE) performance index. Also, the other error-based
objective functions are considered. The entire energy system
and controllers are developed in Matlab/Simulink and realized
experimentally. Real time applications are done through
DS1104 Controller Board. The simulation and experimental
results show that FPA tuned fuzzy logic controller provides
lower value performance indices than conventional PID
controller by reducing output voltage sags and swells of the
wave/SC energy system.
Index Terms—fuzzy control, heuristic algorithms, renewable
energy sources, supercapacitors, DC-DC power converters.

I. INTRODUCTION
With the increasing energy demand of the globe,
countries have focused on renewable energy sources (RESs)
in order to satisfy the energy demand. Considering the
undesirable environmental effects and price fluctuations of
fossil fuels, it is highly strengthening the idea of that the
future belongs to the utilization of RESs such as wind, solar,
wave, tidal and biomass etc. [1]
As an unexploited source of renewable energy, waves
have the highest energy density (J/m2) all over the globe
compared to popular RESs such as solar and wind [2].
Moreover, wave energy among the other sources has low
environmental impact and little energy loss while travelling
the large distances. Whereas it has some design challenges
while extracting the power from the sea waves because of
the stochastic nature of wave dynamics and extreme weather
conditions [3]. A wave energy converter (WEC) transforms
motion of the sea waves into electrical energy through a
generator connected to a directly coupled translator or
1
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mechanical parts. Many prototypes of the WEC systems
with different power limits, efficiency, operation costs, etc.
have been presented in literature. Oscillating Water Column
(OWC), Pelamis, Wave Dragon and Archimedes Wave
Swing (AWS) are mainly used wave energy converters [4].
Also, different types of power electronic schemes are
tested for WEC systems to obtain a reliable and stable load
power; AC/DC/AC converter [5], AC/DC H-bridge
rectifiers [6], DC/DC converters [7, 8] and two different
topologies based on AC/DC passive diode rectifier with
supercapacitor filters (SCF) [9] and controlled power filters
[10], etc. Because of the stochastic nature of the wave height
and period, direct-drive WECs output power needs to be
regulated via a storage unit and a power electronic interface
circuit before the load or grid connections [11].
A SC, also known as ultra-capacitor, is a new generation
storage unit that has a very high capacitance value which
provides a high energy density compared to a conventional
capacitor [12]. Also, compared to batteries, it has a very
long cycle life, fast charging-discharging capacity, and high
efficiency [13]. Operating WEC and SC in parallel, the
hybrid energy system can achieve the load power demand.
Without the SC unit, standalone WEC system cannot satisfy
the load power requirements due to irregular wave effects
that cause voltage drops and fluctuations. Integration of the
SCs to a WEC system with and without power electronic
devices can be found in literature [9],[14-16]. Because of the
high power density of the SCs, they can directly be
connected in parallel with an energy source especially for
low-voltage applications (<50V) [17]. Also, direct
integration of the SCs to the dc bus increases the overall
system efficiency by eliminating DC/DC converter losses.
Whereas the over and under charge considerations of the SC
must be considered in directly connections. PID controller
has been used for many years because of its feasibility and
easy implementation. Whereas its performance on nonlinear
systems with uncertainty and varying parameters is
criticized negatively. Also, the badly tuned controller
parameters decreases the controller performance. Various
type of parameter adjustment methods have been introduced
in literature. Some of these are based on analytical rules,
adaptive methods and meta-heuristic algorithms etc. [1821]. Fuzzy logic technology indicated an impressive
achievement in solving control problems because of its
advantage of using human expert knowledge [22].
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Figure 1. Schematic of the designed WEC system

