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ABSTRACT

The wind energy conversion system integrated with a doubly fed induction generator. The PWM based back-to-
back power converters produced harmonic and as well as the non-linear loads are also a contributor of
harmonics. Filters are used to eliminate these harmonics. In this work,there is a proposal for the passive filter
named LLCL-filter with two traps for mitigating the harmonics. The DFIG based WECS analyse the harmonics
mitigation under the non-linear loads with LLCL filter. The design and calculation steps are plot in this work for
designing the filter parameters. The Simulated result shows the performance of filter connected DFIG under the
non-linear load with varying wind speed. The THD of signal carried out through FFT. Simulations in
MATLAB/Simulink verify the responses of filter.
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l. INTRODUCTION

The researchers interest in renewable
energy grown day by day, Because of the
decrement in  hydrocarbon deposition and
increment in environmental concern. In recent
years the production of electricity increases by
some renewable resources like Geothermal, Tidal,
ocean temp difference, Solar, Nuclear, and the
Wind [1].The Renewable energy resources are eco-
friendly and unlimited in availability[2]. Due to the
production cost the wind energy is more preferable
than the others renewable energy [3].

There were more than 54 GW of wind
turbine installed, and the prognostication to achieve
a Zero Emissions power system on or before 2050,
by weighing concern about climate [4-7].

For variable speed operation of wind
turbine, DFIG (Doubly fed induction generator) has
dominant with reduced converter approximately
30% of the rated power of generator, while SCIG,
WRSG (Wound Rotor Synchronous generator) and
PMSG have used thefull capacity of power
converters, and due to the cost and maintenance of
converter DFIG is extensively used [7-8].These
DFIGs are also provide damping for weak grid [9].
When the generated power level is significantly
contributed to the grid then it is compulsory to
smoothening the power and mitigates the
harmonics. The power smoothening is done by the

use of super magnetic storage system [10]. A
composition of the flywheel energy storage system
and DSTATCOM s used in wind conversion
system for mitigating frequency disturbances and
harmonics [11]. In [12] author proposes the super
capacitor energy storage system for improving the
reliability and power quality.

The reactive power and harmonic
compensation are achieved by existing RSC, in
[13],[14], the harmonics are injected through RSC
into rotor winding to compensate but it is not
effective because of losses and noise increase in the
machine and also the rating of RSC increased.

Another approach is adopted in [15] to
control harmonics and reactive power by GSC
control, in this method harmonics,are not crosses
the winding. Since the L and the LC filters are
eliminated the higher frequency harmonics, and for
the PWM the switching frequency is not so high,
therefore to attenuate the harmonics in low
frequencies large inductance is required. An LCL
filter can attenuate higher harmonics than that of L
filter. In [16], the author proposed the LCL filter
for both side converters RSC and GSC and get the
good response as compared to traditional L or LC
filter, but it not consider the non-linear load
condition. The LLCL filter used for improving the
filter capability and have small size. The resonance
frequency of LLCL filter for converter connected
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with grid sensitive to grid impedance and cable
capacitance and this influence the stability and
robustness of system, so proper designing
constraints are necessary. In [17] author proposes
the complete designing constraint and step for
LLCL filter. There are various literatures for
designing procedure for the LCL and LLCL filters.
The author provide the step by step procedure to
design the LLCL filter with one trap and with two
trap LC filters, and compare the performance of the
filter [18].

In this work, the designing procedure for
LLCL carried out and the LLCL filter with two
traps are connected between the GSC converter and
grid to mitigate the harmonics produced by the
non-linear loads. The non-linear load formed with
the rectifier and RL circuits. The system modeling
and simulation carried out in the platform of
MATLAB/Simulink.

1. MATHEMATICAL MODEL OF
WIND TURBINE
The wind power is calculated air swept area and
speed by the relation [7],[8]-

Pwind = O'S,Dair n’RZvaind (1)

Where p,;, is the density of Air (1.23Kg/m%), R is
the radius of the turbineblade, Vnq is the speed of
air.

