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Abstract - The extensive use of power electronics has led to serious power quality issues due to the emission of
current harmonics in the utilities. In wind power plants based doubly fed induction generator DFIG, the
harmonics can be produced by the converters used to connect the rotor of the DFIG wind turbine to the grid in
addition to non linear load connected to it. This paper presents a modeling and control of the grid side converter
of wind turbine based doubly -fed induction generator (DFIG) to mitigate the harmonic current from the
electrical system and also guarantee the control of the power flow to the grid. A direct voltage vector control is
used for the grid side converter. The desigh methodology of the PI controller is presented. The harmonics were
identified using synchronous reference frame SRF. The control methodology is implemented using MATLAB
/SIMULINK software and the findings obtained show the performance of this compensation technique in terms
of harmonic distortion reduction and power-factor improvement.
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. INTRODUCTION

The integration of wind energy conversions
systems in the network to provide electrical energy to
consumers has grown especially after the progress
that is witnessed in many domains of technology, the
growth of population and demand on electrical
energy.

The most common wind turbine in the industrial
application is equipped with the doubly-fed induction
generator DFIG, for the benefits that offers as the
independent control of active and reactive power, thus
improving power quality and lower converter cost ,
high and energy yield, variable speed operation (-
/+30% around the synchronism speed) [1, 2]. The
stator of the doubly-fed induction generator is linked
directly to the grid while the rotor of DFIG is
connected to the grid throughout power electronic
interface called grid side converter GSC and RSC
rotor side converter. Each one of them is controlled to
achieve a specific function where the control of the
grid side converter aims to maintain the dc bus
voltage at stable value, and the control of the rotor

side converter has the objective of controlling reactive
and active power flow [3, 4].

Harmonics in WT-based DFIG can be produced by
GSC and RSC and injected into the grid during rotor
speed operation whether in sub-synchronous speed or
super-synchronous speed. Harmonics flowing in
distribution networks downgrade the quality of
electrical power. This can have several negative
effects on the operation of all electrical equipment
like heating in the transformer connected by way of
eddy current losses and skin effect losses. Switch gear
relays that are the guards of power system,
measurement equipment, and rotating machinery.

The performance of DFIG based WT and its
power quality have been proposed and put into
practical use and they had proved their capability of
ensuring a perfect harmonic compensation, power
factor correction, flickers cancellation system
equilibration. The APF injects compensating currents
to eliminate the harmonic currents from the ac supply.
In response to the power quality concerns, typical
power distribution networks are requested to obey
regulations governing harmonic compliance, in
particular IEEE-519 and IEC 61000-3, in terms of
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harmonic distortion and power factor [6], the
detection and the extraction of harmonics circulating
in the ac supply is an important step for a suitable
function of the active filter. In the literature, there are
two domains of algorithms to identify harmonic
references of currents or voltages which are: the
frequency domain or the time domain. The methods
of identifying harmonics in the time domain are
characterized by a fast response time and a minimal

computation compared to the methods in the
frequency domain [7, 8].
In references [9-11] the active filtering

functionality was added to the control algorithm of
the GSC in wind power systems with DFIG, the
algorithm of detection of harmonic used is
instantaneous power theory which is sensitive to
unbalanced condition; other studies use a
synchronous reference frame which is a simple
implementation.

This paper is an exposition of the modeling and
simulation of wind turbine based DFIG connected to
the grid using vector control for both sides of
converters in addition to active filtering in the point of
common coupling (PCC) performed by the grid side
converter which is connected to the grid in the
presence of three-phase full-bridge rectifier feeding a
resistive and inductive components.

The control of active and reactive powers of the
generator is accomplished through field vector control
by stator field. The power control and filtering
function occur simultaneously. In  harmonic
identification, the extraction of the fundamental
component is based on the synchronous reference
frame SRF theory.