However, there is not a systematic way or tune method to
determine the parameters of a FLC of which complicates the
design process. To overcome this problem, the advantage of
optimization methods and algorithms which have several
application areas such as renewable energy [23], automatic
control system [24], pattern recognition [25], scheduling
problems [26] can be considered.
The meta-heuristic optimization algorithms inspired by
nature have been used by the researches in the parameter
tuning of the FLC. Some of these algorithms are Cuckoo
Search Algorithm (CSA) [27], Particle Swarm Optimization
(PSO) [28], Genetic Algorithm (GA) [29], Ant Colony
Optimization (ACO) [30] and Bees Algorithm (BA) [31],
etc.
Recently, a new population based optimization algorithm
named flower pollination algorithm (FPA) is introduced in
[32]. The algorithm mimics the pollination process of the
flowering plants and it provides a faster convergence rate
with a powerful solution. Also, the proposed algorithm has
only one key parameter (p: switch probability) which makes
it to implement easily [32]. FPA is used in literature to
optimize capacitor placement in radial systems [33],
photovoltaic (PV) parameter estimation [34], optimization
of PV/Wind/Battery stand-alone system [35], etc. In
controller parameter tuning process, it is also used for PI-PD
cascaded controller in automatic generation control [36] and
PI controller for load frequency control [37].
In this study, a solar charged SC energy storage unit with
a synchronous buck converter (SBC) is presented for a WEC
system in irregular sea state to obtain a reliable and quality
increased load power. The SBC is controlled as a power
electronic interfacing circuit between the energy systems
and load. A simulation model for the whole system is
developed in MATLAB/Simulink/SimPower environment.
The simulations are validated experimentally by using a DS
1104 Controller Board. The modelling errors are graphically
illustrated for SC and SBC. Also, a recently popular
optimization algorithm called flower pollination algorithm is
introduced to tune the optimum parameters of a designed
FLC for SBC. Integral of time weighted absolute error
(ITAE) performance index is used as an objective function.
In order to show the effectiveness of the FPA, a well-known
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optimization algorithm PSO is used for comparison in terms
of corresponding iteration number and convergence rate to
the optimal solution. To show a detailed comparison, the
other error based performance indexes, integral of absolute
error (IAE) and integral of squared error (ISE), are also
considered. Proportional-integral-derivative (PID) controller
is tuned by both of the search algorithms and their results
are compared to those of FLC.
The rest of this paper is organized as follows. Section 2
presents the WEC system with the subtitles wave energy
converter, synchronous buck converter and supercapacitor
unit, respectively. The designed FLC is given in Section 3.
The proposed meta-heuristic algorithms with optimization
results are discussed in Section 4. Experimental results are
presented in Section 5. Finally, conclusion is stated in
Section 6.
II. WAVE ENERGY CONVERSION SYSTEM
The scheme of the proposed system shown in Fig. 1
consists of wave energy converter (WEC), passive rectifier,
SC with backup solar panels, DC/DC constant current
charger (CCC) for limiting of the charge current of the SC,
synchronous buck converter and a resistive load.
The experimental setup of a WEC Emulator (WECE) is
established in laboratory to emulate the irregular wave
effects on electrical side of a WEC. A 3-phase AC motor,
gear-box and 3-phase permanent magnet generator (PMG) is
used to emulate the wave turbine characteristics. The
parameters of these subsystems are given in Appendix.
Due to irregularities encountered in wave period and
height, the generated power is also shows the same
characteristic including voltage variations and drops. In
order to utilize the induced power in the WEC and provide a
stable voltage to the load, output voltage of the WEC is
rectified and SC unit is directly connected to the WEC
output. The SC unit holds the rectified WEC voltage on its
charge voltage when the energy produced from waves is
inadequate. Then, a SBC is controlled to regulate the load
voltage. The parts of the WES are described below,
respectively.
A. Wave Energy Converter
In this study, mathematical model of a permanent magnet
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linear generator (PMLG) referred in [38] is used to simulate
the WEC dynamics. The active area between the stator and
translator is not considered for this study.
The flux generated by permanent magnets can be
considered to have a sinusoidal form and the change of the
magnetic flux with respect to time is depended on the
change of the translator displacement in respond to time.
Based on Faraday’s law, the mathematical description of the
induced three-phase voltage with θ[a,b,c]=[0 +2π/3 -2π/3]
phase shifts is given below [38].

