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Abstract:

Wind Energy Conversion System (WECS) which includes
the Permanent Magnet Synchronous Generator (PMSG),
the Single-Ended Primary-Inductor Converter (SEPIC)
and the load is modeled, simulated and implemented.
SEPIC is proposed to control the output voltage of WECS.
A composite filter is proposed at the output of the SEPIC
to minimize the ripple in the output voltage .The proposed
wind energy conversion system, subjected to the
variations in the wind can supply power to the connected
loads. The main purpose is to generate 230-V/50-Hz
supply to domestic appliances through a single-phase
inverter. In this paper, the comparison of various
controllers like Proportional Integral Derivative (PID)
and Fuzzy Logic controller (FLC) for the control of
SEPIC based micro wind energy conversion system is
presented. The SEPIC is preferred to other converters for
the wind energy conversion system as it provides low
input current ripple compared with other converter. The
voltage ripple in the proposed system is minimized using
a composite filter. The Total Harmonic Distortion (THD)
of SEPIC based WECS with linear and non-linear loads
are analyzed. Fuzzy Logic control is proposed for the
micro-wind energy conversion system, since it improves
the damping characteristics of the wind energy system
over a wide range of operating points. The simulation
results and the experimental results are presented in this
paper.

Keywords: PID, Micro Wind Energy Conversion System,
Fuzzy Logic Controller, PMSG, Total Harmonic
Distortion.

1. Introduction:

Renewable energy inducements, research and
development have made wind power generation
technically effective and economically attractive. In
reducing the dependence of electric power generation on
fossil fuel, wind energy proffers a substantial share to
renewable power generation. This energy conversion
system includes a conventional rectifier-inverter system
along with a transformer to supply power to domestic
loads. A matrix converter can be used as one of the

conventional rectifier—inverter combination (AC-DC-
AC) as it features no energy storage components. It has
both the bidirectional power flow capability and
controllable input power factor. The bidirectional power
flow capability increases the complexity of the control in
the matrix converter, also increasing the switching
components [1]-[3]. Owing to this fact, a conventional
rectifier-inverter ~ combination (AC-DC-ACQC) is
commonly employed along with a Boost converter. It has
higher efficiency than the Buck-Boost converter. But, it
is mostly applicable for cases where the battery is used.
This also increases the cost [4]-[10]. These drawbacks
can be overcome by a Cuk converter. This converter
generates high output and input current ripples [11]. The
SEPIC provides low input current ripple, which is the
major advantage when compared with other converters.
But, a bulk inductor should be used to minimize the
current ripple. Input current ripple becomes one of
important requirements due to the wide use of low
voltage sources. It is because large ripple current may
truncate the epochs of the input sources [12]-[16]. The
SEPIC provides better reduction of ripples than other
converter. Moreover, the size and cost of the components
used in the SEPIC is comparatively less than other
converters.

In order to minimize the output voltage ripple
of the converter, filters such as LC, n, T and composite
filters can be used. A better reduction in output ripple
and noise can be achieves using the m and T filters.
However, the T filter is more sensitive to the parasitic
shunt capacitors and it must be fine-tuned to account for
the PCB layout parasitic [17]. Hence a composite filter is
used in this paper.

With variations in the wind speed, a controlled
output has to be obtained using a closed loop system,
which generally includes a PI or a PID controller. The
steady state error can be reduced using Pl controller,
which is an active control scheme. Then again the ripple
content is high [18]-[21]. In order to reduce the ripple,
current control scheme is used. The bandwidth of current
control is higher than the bandwidth of the DC link
voltage regulator. It takes a time to settle besides the cost
being higher [22]. To overcome this, a two loop digital
control strategy is proposed. The response time is
moderate [23]. In order to improve the response time and
also to reduce the voltage ripple at the output, larger



output capacitance with low Equivalent Series
Resistance (ESR) is used [24]. To achieve the
smoothness of the converter firing angle sliding mode
controller is used. But the reliability of the system is
reduced [25]. In order to increase the system reliability, a
Fuzzy Logic Controller is used over a conventional PI
Controller, to improve the damping characteristics of the
wind energy system over a wide range of operating
points[26]. The PID and fuzzy controllers for various
DC-DC converters have been dealt with in [27]-[29].
According to the authors’ knowledge, the literature does
not cite works that compare these controllers with
reference to Micro Wind Energy Conversion System
(MWECS). Hence in this paper, the authors have chosen
to present a comparitive study of PID and Fuzzy Logic
Controller for the SEPIC based wind energy conversion
system along with the linear and non-linear loads.