The conversion relation of AirpowerP,;,qinto
turbine mechanical power P, is defined as-

Pm = Pwind * Cp(z)

Where C, is power efficiency coefficient
that shows, some fraction of Airpower can convert
into mechanical power to drive the shaft of the
turbine. The value of C, is 16/27 theoretically
(Approx.0.593) and is known as Betz’s Limit. But
practically, the value of C,is varied as per the
manufacturers. C, is a function of Blade tip ratio A,
and Pitch angle f.

C,(4,B) = (% — C3B — CuB% — Ca) e_(Tz)(3)

1, _ 1 _0.003
//L- - (,1+0.025) ﬁ3+1(4)

Where, C,=0.73,C,=151,C3=0.58,C,=.002,C5=2.14,
Cs=13.2,C;,=18 4.
At =0, the maximum value of Cp is 0.44 at the
A=7.2 and that X is called optimal value. The Cp — A
curve at various pitch angle shown in fig. (1), it is
clear from that the maximum Cp will obtain when
pitch angle should be zero.

Theturbine torque can be calculated by the
formula [7, 9,19]-

Pm

Tmech = O turh (5)

Aopt *Vind
et Vona )

And! Weyrp ,opt =

0.5 -
B =pitch angle in degree

B=0

Figure 1-Cp- X curve at different pitch angle

DYNAMIC MODEL AND EQUATION
OF DFIG
The stator is directly connected to the grid
while the rotor is connected to the grid via power
converter, harmonic filter, and transformer etc. As
it is known that the maximum power of rotor is
30% of the stator power so the converter reduced to
a significant level as compared to full capacity
converters. The Dynamic model of DFIG is as
given in fig.2a and 2b.
111-\- R, LL\‘ Llr Rr fd,

+ +
0¥y so.Y,

V;is L'" g Vdr

Figure 2a-Synchronous frame d-Axis Circuit

Figure 2b-Synchronous frame g-Axis Circuit

The dynamic equations of DFIG are as follows
[7,9,16]:-

Stator Voltage Equation

Vds = Rslds - wslpqs + Plpds (7)

Vqs = Rslqs + (‘)slpds + Plpqs (8)

Rotor Voltage Equation-

Vdr = erdr - Swslpqr + Plpdr (9)

Vqr = erqr + Sa)slpdr + Plpqr (10)

Flux Linkage Equation-
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lpds = (Lls + Lm)Ids + Idr (11)

lrbqs = (Lls + Lm)Iqs + Lmlqr (12)

Yar = (Lir + L) gr + L 15 (13)

lpqr = (Llr + Lm)lqr + Lmlqs (14)
Electromagnetic Torque,

Te = 1'5Np (lpqslds - wdslqs) (15)
Equation of Motion of Generator,

dom _ Tm—Te (16)

dt 2Hpm,

IV. CONTROL OF GENERATOR

The proper control of power converter and
electric generator provide the maximum power
extraction from the wind [9],[20].The controlling
of generator side can be generally done by (i) For
DFIG (for RSC)-stator field oriented control (ii)
Direct Torque Control(DTC), (iii)Direct Power
Control(DPC).

4.1. Rotor Side Control (RSC)
The Author used here the stator voltage oriented
control scheme for controlling the independent
active and reactive power. The RSC control is to
extract maximum power from wind. The optimum
turbine speed is obtained from MPPT (Tip Speed
Ratio).
In voltage oriented control [9], Vgs=Vs. and V=0.
And ¥4=0; Wy= s.
The optimal speed obtained as equation (6) and
compare with the sensed speed o, the error is
processed with the speed controller to get the direct
axis reference rotor current, Iy .

The referenced quadrature axis current,lqr* is
selected as zero.
Sensed rotor current is transformed into d-g current
by the equation [9].
Idr] _
Ip ]~

5| Lra cOS 65 + Iy, cos(8s — z?ﬂ) + 1. cos(6, + 2?7'[)

3(~I., sinO; — I, sin (95 - 2?71) — I sin(6; + 2?11)
(17)

Where slip angle 8, = 6, — 6,..