V[ a ,b ,c ]  

2



N0 cos(

2



x   [ a ,b , c ] )

dx
dt

(1)

where λ is the wave length, ϕ0 is the magnitude of the
flux, x is the translator displacement, N is the number of
turns of the windings, respectively. The above equation is
used for simulating the induced 3-phase irregular wave
energy which is experimentally produced in PMG.
B. Modelling of Synchronous Buck Converter
A SBC is a type of switch mode power supply (SMPS)
which steps down input DC voltage to a lower value DC
voltage while increasing the output current. This topology is
widely used for low power applications due to its high
efficiency resulting by a second switch component [39].
In this study, a SBC is designed and controlled to
transferring a reliable feeding voltage to the load with
increased quality. The SBC is similar to conventional buck
converter. But, a second switching element is used instead
of a diode in this topology. The second switch, especially a
MOSFET, behaves like a small resistor in conducting mode
and it increases the efficiency of the converter while
reducing the power loss and voltage drop on switching
element [39]. The converter topology pointed out in Fig. 2
consists of an inductor (L), switches (SH, SL), input (Cf) and
output capacitor (Cout) filters. SH is the high side and SL is
the low side mosfets which work synchronously. rL and rC
are the equivalent parasitic resistance of inductor and
capacitor, respectively. RS and CS are the passive R-C
snubber circuit components which are used to suppress the
voltage spikes during the switching moments. The converter
parameters are calculated by using the equations given in
[39] for a 20 kHz switching frequency.

converter.
C. Supercapacitor Energy Storage Unit
There are several types of SC mathematical models used
in simulation studies. Some of well-known models are
classical R-C model [40, 41], R-C parallel branch model
[41], R-C transmission line model [42], and R-C seriesparallel branch model [43], etc. All the aforementioned
models have advantages and disadvantages with respect to
each other [44].
In this study, the classical R-C model of which equivalent
circuit shown in Fig. 4 is used to simulate the dynamics of a
SC. The reasons to prefer this topology are that it is easy to
model and suitable for slow discharging applications and
pulse loads [45].
The model consists of an equivalent series resistance
(Resr) which is the internal resistance of the capacitor, an
equivalent parallel resistance (Repr) representing the leakage
currents and C is the capacitance. The following equation
gives the relationship between the SC voltage and current.

Figure 3. (a) System responses of the simulation model and realized circuit,
(b) modeling error

Figure 2. The equivalent circuit diagram of the designed SBC

To verify the accuracy of the modeled converter,
simulation model are compared to real time experiment. A
sinusoidal duty cycle (f=0.5Hz, Amplitude=0.3, Bias=0.5) is
applied to the model and real-time circuit while the input
voltage and load resistance are set to 12 V and 20 Ω,
respectively. Fig. 3 shows the response of the simulation
model and realized circuit with modeling errors. A satisfied
modeling error is obtained with the simulation model of the

Figure 4. Equivalent electrical circuit of a R-C modeled SC
t

VSC (t )  I SC (t ) Resr 

1
I C (t )dt  VSC (i ) (t )
C 0

(2)

Where VSC is the terminal voltage, ISC is the current
flowing through the SC, and VSC(i) is the initial voltage of the
capacitance, respectively. In order to obtain high voltagecurrent ratings, series-parallel configurations of the SC cells
are used to form the SC module. In this study, Maxwell
41
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BMOD0083-P048 SC module is used [46].
The comparison of the simulation and the experimental
data for discharging of the SC is shown in Fig. 5 with
different discharging resistive loads. When the voltage of
the SC is nearly decreased to 12 V, the load (50 Ω) is
reduced to half of it (25 Ω). The experimental and
simulation
results
seem
to
be
consistent.
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These fuzzy rules are employed by Mamdani’s max-min
method as the inference system [48].
After fuzzification and rule base stages, crisp control
signal is calculated by using the center of area (COA)
method which is widely used in FLC applications [49].
All FLC algorithms based on the mathematical equations
are designed by using MATLAB/Simulink blocks instead of
a FLC Toolbox and the detailed design information about
the FLC used in this study is given in [50]. A generalized
view of the designed FLC is depicted in Fig. 7.
IV. OPTIMIZATION ALGORITHMS

