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Abstract – Wind energy conversion systems (WECS) which consist of wind turbines with permanent 
magnet synchronous generator (PMSG) and full-power converters have become widespread in the field 
of renewable power systems. Generally, conventional diode bridge rectifiers have used to obtain a 
constant DC bus voltage from output of PMSG based wind generator. In recent years, together 
advanced power electronics technology, Pulse Width Modulation (PWM) rectifiers have used in 
WECS. PWM rectifiers are used in many applications thanks to their characteristics such as high 
power factor and low harmonic distortion. In general, L, LC and LCL-type filter configurations are 
used in these rectifiers. These filter configurations are not exactly compensate current and voltage 
harmonics. This study proposes a hybrid passive filter configuration for PWM rectifiers instead of 
existing filters. The performance of hybrid passive filter was tested via MATLAB/Simulink 
environment under various operational conditions and was compared with LCL filter structure. In 
addition, neuro-fuzzy controller (NFC) was preferred to increase the performance of PWM rectifier in 
DC bus voltage control against disturbances because of its robust and nonlinear structure. The study 
demonstrates that the hybrid passive filter configuration proposed in this study successfully 
compensates current and voltage harmonics, and improves total harmonic distortion and true power 
factor. 
 
Keywords: Wind energy, Power quality, PWM rectifier, WECS  

 
 
 

1. Introduction 
 
The energy demand of the world is rapidly increasing 

due to the rapid growth in population, urbanization and 
industrialization. The interest of renewable energy sources 
are much more widespread than in the past due to declining 
of oil and gas reserves in the world. Wind energy is one of 
fastest growing renewable energy resources in the world. 
Use of Wind Energy Conversion Systems (WECS) increases 
the power quality and stability issues in the power systems. 
The WECS are consist of variable-speed wind turbine, 
mechanical drive train, PMSG and AC-DC, DC-AC power 
converters [1-4]. WECS require power converters for 
achieving maximum power from the wind turbine and to 
generate quality power with stability. PMSG is preferred 
for small wind power generation less than 100 kW, because 
of its reliability, high efficiency and low cost. AC-DC 
conversion system consists of two stages namely: Diode 
bridge rectifier and DC-DC boost converter. The system 
efficiency of PMSG with diode bridge rectifier is low 

because of higher order current harmonics in source side. 
To overcome this problem, PWM rectifiers are preferred 
better solutions to eliminate the harmonics and improve 
power factor [4-8]. 

Particularly in the last two decades, PWM rectifiers 
have been used for AC/DC conversion thanks to the 
developments in the field of power electronics. When 
compared to conventional phase controlled rectifiers, these 
rectifiers are known to possess various qualities such as 
fixed DC bus voltage, rapid dynamic response, high unity 
power factors, and bidirectional power flow. Therefore, it 
is used in numerous applications such as high performance 
AC motor applications, telecommunication systems and 
wind energy conversion systems [8-10]. 

Harmonics, which was once caused by transformers and 
arc welding, have become one of the most common power 
quality problems today due to widespread use of power 
electronics based devices. Harmonics of power system 
cause problems such as losses in the transmission line 
and low efficiency, noisy and vibrating motor operation, 
excessive heating in the transformers and reactors, and 
decreasing reactive power coefficient. Harmonic currents 
transmitted by the grid may cause non-sinusoidal voltage 
drop depending on the grid impedance, which results in a 
decrease in voltage quality at the point of common 
coupling. This may negatively affect other receivers 
which is supplied by the same point. International 
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standards such as IEEE 519-1992 and EN 61000-3-2 
which limit harmonic levels of receivers were published 
in order to minimize potential negative effects in the grid 
voltage [11-14]. Harmonics occurring in the power 
systems may be eliminated thanks to various filtering 
techniques such as passive, active or hybrid filters. Passive 
filters are commonly used due to their low installation 
costs, simple configuration, reactive power compensation 
and simultaneous harmonic filtering.  

A hybrid passive filter was designed for three-phase 
PWM rectifiers in the present study, and the performance 
of the filter was tested by modelling and simulation study. 
PWM rectifiers and their mathematical model are 
summarized in Section 2. The structure of hybrid passive 
filter and its design are discussed in Section 3. NFC is 
designed for PWM based rectifier in Section 4. Simulation 
results and the performance of the proposed hybrid passive 
filter are analysed in Section 5. 

