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Abstract

The amplitude and frequency of the voltage obtained from
renewable energy sources change because the environmental
conditions change continuously. This situation causes ripples,
harmonics and faults on loads. Therefore, it is important to
fix the voltage on the load busses. In wind energy systems,
continuous change in wind speed results in varying load
voltage. In order to discard this situation, there is a need for
controlled power conditioning devices which will fix the
voltage at desired levels. In this paper, a Fuzzy Logic
Controller (FLC) which is designed to stabilize the voltage
value of the load busses fed by Wind Turbine/Super
capacitor (WT/SC) hybrid energy system. The improvement
obtained with the proposed method is depicted by comparing
the results with those of PI controller. All the system is
designed in MATLAB/Simulink environment.

1. Introduction

Lately, the studies on wind energy have increased rapidly all
over the world. There may be various reasons of the interest in
wind energy. However, the major reasons are the energy
demand, environmental issues and the concerns about the
reserves of the conventional energy sources such as oil and
natural gas. Along with the other renewable energy sources, the
wind energy gets high attention, probably the most one. Hence,
wind turbines and different energy storage systems have become
important sources and devices [1,2].

It is obvious that wind energy is a widely used renewable
energy source. Since the electricity is produced from the
variable speed of the wind, the magnitude of the generated
voltage and its frequency are also variable. However, the voltage
at load busses must have constant magnitude and frequency
since the commercially available appliances and loads are
manufactured to be operated at standard voltage and frequency
values. Therefore the operating conditions and power quality
issues have to be considered in wind energy systems. That is
where the power conditioning devices become important. In
order to stabilize and control the voltage, different schemes have
been studied and introduced in literature. Some researchers
suggest the scheme with an AC/DC then DC/AC link [3] while
some suggest just AC/AC converters with magnitude and
frequency control ability [4]. Besides using DC link and/or
converters supporting active and passive filtering are also
employed for power conditioning and voltage-frequency
stabilization [5]. Controlling the power electronics converters
and the filters is also important as much as designing the
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converters and filters. Therefore studies on power electronics
converter used in wind energy systems are always accompanied
by controllers. It is possible to find many works on designing
controllers for the converters in wind energy systems [2].

A DC link used in this study as the main interface between
the wind generator and the AC load bus as shown in Figure 1.
The voltage from the wind turbine is converted to DC using a
rectifier. Then a DC link filter is used to stabilize the voltage
magnitude before it is converted to AC by a controlled IGBT
inverter. After the inverter, an AC filter is employed to smooth
the current ripples while maintain a constant voltage magnitude.
During this process, the amplitude of the voltage is set by the
rectifier and DC filter and frequency is controlled by the
inverter. Therefore the magnitude and the frequency of the
voltage at load bus are kept at desired standard values. The
proposed scheme has two additional parts, which are the
supercapacitor and the controller. The supercapacitor acts to
prevent the loads from being powerless as a result of sudden
change in wind speed. A 50 kW load is used as a load in the
system.

IGBT LC
Wind Filter Inverter Filter
Turbine

Fuzzy Logic Controller
Supercapacitor

Fig. 1. Wind/SC renewable energy source

The system responses are obtained and analyzed for two
operating cases. The case when there are rapid changes in wind
speed and the case when there are sudden load changes and
excursions.

2. The Wind Energy Conversion Scheme

The proposed wind energy conversion scheme (WECS) is
shown in Figure 1. As it is depicted, the scheme consists of a
wind turbine including a coupled induction generator, a rectifier,
a supercapacitor, an inverter, loads, FLC, and filters.



2.1. Wind Turbine

Wind turbines convert wind speed to rotational mechanical
torque, which is used by electrical generators to produce
electrical energy. Usually synchronous, asynchronous or direct
current generators are used in wind turbines. The asynchronous
generator used in this simulation.

Wind turbine model is developed taking steady state power

characteristics into consideration. The mechanical power
produced by the wind turbine can be given as
1 3
P, =7 G (. B)pAv M

Where, Pm represents mechanical output power of the turbine
(W), C,, is the performance coefficient, A is pitch angle (degree),
B is peak speed rate, p is the air density (kg/m®), A is rotor
sweep area (m?) and v is the wind speed (ms). C (A P)is
calculated.
As follows.
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The values used here are C1=0.5176, C2= 116, C3=0.4,
C4=5, C5=21 and C6=0.0068. B value is taken as 0 [6,7].

2.2. Supercapacitor Equivalent Circuit

The devices called as ultracapacitors or supercapasitors are
used for energy storage and filtering processes. They are used in
high power discharging applications. Owing to their high energy
density, they have the capacity to send hundreds of amperes
current. Their usage increases because they can provide short
time sudden power need. They achieve this without any
chemical process. Being unmaintained and durable are other
characteristics of these machines [8]. The internal structure of
the supercapacitor can be seen in Figure 2.
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Fig. 2. The equivalent circuit model of the supercapacitor
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The equation representing the charging case of the
supercapacitor is:
SOC=1=[Viues = V/(Veuea / 2)] “)

Where V is the terminal voltage of supercapacitor [9].
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2.3. Fuzzy Logic Controller

After the invention of fuzzy logic by L.A. Zadeh in 1965
[10] and its application to control systems by Mamdani in mid
1970s [11], so many researches and applications done related to
fuzzy logic controller. Although some reasoning algorithms,
such as Sugeno and TSK algorithms [12], have been developed,
Mamdani reasoning algorithm is used widely. Actually the fuzzy
logic control (FLC) algorithms in all fuzzy reasoning methods
have the similar structure consisting of a fuzzifier, a rule base a
fuzzy reasoning and a defuzzifier as shown in Figure 3.
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Fig. 3. Basic configuration of a FLC.