Figure 5. SC discharging voltage with modeling error

III. FUZZY LOGIC CONTROLLER
The fuzzy logic technology proposed by Zadeh [22] is
highly preferred in many control problems because of its
ability to solve nonlinear and complex control problems
without requiring the knowledge of the system to be
controlled. The FLC provides a human reasoning and
decision making in the format of fuzzy rules. The FLC
consists of three main processes which are fuzzification, rule
base-reasoning and defuzzification sections.
In fuzzification process, crisp input values of error (e) and
its change (de) are fuzzified by triangle membership
functions (MF) [47].
The subsets of the MF are named as negative big (NB),
negative small (NS), zero (Z), positive small (PS) and
positive big (PB), respectively. The scaling factors of these
subsets directly affect the performance of the FLC. MFs are
scaled by the constants Ge and Gde for the inputs and Gdu for
the output. Illustrated fuzzy sets are depicted in Fig. 6.

Figure 6. MFs for inputs and output of the FLC

A knowledge base consists of rules related with system.
The rules are based on if-then-else structure. A symmetrical
rule table shown in Table I including twenty-five rules is
used for this study.

Error (e)

TABLE I. RULE TABLE OF THE DESIGNED FLC
Change of error (de)
NB NS
Z
PS PB
Z
NB NB NB NS NS
Z
PS
NS NB NS NS
NS NS
Z
PS
PS
Z
NS
Z
PS
PS PB
PS
Z
PS
PS PB PB
PB
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In this study, the optimization problem is to minimize
objective function (ITAE) in order to get maximum
performance in terms of transient and steady-state responses
of the system. Therefore, the parameters of the controllers
are required to be tuned optimally.
We designed an optimized FLC by employing the FPA.
The parameters of the FLC (Ge, Gde, and Gdu) are used to
scale the membership functions of the FLC for inputs and
output. Since these parameters are directly affect the
performance of the FLC, their optimum values are searched
by FPA. An error-based performance index which is integral
of time-weighted absolute error (ITAE) is used as an
objective function. The control parameters which make the
ITAE value minimum are selected as the optimal controller
parameters. The reason for selecting ITAE criteria as a cost
function is that it produces smaller overshoot and
oscillations than the other error-based performance indexes
[51]. Also, the other error based performance indices
integral of absolute error (IAE) and integral of squared error
(ISE) are considered for a detailed comparison. The
mathematical equations of these objective functions are
given in (3), (4) and (5), respectively.
t

ITAE   t e(t ) dt

(3)

0

t

IAE   e(t ) dt

(4)

0

t

ISE   e(t ) 2 dt

(5)

0

where e(t) is the error which is the difference between the
reference signal and measured output signal.
The performance of the FPA is compared to PSO which is
performed under the same optimization process. Also, two
different optimized PID controllers by FPA and PSO
algorithm are designed to compare the performance of the
designed FLCs.
A. Flower Pollination Algorithm
Flower pollination algorithm (FPA) proposed by Yang
[32] is a new metaheuristic problem solution algorithm
based on pollination process of the flowering plants. There
are two type pollination methods in nature: cross and selfpollination. The cross-pollination is observed between
different types of plants. This means pollen of a flowering
plant fertilizes a different plant. Whereas, in the selfpollination, fertilization is occurred in genetically similar
flowers [32].
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Also, transferring of pollens seems in two major ways.
These are abiotic and biotic forms. If the pollens are
transferred by pollinators which are the pollen carriers such
as insects and animals, it is called as biotic and 90% of the
pollination of flowering plants occurs in biotic form [32].
Without any pollinators, the pollination process is called as

abiotic. By using the above explained definitions, the
algorithm is summarized in four basic rules [32]. The first
rule is that biotic and cross-pollination are considered as
global pollination process. In this process, pollinators obey a
levy distribution.