 
 
2. The Mathematical Modelling of PWM Based 

Rectifiers for WECS 
 
The structure of a three-phase bidirectional AC/DC 

rectifier is given in Fig. 1. Six pieces of semi-conducting 
switches are needed in this rectifier. In addition, resistance 
(Rs) and inductance (Ls) exists at each phase between the 
rectifier and grid. DC bus capacitor (C) and parallel (RL) 
load resistance exists in the DC bus [15-16]. In a three-
phase, balanced and three-wire system, voltage and current 
equations of a PWM rectifier are obtained as follows: 

 

 
a a a ra

b s b s b rb

c c c rc

V I I V
dV R I L I V
dt

V I I V

⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
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 . . .dc
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dV
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dt
= + + −  (2) 

 
where, Ls and Rs represents grid inductance and resistance, 
respectively. Va,b,c represents three-phase grid voltage. Ia,b,c 
represents grid phase currents, while Vra, Vrb and Vrc 
represent rectifier input voltage. Vra, Vrb and Vrc are found 
by turning on and off switching elements in the rectifier 

appropriately in order to obtain DC bus voltage. Sa, Sb and 
Sc represent switching functions. Rectifier phase voltages 
can be found via the following equation: 
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In a matrix form, any three-phase electrical quantity in 

the abc coordinates (Xa,b,c) can be converted to αβ 
coordinates as follows [16-19]: 
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3. Hybrid Passive Filter Configuration 
 
Hybrid passive filter is a combination of series and 

passive filters. The single phase equivalent circuit of 
hybrid passive filter is shown in Fig. 2.  

The series passive filter (SPF) used in the filter 
configuration is a band-pass filter, while parallel passive 
filter (PPF) is a band-stop filter. SPF offers low impedance 
against components in the circuit frequency and high 
impedance against those in the harmonic frequency. On 
the other hand, PPF presents high impedance against 
components in the circuit frequency and low impedance 
against those in the harmonic frequency. Non-linear loads 
generate voltage and current harmonics in power systems. 
These harmonics are prevented from being flow to the 
grid as voltage harmonics are eliminated on SPF and 
current harmonics are eliminated on PPF [6-8]. SPF 
presents high impedance against all harmonic frequencies, 
thus preventing voltage fed-type harmonics from being 
transmitted by the load to the grid.  

In the fundamental frequency, reactor and capacitor 
reactances are equal. The value of SPF resonant frequency 
is assumed close to that of power system frequency. The 

Fig. 1. Configuration of three - phase PWM rectifier for 
WECS 

Fig. 2. The single phase equivalent circuit of hybrid passive
filter
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frequency characteristics of series passive filter is defined 
by the following transfer function:  

 

 
2 ( ) 1

( ) S SF SF SF
SF

SF

s L C L C
Z s

sC
+ +

=   (7) 

 
As shown in the SPF frequency characteristics curve in 

Fig. 3, filter impedance is inductive and capacitive when 
higher and lower than resonant frequency, respectively. 
PPF offers high impedance in the grid frequency and low 
impedance in the harmonic frequency, thus preventing 
current fed-type harmonics from being transmitted to the 
grid.  

The frequency characteristics of parallel passive filter is 
defined by the following transfer function:  

 

 2( ) ( )
1

PF
PF f

PF PF

sL
Z s H s

s L C
= =

+
  (8) 

 
The frequency characteristic curve of PPF is shown in 

Fig. 4. As shown in the graph, PPF offers high impedance 

in the fundamental frequency, and low impedance in all 
harmonic frequencies. Meanwhile, PPF impedance presents 
capacitive character when it is higher than resonant 
frequency. Because PPF presents high impedance in the 
grid frequency, the transmission of fundamental current 
component to the filter is prevented.  

Output transfer function of hybrid passive filter is can be 
expressed as: 

 

 
1( ) ( )

1 1
( ) ( ) ( )

o o
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+
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  (9) 

 
And with some simple algebraic manipulations the 

transfer function becomes: 
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The bode plot in Fig. 5 demonstrates the behavior of the 

hybrid passive filter configuration on the high-frequency 
harmonics for the output transfer function. 