This paper is organized as follows: Section 2 presents
the proposed system. Section 3 describes the modeling
of SEPIC. Section 4 illustrates the System description.
Section 5 presents the Simulation Results .The
Comparison of the Controllers is discussed in Section 6
while Section 7 is devoted to a discussion of the
Experimental Results. The conclusion and the Scope for
Future Work are presented in Section 8.

2. Proposed System:

The block diagram of the proposed system is shown
in Fig 1. It consists of the Wind Turbine, Rectifier,
SEPIC along with a Controller, Inverter, Transformer,
and Load. A Permanent Magnet Synchronous Generator
delivers the ACinput voltage to the three-phase rectifier
which converts 24V-AC to 24V-DC. A boosted DC
\oltage of 48V-DC is obtained using a SEPIC. The
output voltage ripple is minimized using a composite
filter. This DC voltage isconverted into AC voltage of
frequency 50Hz using an inverter circuit. A transformer
steps up the 48V-AC t0230V-AC which is eventually
applied to the load. During wind speed variations, the
output voltage of the SEPIC is controlled by tuning the
PID / Fuzzy Logic controller.
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Fig 1.Block Diagram of Micro-Wind Energy Conversion
System

3. Modeling of SEPIC:

SEPIC is a type of DC-DC converter which allows
the voltage at its output to be greater than or less than or
equal to that of its input. It is similar to buck-boost
converter except for the output polarity of this converter
is positive with respect to its common terminal. The
input current ripple is comparatively less than the ripple
in the other converters, thus reducing the stress on the
source [12]. A DC voltage with reduced ripple content at
the output is obtained by adding a composite filter [17].
Fig 2 shows the circuit of SEPIC with composite filter.
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Fig 2. SEPIC with composite filter

The model of the converter is represented by the
equations (1) — (4).
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Where,

V1 - Voltage across the capacitor Cs (V)
i1 - Current through the inductor Lia (A)
V, - Woltage across the capacitor Crand the
load Resistor (V)
io - Current through the inductor Ly (A)
h - Control Input function of the switch
position taking values {0, 1}

The matrix of state co-ordinate transformation is
given in equation (5).
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The time scaling factor of the SEPIC is given by,
t
'\,"' Lla Cs
t - Switching time
T - Time scaling factor
The state-space model of the SEPIC is provided by

the following equations (7), (8), (9), and (10).
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4. System Description:

The simulation of the SEPIC based WECS
provides better results than other DC-DC converters.
Table 1 provides the comparison of the input and output
parameters for various converters based WECS.

Table 1. Comparison of input and output parameters for

various converter based WECS

Converters Input current Ou'Fput current
ripple (A) ripple (A)
Boost Converter 1.3 2.1
Cuk Converter 0.9 3.1
Zeta Converter 1.2 1.6
SEPIC 0.8 1.7

4.1 PID Controller:

The SEPIC based WECS with variation in wind
speed can be controlled using PI controller. However,
the peak overshoot of the system using this PI controller
is higher than that of the PID controller [27].The SEPIC
based WECS with PID controller is shown in Fig.3. A
DC voltage of 48V is obtained at the output of the
SEPIC and is compared with a reference voltage to

produce

the error signal.lt is then given

to the PID

controller and the pulse width modulated signals are
produced.These pulses are applied to the switch of the

SEPIC.