Where, 8, is estimated by using grid voltage Vg
and 0, is estimated by the rotor speed.

The error between the referenced rotor current and
sensed rotor current are processed through the
controller, and we get the voltages Ug, and U

The reference voltages are obtained by subtracting
the decoupled term.

* Ly
Vdr = Udr - wraLrIqr - Wy :lps(ls)

Vir = Uy + wpoLy 1y, (19)

By using the conversion equation as per [9], we get
the three-phase reference voltage from direct and
quadrature axis voltage.
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v Vg cos 8 — Vip sin 6
ra
b

Ve Vi, cos(0, + 2?11) — Vg sin(6, + 2?”)
These three phase referenced voltages compare
with the triangular (Pulse Width Modulation)

PWM carrier wave at a fixed frequency for

generating the pulses for RSC. The controlling

scheme for RSC is shown in fig (3).

* 2 * i 2
= |V, cos(6s — ?n) — Vi sin(6; — ?n) (20)

Wind Speed Vedy
puii

T*dr J
Vw Wr_ref —b@—b speed L, L —r Ld:'
‘ controller current coupled
! term  |V*gr
—l

controller
MPPT j . |
Wr Uge
abc /dg
ememb
fabe transformation

Switching Puls B
For (¢ dq / abe
Converter WM transformation
E—

Figure 3-RSC control Scheme block diagram

4.2. Grid Side Converter Control

The Grid side converter (GSC) is
controlled by the methods, Voltage Oriented
Control (VOC). In technique VOC the dq axis grid
currents regulation and active/reactive power are
controlled. The reference dc bus voltage track and
regulated by the DC- link controller. The reference
d axis component of grid current (I,) obtain by the
processing of DC —link voltage with PI controller.
The GSC control scheme is shown in fig.(4).
For unity power factor operation of grid the grid
reactive power can be set at zero or in other words,
the reference g axis component of grid current (Ig,)
can be set as zero. The three phase measured
current is converted into d-q axis quantities by
using the equation (17). These referenced currents,
Igg, 1gg respectively compare with measured
current and processed with PI controller. And after
that adding the compensating terms, —w * L; * Iy
, and wg * L * Igy in Iy, Ig, respectively to get
the referenced voltages Vg,, V;y; . These d-q
referenced voltages are converted to three phase
reference voltage as per equation (20). V*,, fed to

PWM for converter switching pulses.
Switching Pulses

PWM

\'*rabcL
Current
Regulator

Figure 4-GSC control scheme block diagram
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V. LLCL FILTER DESIGN STEPS AND
CONSTRAINTS
The resonance frequency of LLCL filter is
sensitive to grid impedance, interaction between
multi-converters, and it affect the stability and
operation. For this the proper design method is
applicable. The LLCL filter outline shown in
fig.(6). In LLCL filter topology there are two
resonant circuit one is with ripple inductor and the
other is with the grid inductor to attenuate the
harmonics around the switching frequency and the
double of switching frequency respectively as
shown in fig.(6(a)). The transfer function iy(s)/ui(s)
of LLCL with two traps are obtained by the
equivalent circuit shown in fig. (6 (b)).

Zi(s) = LS5 Zy(s) =LS )
(Lp1Cr1S2+1)(Lp2CpaS2+1) .
Z = 21
C(S) (Lf1Cf1Cf2+Lf2Cf1Cf2)S3+(Cf1+Cf2)S\ )
At uy(s) = 0;
Iy (s)
Gui—»ig (s) = lf (s)
i
Z:(s)

T 2.)25(5) + Z1(5)Z(5) + Z3()Zc(s)~

A Bl T Iy g -

B o WU ~ YT
cas U — l l YV o

LT % % % % % % Lf2

R e I e i

111 1179
(@)

L1 2 g

, LA £ Lf2 :
T
1

(b)
Figure 6- LLCL filter architecture

All the parameter of the LCL- filter, LLCL- filter
with one trap, LLCL-filter with two traps is the
same except for the resonance circuit.