 
 

4. Neuro-Fuzzy Controller Design 
 
NFCs are based on the principle that the functions of 

fuzzy logic controllers (FLC) are performed Artificial 
Neural Networks (ANN). NFCs have a non-linear structure 
and does not need the mathematical model of the system to 
be controlled. Therefore, NFCs are commonly used in non-
linear systems with parameter variation and uncertainty 
[20-21].  

The fuzzy rules of a Sugeno-type NFC shown in Fig. 6 
are defined as follows:  

 
 1 2 j1 2: If X  is  and X  is , Then y is wj jjR A A   (11) 

 
Fig. 3. The frequency response of series passive filter 

 

 
Fig. 4. Frequency response of parallel passive filter 
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Fig. 6. Two-inputs Sugeno type NFC structure 

 
In this formula, Here, Xi is the input variable, y is the 

output variable, linguistic variables of prerequisites with 
Aij µAij (Xi ) membership function and ai

j ∈R are the 
coefficients of linear fi =(x1, x2,…,xn) function. Therefore, 
the task of each layer between the input and output of NFC 
is defined as follows. NFC structure designed for DC bus 
voltage is shown in Fig. 6. A first order sugeno type NFC 
consists of two input, one output and six layers. The input 
variables of NFC are determined in the first layer. Input 
variables are the error and the change of error.  

 
 *( ) dc dce k V V= −   (12)  
 ( ) ( ) ( 1)e k e k e kΔ = − −   (13) 

 
Membership functions are performed in the second layer 

where membership function is replaced by the activation 
function of each artificial neuro cell. Five membership 
functions are determined for the error and the change of 
error [22]. The output of this layer is obtained as follows: 

 

 
2

2
2

( )

2( )
i ij

j
ij

x m
net

σ

−
= − , 2 2exp( )j jy net=   (14) 

 
σij and mij represent the parameters of membership 

functions to be adapted. Xi represents the input of ith cell of 
second layer. Similar to fuzzy logic controller, the third 
layer of NFC consists of rule base and fuzzy rules are 
determined in this layer.  

 

 
3 3 3
k jk jj

net w x= Π , 3 3
k ky net=   (15)  

 
Here, Xj

3 here represents the input of jth cell of third 
layer. The output of the system defined by using central 
clarification for Mamdani fuzzy logic: 

 

 
4 4 3
0 ko kk
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4

4 0
0 3

kk

net
y

y
=
Σ   (16)  

 
Fourth layer is called normalization layer where the 

accuracy of fuzzy rules are calculated. Fifth layer is called 
firing size of a rule.  

The firing degree of normalized rules are multiplied by 
linear f function in this layer. This layer generates d-axis 
current of PWM based rectifier. In order to update input 
and output parameters by using analog teaching method 
with back propagation algorithm, the squared error (E) 
which minimizes tracking error (e) is determined as 
follows [23-24]:  

 

 21
2

E e=   (17)  

 
The performance index for the parameters of 

membership functions in a PWM based rectifier can be 
derived as follows: 
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The implementation of NFC used in the simulation 

studies via MATLAB/Simulink blocks is given in Fig. 7. 
Inputs of NFC are selected as the error and the change of 
error. Five membership functions are used for each input. 
In the NFC structure proposed in this study, precondition 
parameters of membership layer are trained in the 
simulation model. During simulation studies, results 
parameters are trained by using back propagation training 
algorithm. These parameters are adapted until the intended 
controlling performance is reached.  

 
 

5. Simulation Results 
 
The system was modelled via MATLAB R2014b 

Fig. 7. Internal structure of NFC 
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simulation program and SimPower System Toolbox in 
order to evaluate the performance of the proposed hybrid 
passive filter. Power system which was designed for 
simulation studies consists of three parts. These are an 
ideal and balanced power supply, PWM based rectifier 
used as the load, and hybrid passive filter system. The 
power system designed for simulation studies is shown in 
Fig. 8. Power system and simulation parameters are given 
in Table 1.  

 
5.1 Performance of unfiltered PWM rectifier 

 
The system operated for 1 s during all simulation studies. 