Figure 7. A generalized view of the designed FLC

Abiotic and self-pollination are used for local pollination
for the second rule. The third rule is that pollinators
especially honeybees (flower constancy) can be considered
as the reproduction probability which is proportional to the
similarity of two flowers involved. The final rule is the
switch probability (0≤p≤1) which is a threshold value that
controls the switching or interaction between the local and
global pollination. The rules given above are required to be
described in mathematical forms.
Firstly, the equation of the global pollination (Rule 1) and
flower constancy can be written as [32]:
(6)
xit 1  xit   L( )( xit  g best )
where t is the iteration number, gbest is the current smallest
fitness function value, γ is the scaling factor considered as
step size, xit is the pollen and L(λ) is the Levy flight based
step size. Levy flight of which equation given below is used
to simulate the long distances that is covered by insects with
different step sizes [32] (S>>S0>0).

L

( ) sin( / 2) 1

S 1 

(7)

( ) is the gamma function and it is valid for large steps
(S>0). The Rule (2) and (3) for local pollination are
explained by:
(8)
xit 1  xit   ( x tj  xkt )
where xjt and xkt are pollens from different flowers which
are genetically similar. This simulates the flower constancy
in a limited neighborhood considered as the local pollination
and it is drawn by ϵ from a uniform distribution [0, 1] [32].
Since, flower pollination can occur at all scales, both local
and global, a switch probability describes Rule (4) which is
used to emulate to switch between global pollination to
intense local pollination [32]. The flowchart of the FPA
algorithm is depicted in Fig. 8 (a).

B. Particle Swarm Optimization Algorithm
The PSO algorithm developed by Kennedy and Eberhart
[52] is one of the well-known metaheuristic algorithms and
it is mostly used to solve nonlinear complex optimization
problems. The algorithm simulates the movements of the
fish schooling or bird flocking by using position (X) and
velocity (V) equations given in (9) and (10), respectively.
Each particle in population keeps its coordinates which
corresponds the best solution searched so far. This value is
called as pbest. The comparison of the all pbest of the particles
results the gbest which is obtained overall best value so far in
the population [52]. pbest and gbest values are updated at each
iteration until the algorithm ends.

Vid ( k  1 )  w( k )Vid ( k )  c1r1 (pbest( k )
 X id ( k ))  c2 r2 (gbest( k )  X id ( k ))

(9)

X id ( k  1 )  X id ( k )  V id ( k  1 )

(10)
where Vid and Xid are the velocity and position of the ith
particle in the d dimensional space, k is the iteration number,
c1 and c2 are acceleration factors, r1 and r2 are the random
numbers in the range of [0, 1], w is the inertia weight The
flowchart of the PSO algorithm is given in Fig 8(b).
C. Optimization Process and Results
The parameters of the FLC and PID controller are tuned
by both FPA and PSO algorithm in Matlab/Simulink
environment. In optimization process, load variations are not
considered in simulation and the load is set to 20 Ω. Load
variations are considered for experimental validation in
order to show the effectiveness of the designed controllers
with optimized parameters. The controller parameters are
optimized for the system with a 12 V initial charged SC
unit.
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For a fear comparison, population size (n) and iteration
number (N) are set to 10 and 50 for both of the algorithms,
respectively. The search spaces for the controller parameters
and the value of the algorithm parameters for PSO and FPA
are also given in Appendix.
Firstly, the FLC parameters (Gde, Ge, Gdu) are tuned by
using FPA and PSO. Both of the algorithms are performed
for 5 times. Performances of the optimization algorithms are

Volume 17, Number 1, 2017
compared each other in terms of minimum cost function f(θ)
and its corresponding iteration number (CIN) for each
simulation.
The simulation results of the trials with the averaged
values of f(θ) and CIN are given in Table II.