5.1. Constraints for the Design of High Order
Power Filter

The system impedance must be known, it is the
basic requirement of design. The base value of
system impedance, capacitance and the inductance
are obtained by the given relation.

Zb=V—"2;Lb=Z—b; Cp = ——(22)
Py wo Zp*w(
Where, V, the line-line RMS voltage;
o Grid frequency;
B, Rated active power

Constraints-

1-Total inductance (L;+L,)- the maximum limit for
total inductance is 10% in order to limit DC-link
voltage.

2- L, design- The value of L, (inverter side
inductor) designed by the maximum ripple current.
Maximum ripple current 15-25% or some literature
shows 15-40%.

3- Filter capacitance C; design- Capacitance design
should be in such that the maximum power factor
variation at rated power is less than 5%.

Cf <5% Of CB; Cf = Cfl + sz
4-Resonance Frequency of Filter- the resonance
frequency of filter ranges from 10 times of grid
frequency to one half of the switching frequency to
avoid the major low harmonics.

5.2. Parameters Design Steps for LLCL-filter with
two traps
The system base impedance Z, is 0.794 Q, base
inductance L, is 0.253 mH, and the base
capacitance C, is 4.0lmF as per the system
parameter given in appendix (Table I),and the
basic design steps are given below-
1-Converter side inductor should meet the current
ripple. The inductor L; can be estimated by the
given relation and selected as per the criteria given
in constrains 1.

PR

8xax* Iref *f:?

Where, a =maximum ripple current ratio (here
consider 28%);
L..s is the maximum peak current handled by the
converter; and fs is the switching frequency (here 4
kHz). L; is selected as 0.19mH.
2- Capacitor C; estimation done with the help of
constraint 3.C; maximum is the 0.05C,. So choose
the value below this limit. Here value selected as
filter capacitance 181 pF (C; =181 uF;
Cf1=Cf2=90.5 HF)
3-From the value of C;; and Cr,, the resonant
circuit values of inductor Ls; and Ly, estimated by

the given relation.
1 1

—_— s Wy = ————
1,Lf1 * Cfl 52 1/sz * sz

wg =
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Where w, = Switching frequency; and w,,=double
of Switching frequency. If f; is switching frequency
the wg, = 2 * 2 % pi* fs.

4- Estimation of L, - For an LLCL-filter with two
trap based three phase —inverter, L, can be
calculated easily from the given equation [17-18],
The above relation provide the good value of L.
For the sake of easiness the approx. value for
satisfactory operation will be taken as near the
10% of L;.

5-Resonance frequency ®, — Calculate the

resonance frequency by the equation below-
1

w, =
L1L
J( 1Ly (04 C)

L1+Ly

It is mandatory to check that this resonance
frequency will lay within the range 10 times the
line frequency and the half of the switching
frequency, as per constraints 4. If it not satisfies
then go to step 2 and increase the capacitance Cs up
to the maximum limit.

The table-1 for the LLCL-filter with two trap
parameters shown below as per the design.

Table-1 LLCL-filter with two traps Parameters

Ly 0.19 mH
Cq 90.5 pF

Cp 90.5 pF

Ly 17.5pyH
L, 17.5pyH

L, 0.055 mH
Resonance frequency, f, | 1813.79 Hz

SYSTEM RESULT AND DISCUSSION
The system responses with non-linear load

with filter and without filter are consider and
simulated as in platform MATLAB/Simulink. The
non-linear load are comprises with the rectifier and
the R (=20 ohm) and L (=0.5mH). The LLCL-
filter with two traps is easy to implement and
significantly reduce the harmonics in the grid
produced by the non-linear load. The total
harmonic distortion will be studied by the FFT
analysis of current signals. The complete Simulink
model prepared in MATLAB/Simulink is shown in

Fig.(7).

e

&

Py

Figure 7- Complete MATLAB/Simulink model of
DFIG connected with LLCL-filter with two traps

The simulated result obtained at variable speed
varies from 8-11 m/s. The simulation result of
stator current, rotor current and load current are
shown in fig.(9). The DC link Voltage shown in

fig.(8).