Fig 3. SEPIC based WECS with PID Controller

The output current ripple of the system is reduced by
choosing a capacitance of 100uF.The composite filter

further

minimizes the output voltage

ripple.The

specifications of the SEPIC are provided in Table 2.
From Table 3, it is observed that the inclusion of the
composite Filter has minimized the output voltage
rippple to 0.2V. Variation of wind speed occurs at time
t = 0.5s. The output voltage across the load is controlled
using the PID Controller. The output of the PID
Controller is compared with a repeating sequence of 20
kHz to provide gate pulses to the switch in the SEPIC.
An output voltage of 48V DC and an output current of
0.48A DC at the SEPIC with PID Controller for the
variable speed wind energy conversion system are

obtained.




Table 2. Specifications of SEPIC

Symbol Designed Simulated
Parameter
Value Value
Duty o 0.67 0.67
Cycle
Inductor
Values Lis Lus 1.34 mH 1.34 mH
Output Cout
. 80.5 uF 100 pF
Capacitor H H

Table 3. Summary of Voltage Ripple in SEPIC with
and without Filter

Existing Proposed system
System . .
Parameter . (with Composite
(without Filter)
filter)
Oytput Voltage 0.8V 02V
Ripple

The output voltage of the SEPIC is applied as the input
voltage to the inverter. An output voltage of 48V-AC/50-
Hz is provided as input to the transformer. The
transformer steps up the voltage from 48V-AC/50-Hz to
230V-AC/50-Hz.

The PID controller is tuned at a frequency of
20kHz for a specific linearized model. Hence, it does not
provide sufficient damping of oscillations for different
operating points caused by disturbances and
uncertainities of wind parameters. This may lead to
undesirable and sustained oscillations in power.
Furthermore, large wind deviations may even lead to an
unstable system. Hence, a Fuzzy Logic Controller is
used to improve the damping characteristics of the wind
energy system over a wide range of operating points.

4.2 Fuzzy Logic Controller:

The control variables act as the input to the
fuzzy logic controller. They are intially fuzzified by
means of appropriate fuzzy membership functions and
the control strategy is defined by some heuristic IF-
THEN rules. The output control signal is then
defuzzified and the correction is used finally to generate
the gate pulses required for the switch. The available

heuristic expert knowledge about the system operation is
used in the FLC fuzzification, rule base, and
defuzzification stages. The fuzzy method used here is
Mamdani, where the maximum of minimum
composition technique is used for the inference. The
block diagram of the FLC is shown in Fig. 4.
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Fig 4. Block Diagram of Fuzzy Logic Controller

Fig 5. SEPIC Based WECS with Fuzzy Logic
Controller for Variable Speed Condition

From Fig 5, the input control variables to the
Fuzzy Logic Controller (FLC) are the error in voltage
and its derivative. The membership functions like the
voltage error, its time derivative (dE/dt), and the
correction are shown in Fig.6.The trapezoidal and the
triangular membership functions are suggested based on
expert knowledge.

4
u(e) N NS Z PS P
1.0

o Error (e)



4
uAe) N NS Z Ps &

» Change in
3 Emor (Ae)

-3.0

Wt N NS  Z PS P
1.0

'
1
'
'
'
'
'
'
'
1
'
'
i
0

» Output (o,
0.5 1.0 1.5 iput (©)

'
'
'
'
'
'
'
1
1
1
1
'
h
1:

-1.5 -1.0 -0.5

Fig 6. Membership Functions of Fuzzy Logic Controller

After defining the fuzzy sets, a control strategy is
defined by a set of IF-THEN rules. These rules can be
formulated as shown in Table 4. For example, if the error
is negative and dE/dt is negative, then the output is low.
These heuristic rules are based on expert control
knowledge of the system operation. It is also important
to highlight the freedom in choosing more precise and
adequate rules; however, such a task would require
considerable expertise with very little reward in the
performance of FLC [26]. The Rule Viewer of the Fuzzy
Logic Controller is as shown in Fig.7.