Il. POWER CONTROL OF THE DouBLY FED
INDUCTION GENERATOR — DFIG

In this section, a description of the modeling of DFIG
is presented in details. Fig.1 shows a schematic
diagram of the studied system that consists of a wind
turbine based on a doubly-fed induction generator
connected to the grid the stator of the machine is
linked directly where the rotor is connected
throughout a back to back converter , a nonlinear load
is linked to the supply system, at the point of common
coupling PCC, an algorithm in time domain based
SRF is used to extract harmonics from the system
then added to the current generated by dc bus voltage
solve the problem of harmonic current
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Fig. 1. The principle of harmonic mitigation in wind turbine based
DFIG using GSC.

A) DFIG modeling
The mathematical model of a DFIG in the d-q

reference frame is described in the following
equation.
d@as
|( Vas = Rslgs — wspgs + dtd
do
Vas = Rslgs + wspgs + d:S 1)
doar
Var = Rylgy — (ws_wr)¢qr + d:

dQqr
dt

Var = Relgr + (ws_wr)¢dr +

Pas = Lslgs + Lin Igr
Pgs = Lqus + Ly, Iqr
Par = Lylgr + Lip Igs )
Pqr = Lrlqr + Ly Iqs

3 M
Cem = EpL_S ((pqsldr - (pdslqr) 3)
3
P = E(Vdslds - Vqslqs
3
Qs = E(Vqslds - Vdslqs

3

P. = E(Vdrldr - Vquqr
3

Qr = E(Vqudr - Vdrlqr

(a)
(4)
(b)

Vs, Van Var, th Ddry Pdry Pdsy Pas» Cem, Ps, Qs, Pr, Qr
denote respectively stator voltage, rotor voltage ,rotor
flux, stator flux, electromagnetic torque, active and
reactive power of stator and the active and reactive
power of the rotor.

B) Control of Rotor-Side Converter

The active and reactive power in the stator can be
described by rotor d-axis and g-axis current,
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respectively, the vector control and the direct control
are most commonly used and representing techniques
for both the rotor -side converter and the grid-side
converter. The vector control can be further divided
into the stator flux-oriented control (FOC) and the
stator voltage-oriented control (VOC) by different
orientations of the synchronous rotating frame [15,
16]. A flux-oriented control is used for the control of
the rotor side converter; the vector of the stator
voltage is aligned to the d-axis of the rotating frame
for the decoupling control of the active and the
reactive power [17]. The control diagram of RSC
using FOC is presented in fig. 2
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Fig.2. FOC diagram for RSC.

The magnetic flux in the stator in d and g axis is
determined by : 4=0; dpgs/dt=0 and ¢ 45=¢;
substituting  this condition in the mathematical
equation of flux ,currents , active and reactive power
of stator the expressions of currents of stator on d
axis and q axis are defined by :

_Lm
= *
e =t )
J,.=%_ Lm
ds Lg ar Lg

substituting (5)in (4) the expressions of active and
reactive power of stator we obtain :

3 L,
Ps=—§ L_SVs[qr (a)
3 Ly, Vs (6)
Qs = 2 L_SVS(_Idr + Ln@sr (b)

By substituting (5) in the equations of the flux of
the rotor and substituting the expression obtained in
the mathematical expressions of the voltage of the
rotor, the following expression is obtained :

Lm*VS (7)

dl
{ Var = Relar + Lyo —F — w5 Ly 0lgy

di
Var = Relgr + Lyo — 5 + W L 0lgr + wgr

C) Control of the grid side converter GSC

The Grid side system is depicted in a d,q axis
before the exposure of the wvector control-based
diagram.  This  representation  provides the
mathematical base to understand the grid side
system's dynamic action (dynamic model) and then
vector control derivation. The system set by the grid
side converter, filter, and grid voltage and the
following equations can be presented :

dl
Vdf = RfId + Vd + Lfd_: — Wg Lflq
v (8)

o = Relg + L S+ wg Lol +,
Where Ly, Ry, Vg, Vg, Var, Vg denote respectively
inductance filter, resistance filter, grid voltage, grid
side converter voltages. The Control of the grid side
system is necessary, without it, it is not possible to
make the system works properly. In this section a
vector control is studied, this technique is widely
extended among the control strategies for grid-
connected converters. It provides good performance
characteristics with reasonably simple
implementation requirements, the diagram of the
control technique is presented in Fig. 3 and in the
proposed active filtering, and an additional current
control loop is added as presented in Fig. 4.
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Fig. 3. Control scheme of grid side converter (GSC).