Figure 8. Flowchart of the algorithms (a) FPA, (b) PSO
TABLE II. PERFORMANCE COMPARISONS OF THE ALGORITHMS FOR FLC
Trials for FPA
Average values
FLC
1
2
3
4
5
f(θ)
CIN
11.21
10.22
6.29
6.50
11.98
f(θ)
9.24
20.4
16
22
21
25
18
CIN
Trials for PSO
Average values
FLC
2
3
4
5
f(θ)
CIN
1
12.62
8.623
11.32
7.46
7.782
f(θ)
9.56
33.4
27
32
43
36
29
CIN

Comparison results for the best trial of the algorithm for
FLC are that FPA converges to its optimal solution 6.29 at
21th iteration for the third test, whereas PSO converges to its
optimal solution 7.46 at 36th iteration for the fourth test.
Considering the average values, it is observed that FPA
provides a better convergence rate to the optimal solution
and a lower cost function than PSO algorithm in general.
The best trial of the FPA and PSO for the FLC parameter
tuning is shown in Fig. 9. The optimized FLC parameters
obtained in the best trial are given in Table III with the
performance indexes.
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FLC
FPA
PSO

TABLE III. OPTIMIZED FLC PARAMETERS
Controller Parameters
Performance indexes
GDE
GE
GDU
ITAE
ISE
IAE
0.0761 0.216 27.37
6.29
0.0247 0.229
0.0379 0.195 29.12
7.46
0.0306 0.284

In order to compare the performance of the FLC, a
conventional PID controller with the parameters KP, KI and
KD is also designed and tuned by FPA and PSO algorithm.
The number of trials and iterations are the same as in FLC
optimization process. The results of trials done for PID
controller are given in Table IV. Algorithms are compared
in terms of minimum value of the objective function (f(θ))
and its corresponding iteration number (CIN) for each trial.
The simulation results of the trials with averaged values of
f(θ) and CIN are also given in Table IV.
The best obtained trial result for both of the algorithms is
show that the FPA converges to its minimum objective
function value 8.48 at 17th iteration for the second test,
whereas PSO converges to its optimal solution 9.27 at 34th
iteration for the fifth test. The change of objective function
of the best trial of both algorithms is shown in Fig. 10.
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Averaged values of objective function and corresponding
iteration number for PID tuning shows the superiority of the
FPA compared to the PSO results.
TABLE IV. PERFORMANCE COMPARISONS OF THE ALGORITHMS FOR PID
Tests of FPA
Average values
PID
1
2
3
4
5
f(θ)
CIN
9.82
8.48
13.32
9.69
13.38
f(θ)
10.93
21.2
23
25
15
17
26
CIN
Tests of PSO
Average values
PID
1
2
3
4
5
f(θ)
CIN
24.18
11.53
16.04
20.17
9.27
f(θ)
16.23
29.0
29
24
31
27
34
CIN

The optimized parameters for the PID controller obtained
in the best trial are given in Table V. As the performance of
the FLC and PID controller tuned by the FPA is better than
the PSO one in terms of the cost function, the FPA tuned
FLC and PID controller are implemented experimentally.
PID
FPA
PSO

TABLE V. OPTIMIZED PID PARAMETERS
Controller Parameters
Performance indexes
KP
KI
KD
ITAE
ISE
IAE
32.308 8.3748 0.148
8.48
0.03617 0.3768
48.230
19.44
0.24
9.27
0.04326 0.4146

Figure 9. Change of the objective functions with PSO and FPA for the FLC
for the best trials

Figure 10. Change of the objective functions with PSO and FPA for the
PID controller for the best trials
V.