As can be seen by the DC bus voltage at the rectifier output 
shown in Fig. 9, it takes 0.5 s for PWM rectifier to start 
operating in a steady state under an unfiltered condition. 
Therefore, all graphs obtained during the simulation 
studies was analysed between 0.5 and 1 s. PWM rectifier 
was operated in an unfiltered condition in order to better 
evaluate the impact of the rectifier on the power quality of 
the grid. PWM rectifier which was used as the load in the 
simulation study was controlled via vector control method, 
and DC bus voltage level at the output was adjusted at 200 
V. The value of DC bus output voltage under steady state 
conditions is shown in Fig. 9. 

The harmonic spectrum of current and voltage belonging 
to a phase of current transmitted by the grid to the PWM 
based rectifier in an unfiltered condition are shown in Figs. 

10(a) and 10(b), respectively. When both harmonic 
spectrum are performed, it can be noted that dominant 
harmonics are between 80th and 150th harmonics. Changes 
in the total harmonic distortion of current and voltage 
following the start of steady state in an unfiltered condition 
are shown in Fig. 11 respectively. As shown in Fig. 11, 
total harmonic distortion of the current transmitted by the 
grid to the PWM rectifier varies between 38% and 45%.  

Similarly, total harmonic distortion of the voltage varies 
between 120% and 136%. As shown in Fig. 9b, because of 
the fixed DC capacitor at its output, PWM rectifier often 
generated voltage fed-type harmonic. 

 
5.2 Performance of PWM rectifier with LCL filter 

 
Configuration of PWM rectifier with LCL filter is 

shown in Fig. 12. LCL filter consists of L1, L2, Cd and Rd. 
In this operation, LCL filter configuration was proposed in 
order to evaluation performance of proposed filter structure 
and added to the structure of the rectifier. Parameters of 

 
Fig. 8. Simulation model of the proposed PWM based rectifier with hybrid passive filter 

Table 1. Power system parameters of simulation studies 

Line voltage Vp-p 100 V 
Line frequency f 50 Hz 

Ls 0.3 mH Line impedance 
Rs 0.1 Ω 

Sampling time Ts 50 µs 
 

 
Fig. 9. DC bus voltage of PWM rectifier 
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LCL filter are given Table 2. 
Harmonic spectrum of the current and voltage obtained 

from LCL filter based PWM rectifier are given in Figs. 
13(a) and 13(b), respectively. According to harmonic 
spectrum graphs, it has been seen that LCL filter has good 
performance in terms of mitigating harmonics in grid 
current and voltage. 

 
5.3 Performance of PWM rectifier with proposed 

filter 
 
In this operation, hybrid passive filter configuration was 

proposed by taking unfiltered operation conditions into 
consideration and added to the structure of the rectifier. 
Parameters of the designed filter are given Table 3.  

Harmonic spectrum of the current and voltage measured 
by the grid following the addition of the filter to the system 
are given in Fig. 14. As harmonic spectrum graphs also 

 
  (a) 

 
  (b) 

Fig. 10. Harmonic spectrum of grid current and voltage in an unfiltered condition 
 

 
  (a) 

 
  (b) 

Fig. 11. Changes in the total harmonic distortion of grid current and grid voltage 
 

Table 2. Parameters of LCL filter 

Parameter Value 
Cd 4 µF 
L1 2.1 mH 
L2 3.5 mH 
Rd 10 Ω 

 

 
Fig. 12. Configuration of LCL filter structure 

Table 3. Parameters of hybrid passive filter 

SPF Capacitor CSF 330 µF 
SPF Reactor LSF 30.7 mH 

PPF Capacitor CPF 680 µF 
PPF Reactor LPF 14.9 mH 
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demonstrate, harmonics caused by the rectifier following 
the addition of the filter to the rectifier was filtered by the 
proposed filter, which prevented harmonics from reaching 
the grid.  

The success of designed filter with PWM rectifier can be 
analysed by analyzing DC bus voltage and waveforms of 

AC current and voltage together. When the graphs are 
analysed, it can be noted that DC bus voltage, between 0.4 
and 0.6 s, is at the level of 200V which was taken as a 
reference value by the PWM based rectifier, and that 
waveforms of the current transmitted by the grid to the 
rectifier and grid voltage were sinusoidal. In addition, as 

 
  (a) 

 
  (b) 

Fig. 13. Harmonic spectrum of the grid current and voltage under LCL filter operation 
 

 
  (a) 

 
  (b) 

Fig. 14. Harmonic spectrum of the grid current and voltage under proposed filter operation 
 