32

i Vol

ek
e

¥y tido

Fig. 4. Proposed schema of the control of the shunt
active filter in the GSC.

D) Controller design of RSC and GSC

A proportional-integral Pl controller on both side
converters (RSC and GSC) is used to retain the
magnitude of the target signal at a constant value
equal to that of the reference value. The configuration
of the controller depends on the internal parameters of
the machine for the rotor-side converter, and the
implementation of the regulator is detailed in [19].
For the GSC there are two loops: the dc bus voltage
and the grid side converter reactive power which is
the outer loop whereas the inner loop is for current
control.

e Outer control loop of the dc voltage
The dc bus voltage is modelled as follow :

Cacp Vdc2 = ququ Sac 9)

Kidc *
Cacp Vdc2 =0qc = (Kpdc + pd )(Vdc 2 — Vdcz) (10)

(P pdc + Ki dc) (11)

Where 6dC|s the output of the g axis dc bus voltage
controller K, 4¢,K; 4c are proportional and integral
gains respectively, V,;."is the reference dc bus voltage
The Pl control parameters are calculated by
comparing the denominator of the transfer function
obtained in (11) to the Butterworth polynomial. That
is:

Kpdc | Kidc
p* + L+ L= p? + woaepV2twoat  (12)
dc dc
{Kp dc = Cdc(‘)odc\/E (13)
Kiac = Cdc(‘)ZOdc

¢ Inner control loop of currents

The implementation of the current controller is
shown in Fig. 3. The reference "g" and "d" axis GSC
voltages can be expressed as :
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Vdf = 8df — Wg Lflq (14)
qu = Wg LfO'Id + Vq + 6qf
Where the controller outputs are defined as :
_ _ Kj *2 2
8qr = Rely + Leply=(Kpq + Tq)(lq —-1,%) (19

Kj *
Sar = Relq + Vg + Lyply = (qu + 7‘?) (1,2 - 1,%) (16)
1
? Ly
*2 p2+Rf+qu

Kiq (prq +Kiq)
L

(17)

The current controller parameters are calculated by
the following expression :

Rf+Kp q

p*+—L—Fip+ K‘fq =p? + woq P V2+twe 2 (18)

The gains of the current regulator are expressed by

{Kp dac = —Rp + Lywoq r V2 (19)
Kiac = de(‘)zOqf

The converters switching frequency fy, chosen is 4
kHz Given that the switching frequency, is 4 kHz,
thus the bandwidth frequencies of the inner loop and
outer loop are given by the following expressions :

(20)
(21)

Woq 5 = Wy /10
Woac = Woqyr /10
111. HARMONIC CURRENT IDENTIFIER

This section explains how the harmonic detection
technique SRF is implemented, as previously

discussed.
ia] _ 2 cos(9) COS(Q__)

[iq] B \ﬁl—sin( 0) —sin( 6 — _)] Lcl
(22)

As the same in the theory of the instantaneous
reactive power, here there is d and q contain a DC
components and a multiple of AC components, such
as:

cos(6 — 2?")
—sin(8 — )

id = l_d + Zd
iq =1 +1 (23)
The harmonic currents references obtained by:
; cos(0) sin(0)
l.aref 27 . 2T Tdref
iprer| = [c0s® =) sin(@ )| f] (24)
: re
Leref cos(0 — 4?11) sin(8 — %ﬂ) 1
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1V. RESULTS AND DISCUSSION

The system shown in Fig. 1 was modeled and
simulated in the Matlab/Simulink associated with
SimPowerSystem toolbox to analyze the control
strategy proposed by DFIG/APF system. The
parameters of DFIG, DC link filter, and nonlinear
load used in this study are presented in Tables : 1; 2;
and 3 respectively.

Table 1. Doubly fed induction generator parameters.