EXPERIMENTAL SET UP AND RESULTS

Modeling success of the SBC and SC storage unit were
demonstrated in section II. The designed controller using
these models were given in optimization process and results
in detail. In this section, in order to validate our theoretical
results, we present the experimental set up and obtained
results.
The designed WEC system shown in Fig. 1 is modeled in
Matlab/Simulink environment. The datasheet values for the
electrical components are used in simulation. The simulation
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of the energy extracted from irregular waves are performed
by using the equation (1). SC unit and DC-DC converter are
modeled with an acceptable modelling success. In order to
use the FLC toolbox in Matlab, we design a FLC by using
common used blocks of Simulink software.
The performance of the optimized controllers by FPA and
PSO algorithm are investigated for both real time and
simulation in terms of objective function. Since, the lowest
performance index is obtained by using FPA tuned FLC, the
all experimental results are shown with FPA tuned FLC.
Also, FPA tuned PID controller is compared to FLC one for
load voltage.
The implementation of the control algorithms and
acquisition of the voltage-current data is realized by a
DS1104 Controller Board. Galvanic isolated voltage-current
transducers are used to transfer the real time voltage-current
data to the computer. The experimental setup is shown in
Fig. 11.
To show the effect of the modelled SC, two different
experiments were performed with and without the SC
energy storage bank. The WEC phase to phase voltage and
phase current with and without SC unit is pointed out in Fig.
12. The DC bus voltage and current is shown in Fig. 13 with
and without SC.
The effect of the SC is shown in Fig. 12 on the WEC
phase current. WEC provides energy to the load when the
induced voltage value is greater than 11.16 V. The total DC
relay and the diode voltage drops are calculated
approximately 0.8V.
Fig. 13 shows that the SC unit charged to 12 V by solar
panels eliminates the voltage drops seen in irregular wave
effects on a WEC. Therefore, a more stable DC bus voltage
is obtained for the input of the SBC. Then, the SBC converts
variable DC bus voltage to a lower value of 5 V for the 20 Ω
load.
Fig. 14 shows the load voltage and current with and
without SC bank. The standalone WEC can not meet the
load power requirements without SC because of the zerocrossing points of WEC. The comparision of the FPA tuned
FLC and PID controller are given in Fig. 15 with the
zoomed parts. The FLC provides a lower overshoot
compared to PID controller. Also, FLC provides a stable
voltage with increased quality to the load.
Experimental performance result comparisions for FPA
tuned FLC and PID are given in Table VI. The performance
indices are calculated with a charged 12 V SC unit
connected to the DC bus.
TABLE VI. EXPERIMENTAL PERFORMANCE RESULTS OF THE CONTROLLERS
Performance indexes
Controller type
ITAE
ISE
IAE
10.60
1.8017 0.8415
FLC
28.454 1.8213 1.5438
PID

It is indicated in Table VI that FLC provides lower value
performance indices than the PID controller in experimental
tests. In Fig. 16 and Fig. 17, the designed WEC system is
tested with a decreased load resistance of 6.25 Ω and
different initial SC charge voltages. The discharging of the
SC while the DC bus current increasing can be seen from
these figures clearly.
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VI. CONCLUSION
In this study a solar charged supercapacitor (SC) storage
unit with a synchronous buck converter (SBC) is presented
for a wave energy conversion system (WECS). Because of
the irregularities observed in real sea waves, direct-drive
WECs are inefficient to provide a stable and reliable power
to the load. Therefore, they needs an extra storage unit or a
power supply with power electronic devices.