 
Fig. 15. Waveforms of current-voltage and DC bus voltage 

during changes in DC bus voltage 
Fig. 16. Waveforms of current-voltage and DC bus voltage 

during changes in load 
 



Power Quality Improvement Using Hybrid Passive Filter Configuration for Wind Energy Systems 

 214 │ J Electr Eng Technol.2017; 12(1): 207-216 

shown by waveforms of current and voltage, power factor 
of the PWM based rectifier is very close to 1. The 
performance of hybrid filter PWM rectifier with NFC 
under different voltage and loads was analysed, too. As 
shown in Fig. 15, DC bus voltage was first adjusted at 
200V, and later, it was increased to 250V. NFC, which has 
a robust structure, rapidly followed DC bus voltage without 
overshoot. As a result, the current value has increased from 
17.25 Ampere to 26.2 Ampere. No distortion was observed 
in the form of the current, and current-voltage is in the 
same phase. The dynamic performance of hybrid filter 
PWM rectifier with NFC against load change is analysed 
in Fig. 16. DC bus voltage is 200 V. The existing load in 
the system was changed in the 0.5th s. As a result, DC 
voltage decreased to 195.1 V, and it rapidly reached DC 
bus voltage in 0.53 s. 

Waveforms of current and voltage under filtered and 
unfiltered conditions were analysed in order to better 
evaluate the success of the proposed filter. We waited until 
the system started to operate in a steady state for this 
analysis. Graphs are shown at five periods of 0.1 s in order 
to closely analyze waveforms of current and voltage. 
Waveforms of current and voltage in filtered and unfiltered 
conditions are shown in Fig. 17. All measurements were 
performed in the measurement bus on the grid. Waveforms 
of the voltage and current in unfiltered condition are shown 
in Figs. 17(a) and 17(b), respectively. Waveform of the 
grid and waveform of the current transmitted by the grid 

voltage in LCL filter condition are shown in Figs. 17(c) 
and 17d, respectively. Similarly, Figs. 17(e) and 17f show 
the waveform of the grid and waveform of the current 
transmitted by the grid voltage hybrid passive filter 
condition. As shown in Fig. 17, the hybrid passive filter 
designed in the present study eliminated completely the 
harmonics caused by PWM rectifier. 

 
 

6. Conclusions 
 
In this work, the PWM rectifiers which possess 

characteristics such as high power factor, sinusoidal input 
current and low harmonic distortion are proposed permanent 
magnet synchronous generator based wind energy 
conversion systems. In general, L-type filters are used in 
these rectifiers. Even though this filter is successful, it 
cannot completely compensate harmonic distortion. In the 
present study, hybrid passive filter was proposed instead 
of L filter which has been very commonly used for 
conventional PWM rectifiers in the literature. Also, LCL 
filter is designed to show clearly the performance of the 
proposed filter. The series filter within hybrid passive filter 
compensates voltage fed-type harmonics while the parallel 
filter compensates current fed-type harmonics. Harmonic 
distortions of PWM rectifier observed under filtered, LCL 
filter and unfiltered conditions, and power factor values 
are given in Table 4. It demonstrates that total harmonic 
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Fig. 17. Waveforms of the grid voltage and current (a-b) in unfiltered condition (c-d) in LCL filter condition, (e-f) in 

proposed filter condition 
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distortion of the voltage during unfiltered condition was 
reduced from 133.49% to 0.01% by the proposed filter and 
from 133.49% to 0.05% by the LCL filter in the present 
study. While total harmonic distortion of the current 
under unfiltered condition was measured as 42.65%, total 
harmonic distortion of the current was reduced to 0.18% 
and 1.48% after the proposed filter and LCL filter were 
added. No phase differences exist between main components 
of current and voltage under filtered, LCL filter and 
unfiltered conditions. However, true power factor was 
calculated as 0.55 in unfiltered condition due to the 
harmonic impact, and true power factor increased to 1.00 
after hybrid passive filter and LCL filter were added to 
PWM rectifier. It is well-known that PI controllers are used 
in PWM rectifiers due to their simple structure. However, 
in the present study, the dynamic structure of PWM 
rectifier was improved against changing conditions thanks 
to the designed NFC, which is robust and non-linear, and it 
was supported by simulation studies as well.  
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