If the inputs are crisp, as they are in this study, they are
converted to fuzzy membership values by the fuzzifier first.
Then, the rule base evaluates these fuzzy membership values so
that a fuzzy output can be yielded after running a fuzzy
reasoning process. If a crisp output is required as in Mamdani
reasoning algorithm, the defuzzifier stage is employed to
convert the fuzzy output to a crisp output.

The main elements of FLC are membership functions.
Triangle membership functions seen in Figure 4 are used to
define fuzzy membership functions at the input and output
spaces of the FLC. The fuzzy membership value of the variable
x in fuzzy subset A represented by a triangle membership
function is calculated by using equation (5).

HA(X)

Fig. 4. Triangle membership function

[ x=x X, —X
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The FLC algorithm defined above has been used in many
applications. The one used here is a modification of the
algorithm studied in [13]. This algorithm is nothing but a
Matlab/Simulink model of Mamdani algorithm. It is modified
for this study to suit the problem studied here.

The error e and its change de in every sampling are two
inputs the fuzzification and rule base block. Parameters of
triangular fuzzy subsets shown in Figures 5 and 6 are also the

)



inputs to fuzzifier and rule base block. Since there are five fuzzy
subsets for e and five other fuzzy subsets for de, a 25 rule based
is processed inside the block using the verbal implication as

Ifxis A andyis B then z is C.

uie)
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-1 -0.5 0 0.5 1 )e
Fig. 5. Error membership functions
1(de)
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-1 -0.5 0 0.5 1 )de

Fig. 6. Variation of error membership functions

1(du)

A
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P

Fig. 7. Output space

Where x is e, y is de, z is du and A, B, and C are the fuzzy
subsets in the universes of e (error), de (error change) and du
(output), respectively. Here, NB is negative big, NS is negative
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small, Z is zero, PS is positive small and PB is positive big. The
membership values generated by the rule base for the output
space are used along with the parameters of triangular fuzzy
subsets given in Figure 7 of the output space in the block called
Defuzzification 1, which is nothing but the process of the
numerator of defuzzification method called center of area. The
block Defuzzification 2 represents the denumarator of the center
of area method. The final output of the FLC is the division of
Defuzzification 1 by Defuzzification 2, which is the result of
defuzzification formula called the center of area method [13].
The main Simulink block diagram of the FLC used in this study
is given Figure 8.
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Fig. 8. Simulink model of defuzzification process

3. System Simulation

The simulated system can be seen in Figure 9. Here, the
system consists of a 60 kW wind turbine, rectifier, line filter,
inverter, load filter, 50 kW resistive load and controller. The
simulation is done to keep the line-to-line voltage at 380 V and
50 Hz during the changes in wind speed.
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Fig. 9. Simulation system

When the wind speed is sufficient, the whole system is
supplied by the wind turbine; otherwise, the supercapacitor is
turned on to supply the system. The DC voltage produced by
the wind/supercapacitor system is converted to AC voltage
using a 3-phase inverter in order to supply power to the 3-phase



load. The voltage output of the inverter is controlled to keep the
voltage at 380 V, line to line, at a fixed frequency of 50 Hz. The
3-phase voltages are converted to d-q axis layouts as direct-axis
voltage V4 and quadrature voltage V, to be used by the PI
controller and the FLC. The output of the controller is then
used to generate a pulse-width modulated signal, which is used
to control the output voltage of the inverter. The frequency of
the inverter is controlled and kept constant at 50 Hz through a
phase-locked loop process.

There is a filter (LC) parallel to the loads so as to straighten
the wave shape of the voltage on the load in the system. The
wave shape of the load voltage is tried to be straightened.
During this time, total harmonic distortion is measures as well.

The regulator that is used is a system which does
measurements and switching in order to activate the
supercapacitor when the wind speed falls under 5 m/s.

The changes in the environment affect the working of
system. Therefore, it is aimed to create different environmental
conditions by changing the wind speed level. The wind speed is
changed as seen in Figure 10.
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Fig. 10. Wind speed
4. Discussion and Result Analysis

The results obtained by using PI controller are given in
Figures 11-14. In Figure 11, it is seen that PI controller does
not set at 380 V value. The supercapacitor is active since there
is not enough wind speed at t=0.8-1s period; therefore, the
voltage on the load sets at 380V value in this period. The Total
Harmonic Distortion (THD) change during the simulation with
PI controller goes up to 0.2 as shown in Figure 12. Distorted
wave shape across the load terminals is given in Figure 13. The
distortion in the voltage wave shape is because the changes in
the wind speed. Even if there is supercapacitor in the circuit the
the harmonics are not being eliminated completely. Figure 14
shows the error which is below 0.4.

The results obtained by using FLC are given in Figures 15 to
18. The voltage on the load bus is 380 V with some ripples as
shown in Figure 15. Supercapacitor is active during t=0,8-1 s
period for this case as in the case with the PI controller. The
THD change for the case with FLC is below 0.2 as depicted in
Figure 16. In Figure 17, the wave shape of the voltage on the
load is shown. This wave shape is very close to sine wave. In
Figure 18, the time response of the error is given. The error
value is below 0.4 for this case.
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5. Conclusions

When the graphs between Figure 11 and 18 are analyzed, in
simulations conducted with both PI and FLC controller, it is
seen that the voltage on the load is pretty distorted in PI
controller. When FLC is used, it is seen that this distortion
decreases. The difference is very obvious in Figures 12 and 16.
When THD values are analyzed, it is seen that there is not a
significant difference. Similarly, error values vary more or less
the same. FLC’s maximum exceeding is a high value as 450 V.

However, since the voltage on the load is very different from
380 V with PI controller, it is not preferred to be used. There is
very little ripple with FLC and it sets to 380 V value. Obviously,
FLC puts forward more qualified results than PI controller.
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