DC-Link Voltage
1400 T T T T T T T
1200
;1000
0 800F
o
I ot
0
> W
001
0 | L | | | 1 |
2 25 3 35 4 45 5 55 6
Time (s)
Figure 8-DC link Voltage profile
Wind Speed Stator Current
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Figure 9- Wind Speed, Stator Current, Rotor
Current, and Load current
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In fig.(9), the stator current and load
current are condensed so it is shown in a small
window in expanded form. The simulated active
and reactive power of Grid, Stator, and GSC are
shown in Fig.(10), the magnitude of power varies
with the Wind speed. The negative grid power
shows that the power supplied to grid from stator.

T Active and Reactive power Grid Stator,and GSC with Wind Speed
3 T T T T T

R
g—\
\
1

Power Magnitude (W &Var)
o

3

8 85 9 95 10 105 "
Wind Speed (m/s)

Fig.10-Active and Reactive powers of grid, stator
and GSC varies with wind speed

The harmonics analysis of filter done with
the FFT analysis of ‘Powergui’ system at 1000Hz
frequency, and result shows the significant
reduction of Harmonics produced by the non-linear
loads. The THD of Stator current and Grid current
shown in Fig.(11).The THD analysis done with 10
cycle of signals. In table-Il, the THD of signals
shown without filter and with Filter.

Signal
FFT window: Grid current
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Figure 11-THD analysis of (a) Grid current (b)
Stator current (c) Load Current
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VII.  CONCLUSION

This works just confine role of filters
which were in trend, and mesmerize the
performance study of DFIG with filter potentiality.
In this work, the provision for the designing of
LLCL filter with two traps explain and easy to
determine. The LLCL filter shows the better
harmonics reduction which was produced by the
nonlinear loads. The harmonic mitigation
comparison shown in tabulated form to easily find
out the harmonics mitigation effects. The LLCL
filter with two traps is easy to design for higher
switching frequency from 8 kHz. In this work the
design process carried out for LLCL with two traps
for the medium switching frequency.
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Appendix
Table I-DFIG parameters
RatedPower 20MW | Lne-Lime Rated RMS Voltage 690 V/30Hz
Stator Rotor Tum Ratio 113 Statorresistance, Re 16mH
Rotorresstance, B 19mH Statorleakagemductance, Lls (.087mH
Rotorleakagenductance L | 0.087mH | Magmetizmg Inductance 1imi
DC bus Voltage 1200V Switching Frequency, Fs {kHz

DOI: 10.9790/9622-0805042026

25|Page




Ishteyaq Ahmad. Journal of Engineering Research and Application www.ijera.com
ISSN : 2248-9622, Vol. 8, Issue5 (Part -1V) May 2018, pp 20-26

[1].

[2].

3.

[4].

[5].

[6].

[7]1.

[8].

[9].

[10].

[11].

i Ishteyag Ahmad " Doubly Fed Induction Generator Based WECS With The Double Trap
' LLCL Filter For Harmonics Mitigation”International Journal of Engineering Research and
' Applications (JERA) , vol. 8, no.5, 2018, pp.20-26

WwWWw.ijera.com

REFERENCES

S. Abolhosseini, A. Heshmati, and J.
Altmann, A review of renewable energy
supply and energy efficiency technologies,
Discussion paper No. 8145, April-
2014, Institute for the study of labor (1ZA).

G. M. J. Herbert, S. Iniyan, and D. Amutha,
A review of technical issues on the

development of wind farms, Renew.,
Sustain., Energy Rev., vol.32, pp619-
641,2014.

I. Munteanu, A. I.Bratcu, N. A. Cutululis,
and E.Ceang, Optimal Control of Wind

Energy Systems Towards a Global
Approach, Springer-Verlag London
Limited,2008.