Table 4. Rule Base for Fuzzy Logic Controller
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Fig 7. Rule Viewer of Fuzzy Logic Controller

The output linguistic variables are transformed to
crisp values to control the width of the gate pulses of the
switch. The Surface Viewer of the Fuzzy Logic
controller is as shown in Fig. 8.The output obtained with
the Fuzzy Logic controller is compared with the
repeating sequence voltage of 20kHz frequency. The
gate pulses obtained are applied to the switch of the
SEPIC.
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Fig 8. Surface Viewer of Fuzzy Logic Controller

The defuzzification method used in this work
is the centroid method.The wind speed variation takes
place at 0.5s. The output voltage across the load is
controlled using the Fuzzy Logic Controller.The gate
pulse of the SEPIC is generated by comparing the
output of the Fuzzy Logic Controller with the triangular
function.The algorithm used for pulse generation is as
follows:



Algorithm

Step 1: Obtain control signals by taking the error of the
voltage and its derivative.

Step 2: Fuzzify control inputs in the fuzzification
interface using Mamdani Method, where the maximum
of minimum composition technique is used for the
inference.

Step 3: Make decision using the knowledge base
wherein the membership functions and the rules set with
heuristic IF-THEN rules are provided.

Step 4: Defuzzify the results using the centroid method.

Step 5: Compare the output with the repeating sequence
to generate the pulses for the switch.

5. Simulation Results:

The circuits are modeled and simulated using the
blocks of Simulink and the results with PID and Fuzzy
controllers are presented here.

An output voltage of 48V DC at the SEPIC with
PID Controller and FLC for the variable speed wind
turbine of wind energy conversion system are obtained
and they are shown in Fig.9(a). The SEPIC based WECS
with PID controller and FLC system produces output
current as shown in Fig.9(b).1t is inferred that the voltage
and the current waveforms of the system with the Fuzzy
Logic Controller are smoother with low over-shoot than
those of the system with the PID Controller. However,
the current through the load of the PID Controlled
WECS is higher than the case of the Fuzzy Logic
controlled WECS.
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Fig 9. Simulation Results (a) Output Voltage of SEPIC
with PID and Fuzzy Logic Controllers (b) Output
Current of SEPIC with PID and Fuzzy Logic Controllers

The AC output voltage and current of the SEPIC
based Wind Energy Conversion System with Fuzzy
Logic Controller are shown in Figs.10 and 11
respectively. The DC output of the SEPIC is provided as
the input to the inverter. An output voltage of 48V-AC /
50-Hz is applied as input to the transformer and the
output is stepped up to 230V-AC / 50-Hz.

The output voltage and current of the SEPIC
based WECS for linear load are shown in Figs.10(a)
and 10(b) respectively. From Figs.10(a) and 10(b), it is
inferred that the output voltage and the current obtained
for linear load are 220 V and 3.9A.
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Fig 10. Simulation Results for WECS (a) Output VVoltage

with linear load (b) Output Current with linear load (c)

Output Voltage with Non-Linear load (d) Output
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The output voltage and current of the SEPIC based
WECS for non-linear load are illustrated in Figs.10(c)
and 10(d) respectively. From Figs.10(c) and 10(d), it is
observed that the output voltage and the current obtained
for Non-linear load are 217 V and 4.4A.

The Total Harmonic Distortion of the SEPIC based
WECS with the Linear and Non-linear loads are shown
in the Fig.11. The THD obtained for Linear load is
1.34% and almost constant, whereas for a Capacitive
load, it tends to be decreasing and for Inductive load, it
is increasing for increase in the values of C/L.
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Fig 11. Total Harmonic Distortion of the SEPIC based
WECS with Non-linear loads

6. Comparison:

The output voltages obtained from the
simulation of the SEPIC based wind energy conversion
system with the PID and the Fuzzy Logic Controllers are
compared. Wind speed varies at t=0.5s for SEPIC based
WECS with the PID and with the Fuzzy Logic
Controllers. The comparison of the performance using
the PID and Fuzzy Logic Controllers is summarized in
Table 5. From Table 5, it is inferred that the FLC system
produces smoother output with reduced rise time,
settling time, and peak over-shoot.