Figure 11. Experimental set up; (a) solar panels, (b) 3-phase motor, (c)
gearwheel, (d) PM Generator, (e) frequency driver,(f) rectifier, (g) SC
charge circuit, (h) voltage-current transducers, (i) SBC circuit, (j)
symmetric power supply, (k) oscilloscope, (l) power supply, (m) DS 1104,
(n) computer, (o) SC unit, (p) resistive load

Figure 14. Experimental results of the load voltage and current with and
without SC unit

Figure 12. Experimental results of the WEC phase to phase voltage and
phase current with (a, b) and without (c, d) SC unit

Figure 13. Experimental results of the DC-bus voltage and current with (a,
b) and without (c, d) SC unit
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Figure 15. Experimental results of the FPA tuned FLC and PID controlled
load voltage with SC unit

Figure 16. Experimental results of the DC bus voltage (a), DC bus current
(b), load voltage (c) and load current (d) with SC (SC charge voltage is
9.78V, load is 6.25Ω)
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The modeling error shown in Fig. 5 can be reduced by using
the different modeling types as recommended in SC
modeling section. A constant current charger (CCC) is used
to limit the charging current of SC. Also, a solid-state relay
is connected in series to the SC in order to save the circuits
and SC in case of short circuit. Since the PV system is just
employed to charge the UC bank, it is not discussed in this
study.
APPENDIX
SC parameters:
Rated capacitance C=83 F, RESR=10 mΩ,
Rated voltage V=48 V, Power density=2700 W/kg,
Max. energy density=2.6 Wh/kg, Mass=10.3 kg
Gear specifications:
Conversion rate=4
3-phase motor specifications:
Nominal power=1.5 kW, Nominal speed=1440 rpm,
Nominal current=3.3 A, Nominal moment=4 Nm
3-phase permanent magnet generator specifications:
Nominal power=1.5 kW, Nominal speed=550 rpm,
Phase resistance=5 Ω, Phase inductance=18.2 mH,
Pole number=8, Torque constant=1.1 Nm/A,
Speed constant=11.5 rpm/V, Rotor inertia=0.011 kgm2,
Magnet type: NdFeB (Neodyum Iron Boron),
Generator arrangement: 3-phase star connected-AA output
FPA parameters:
p=0.65, γ =0.15, λ=1.25
PSO parameters:
c1 and c2=2, w=0.7
Interval for the optimized parameter of PID and FLC
0.001<KP<50, 0.0001<GDE<1
0.001<KI<25, 0.0001<GE<5
0.001<KD<1, 0.0001<GDU<30

Figure 17. Experimental results of the DC bus voltage (a), DC bus current
(b), load voltage (c) and load current (d) with SC (SC charge voltage is
8.8V, load is 6.25Ω)

A SC unit is modeled and used with a SBC to eliminate
the voltage drops and fluctuations seen in WEC system for
irregular sea wave conditions. The SBC simulation model is
compared to experimental converter data. The results show
that the simulation model provides consistent result. For
further reduction of the modeling error of the SBC,
fractional order modeling may be considered.
The rectified WEC output voltage is integrated with SC
unit. Since the small-scale on-shore waves are considered in
this study, WEC output power is insufficient to charge SC
unit. So, solar panels are used to increase the charge
capacity of the UC. Then, the variable DC-bus voltage is
applied to the SBC. The SBC is controlled by a designed
FLC. Also, a PID controller is used for comparison.
The WEC system is tested for different initial SC charge
voltage with decreased load resistance (Fig. 16 and Fig. 17).
Under this case, SBC succeed to transfer stable energy to the
load.
In optimization process, a newer algorithm FPA and a
well-known algorithm PSO are utilized in order to obtain the
best controller performances. The ITAE is considered as a
cost function and the other error-based performance indices
are used for a detailed comparison for the controllers. The
simulation results show that the FPA provides a lower
performance index with a faster convergence rate than the
PSO algorithm for both of FLC and PID controller. The
performance results show the superiority of the FLC over
the classical PID controller. The simulation study is
validated experimentally and consistent results are observed.
The SC has lots of superiorities compared to a
conventional battery. Whereas, its energy density is lower
than a battery and the cost of it is slightly higher. The use of
the SC in energy systems will increase much more than
today when the cost and energy density problems are solved.
In this study, a SC is modeled by using classical RC model.
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