Global Wind Report 2016: Annual Market
Update, Global Wind Energy Council,
accessed on August 2017,
[Online].Available:https://www.gwec.net.
Press Release-Vestas is once again the
Global Leader in Wind Turbine Installation,
Navigant Research, accessed on August
2017 [Online]. Available:
https://www.navigantresearch.com/newsroo
m/vestas-is-once-again-the-global-leader-in-
wind-turbine-installations.

Executive Summary: World Wind Energy
Market Update2017, Navigant Research,
accessed on August 2017. Available:
https://www.navigantresearch.com.

T. Ackermann, Wind Power in Power
System, Wiley,2005.
T.Burton, D.Sharpe,
Bossanyi, Wind
Wiley,2001.

B. Wu, N. Zargari, S. Kouro, Y. Lang,
Power Conversion and Control of Wind
Energy Systems, Wiley 2011.

H.M. Hasanien, A Set-Membership Affine
Projection  Algorithm-Based  Adaptive
Controlled SMES Units for Wind Farms
Output Power Smoothing,IEEE  Trans.
Sustainable Energy, vol. 5, no. 4, pp. 1226-
1233, Oct. 2014.

G. O. Suvire and P. E. Mercado, Combined
control of a distribution static synchronous
compensator/  flywheel energy storage
system for wind energy applications,IET

N.Jenkins, and E.
Energy  Handbook,

[12].

[13].

[14].

[15].

[16].

[17].

[18].

[19].

[20].

DOI: 10.9790/9622-0805042026

Generation, Transmission & Distribution,
vol. 6, no. 6, pp. 483-492, June 2012,
D.Somayajula and M.L.Crow, An Ultra
Capacitor integrated power conditioner for
intermittency smoothing and improving
power quality of distributiongrid, IEEE
Trans.Sust.Energy,vol.5,n0.4,0ct
2014,pp.1145-1155.

A. Gaillard, P. Poure, and S. Saadate, Active
filtering capability of WECS with DFIG for
grid power quality improvement, Proc. IEEE
Int. Symp. Ind. Electron., June.30, 2008,
pp.2365-2370.

M. Boutoubat, L. Mokrani, and M.
Machmoum, Control of a wind energy
conversion system equipped by a DFIG for
active power generation and power quality
improvement, IEEE Renew. Energy, vol. 50,
pp. 378-386, Feb 2013.

E. Tremblay, A Chandra and P. J. Lagace,
Grid-side converter control of DFIG wind
turbines to enhance power quality of
distribution network, 2006. IEEE PES
General Meeting, pp. 6.

P. Zhan, W. Lin, J. Wen, M. Yao, N. Li,
Design of LCL filter for the back-to-back
converter in a doubly fed induction
generator, IEEE Conf., IEEE PES ISGT
ASIA 2012, pp.1 -6.

M. Huang, X.Wang, P.Chiang, F.Blaabjerg,
Design of LLCL filter for grid connected
converter to improve stability and
robustness, Proceed., IEEE Applied Power
Electronics Conf. ,2015, pp. 2959-2966.

M. Huang, F.Blaabjerg,  Y.Yongh,
W.Weimin, Step by step design of a high
order power filter for three phase three wire
grid connected inverter in renewable energy
system, Proceed. 4th IEEE Symposium on
Power Electron. For DGS,PEDG 2013.
G.Abad, J.Lopez, M.A.Rodriguez, L.
Marroyo, G.lwanski, Doubly Fed Induction
machine-Modeling and Control of Wind
Energy Generation, Wiley Publication-2011.
V.Yaramasu, B.Wu, P.C.Sen, S.Kouro, and
M.Narimani, High power wind energy
conversion system: State-of-the-Art and
Emerging technology,lEEE, vol.103, issue
5, May 2015, pp 740-788.

26|Page


https://www.gwec.net/
https://www.navigantresearch.com/newsroom/vestas-is-once-again-the-global-leader-in-wind-turbine-installations
https://www.navigantresearch.com/newsroom/vestas-is-once-again-the-global-leader-in-wind-turbine-installations
https://www.navigantresearch.com/newsroom/vestas-is-once-again-the-global-leader-in-wind-turbine-installations
https://www.navigantresearch.com/