Table 5. Comparision of the SEPIC based WECS
with PID and Fuzzy Logic Controllers

Parameters Rise Settling Peak
Time (s) Time (s) Overshoot (V)
PID 0.005 0.025 2.7
FLC 0.001 0.005 1.52

7. Experimental Results:

The complete hardware set-up and the corresponding
circuit diagram of SEPIC based WECS are illustrated in
Figs. 12 and 13 respectively.

The hardware set-up comprises of power circuit,
controller circuit, and a driver circuit. MOSFET
(IRF840) switches are used in the converter and the
inverter power circuits. The SEPIC requires one
MOSFET and the single phase inverter requires four
MOSFETs. The supply to this circuit is obtained from a
transformer of 230/24V,using regulator ICs of 5V and
12V rating. The gate pulses generated by the micro-
controller are driven through the driver circuit in order to
increase the amplitude of the voltage required for the




MOSFETs to turn on the switches. The hardware
specifications for the experimental set-up are provided in
Table 6. The waveforms are recorded using RIGOL
DS1052E type Digital Oscilloscope and the amplitudes
are measured using RISHMAX10 type Digital
Multimeter.

Table 6. Hardware Specifications

PARAMETER SPECIFICATIONS

Source voltage 1-phase 230V,50HZ

Micro wind generator | 1IKW,50HZ

(Luminous make) Rs = 0.62Q

Wind velocity 7m/s

Tph =120, N = 400RPM

DC link parameter DC link voltage 24V

C=150pF;
Ly, L>=3.18mH
Interfacing transformer | 1KVA,48/220V,50Hz
Load parameters 230V ,R=100Q

Fig 12. Hardware Set-up

Fig.13. Hardware Circuit Diagram

The output waveforms for various components
of the hardware set-up with SEPIC and single phase
inverter are as follows. The output voltage waveform of
the SEPIC circuit with resistive load is shown in
Fig.14.The output voltage of the SEPIC is 47.6V and the
output current of 0.32 A is obtained using FLC.
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Fig. 14. Experimental Results (a) Output voltage of
SEPIC with PID and FLC (X axis-20s/div; Y axis-
20V/div) (b) Output Current of SEPIC with PID and
FLC (X axis-20s/div; Y axis-0.2A /div) (c) Output
voltage across the load (X axis-40s/division, Y axis-
100V/division) (d) Output current through the load (X
axis-10s/division, Y axis-2A/division).

The output voltage and current obtained are
216V and 3.1A as shown in Figs.14(c) and (d)
respectively. Table 7 presents the simulation and
experimental values of the system validated with a linear
load. The experimental values are close to the simulation
values.
Table 7. Validation of Results

Simulated | Experimental
Parameters value value

Input voltage of the 25 27.6V
converter

Output voltage of the 48V 47.6V
converter

Output Current of the 0.48A 0.32A
converter

Output voltage across 220V 216V
the load

Output current through 3.9A 3.1A
the load

8. Conclusion and Scope for Future Work

The proposed Micro-Wind Energy Conversion
scheme using SEPIC is analyzed and interfaced with the
inverter, transformer, and the load. The simulation of the
SEPIC based Micro-Wind Energy Conversion System
and its closed loop control with wind speed variation
was performed. Simulation with various controllers like
PID and Fuzzy controller for wind speed variations was
performed using MATLAB Simulator by maintaining the
desired output voltage, current, and power. The fuzzy
logic controlled system produced output with less
overshoot. The hardware was implemented using
PIC16F84A microcontroller, which generated the
triggering pulses. The experimentally generated
waveforms closely matched the ones obtained by
simulation. The contributions of this work are
development of SEPIC based FLC-WECS which can
maintain constant voltage at the output with minimized
ripple content and improvement of dynamic response
using Fuzzy Logic Controller. The drawback of this
system is that this converter can be used only at low
power levels and the drop in output voltage is high with
Non-Linear loads. The present work has focused on the
comparison of PID and Fuzzy Logic controlled systems
with Linear and Non-Linear Loads. The future direction
will be a comparison of PID controlled system with
neural network controlled system. The power level may
be increased by using parallel cascaded converter system.
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