Magnitudes and parameters | Value with unit
Rated power P,=1.5 Mw
Source voltage V= 690V
frequency fs= 50Hz
Stator resistance Rs = 2.6 mQ
Rotor resistance Rr=2.9 mQ
stator inductance Ls=2.56 mH
rotor inductance L,=2.56 mH
Mutualinductance L, =2.5e-3 mH
Number of poles p=2
Switching frequency fow =4 kHz

Table 2. DC link filter and capacitor parameters.

Magnitudes and parameters Value with unit
Filter Inductance 400 pH

Filter Resistance 19 mQ
Power grid inductance 0.01 mH
Power grid capacity 80 mF

Table 3. Non linear load.

Magnitudes and parameters | Value with unit
Input inductance 0.56 mH

Input resistance R 10Q

Load resistance 8 Q

Two cases have been investigated of device
operation. In the first scenario, the generator provides
the active power without the active filtering to the
nonlinear load. In the second scenario, the generator
provides active control and filters grid current with
the same non-linear load.

A) Casel

The DFIG provides active power to the electric
system. The components ig and iy follow their
references iq* and iq* respectively as shown in fig. 5
and fig 6, controlling the active and reactive powers

Fig. 7 and Fig.8. The DC link voltage remains stable
and it follows its reference value which is about 1200
V (Fig. 9).
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Fig. 5. Response of control loop of the rotor current controller ig.
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Fig. 6. Response of control loop of the rotor current controller idr.

The waveforms of the electric grid currents are
obtained for the system running in generator mode
feeding a nonlinear load for the generator speed of
149.75 rad/s (Fig. 10). To evaluate the harmonic
content of current, the total harmonic distortion
(THD) is the ratio between the root mean square
value of the entire harmonic content and the root
mean square (r.m.s) value of the fundamental
frequency, and it’s given in the expression :

THD= /230 (%) ’ (25)



34 SIHAM KHELIFA, ABDELHAFID SEMMAH

With : 1, the rms value of the fundamental currentand
I, the rms values of the different harmonics of the
current.

FFT window: 5 of 235.1 cycles of selected signal
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§ ! The current waveform at the point of common
9, coupling PCC is distorted and shows THD of 12.75%
g at 149.75 rad/s, in Fig. 10. The current spectrum of
90 the electric grid shows that among the main

harmonics that contribute to this distortion are the
order harmonics (5th. and 7th.). The load currents are

0 i ) 3 i distorted and  show a total harmonic distortion
fime(s) (THD) equal to 29.69% in fig.11.
Fig. 8. Response reactive (Qs) power delivered to B) Case 2

the electric grid. . o .
The active filtering function was added to the GSC

sor control loop of the wind system based DFIG. For this,
~ the synchronous reference frame was applied to
calculate the harmonic current content of the
nonlinear load, which was added as reference to the
current control loop of the GSC. The results of the
power control are the same in both cases due to the
similar control algorithm applied to RSC (Fig.7,
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Fig.8).
i Fig. 12 illustrates the waveforms of the electric
grid currents, obtained from the system running with
A8t ! ! ! x . active filtering function, feeding a non-linear load.

It’s obvious that the THD of the electric grid current
was decreased. Previously the electric grid current
had a THD of 12.75 %. Due to the active filtering

timels)

Fig. 9. Response of control loop of the dc link voltage.
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function added to the grid side converter of electric
grid, the THD was reduced to 1.98 %.
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Fig. 12. Waveform of grid current after performing the filtering in
the grid side converter.

V. CONCLUSION

This study analyzed and tested the integration of
filtration functions in the GSC of double-fed
induction generator using Matlab ~ Simulink
environment. A vector control technique was applied
to control of back to back converter where flux vector
control was applied on the rotor side converter RSC
whereas voltage oriented control was induced for the
control of grid side converter GSC. Vector control
strategy is used since it is one of the most often
extended control techniques for converter control. It
is characterized by easy deployment and offers strong
performance features. The gain design of the PI
controllers of the inner loop and outer loop of the
GSC was exposed in detail. This proposed DFIG
based WECS with an integrated active filter has
proven its capability in terms of compensation of the
harmonic in the ac power supply. The THD of the
electric grid current was reduced from 12.75 % to
1.98 % which reflects the efficiency of the proposed
filtering method and the improved power quality in
the grid.
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