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ABSTRACT

This paper presents the modelling and simulating of a general wind power system with double-
fed induction generator controlled by a back-to-back converter, in order to manage power
delivery to or absorbed from the grid through reactive compensation and active filtering of
electrical current. The system modelling and the controller design was developed in
Matlab®/Simulink® software, where the rotor-side converter control regulates torque and
controls active and reactive power. The grid-side converter control maintains the DC link voltage
constant and compensates reactive power demanded from the load, besides this converter acts as
an active power filter, which improves the total harmonic distortion of the grid current. The main
difference of the proposed methodology with respect to others in the literature is the
implementation of grid side converter control as an active power filter using proportional integral
resonant to mitigate the 5, 72, 112 and 132 harmonics instead of simple Proportional-Integral (P1)
controller, which reduces the accomplishment difficulties since the decoupled term is eliminated.
The results obtained shows the correction of the power factor and the extraction of the maximum
power from the wind. Finally, it is shown harmonic compensation for nonlinear loads and
improvement of the total harmonic distortion of the grid current.

Keywords: Wind Power System. Reactive Power Compensation. Active Power Filtering. Back-
to-back Converter. Double Fed Induction Generator (DFIG). Power Quality.
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RESUMO

Este artigo apresenta a modelagem e simulacdo de um sistema geral de energia edlica com gerador
de inducdo de dupla alimentacdo controlado por um conversor back-to-back, com o objetivo de
gerenciar a poténcia fornecida a rede ou absorvida dela por meio de compensacgdo reativa e
filtragem ativa da corrente elétrica. A modelagem do sistema e o projeto do controlador foram
desenvolvidos no software Matlab®/Simulink®, onde o controle do conversor do lado do rotor
regula o torque e controla a poténcia ativa e reativa. O controle do conversor do lado da rede
mantém a tensdo do barramento CC constante e compensa a poténcia reativa demandada da carga;
além disso, este conversor atua como um filtro ativo de poténcia, 0 que melhora a distorcao
harmonica total da corrente da rede. A principal diferenca da metodologia proposta em relacéo a
outras na literatura é a implementacdo do controle do conversor do lado da rede como um filtro
ativo de poténcia usando um controlador proporcional-integral ressonante para mitigar as
harmonicas de 5%, 72, 112 e 132 ordem, em vez de um controlador proporcional-integral (PI)
simples, o que reduz as dificuldades de implementacdo, uma vez que o termo desacoplado é
eliminado. Os resultados obtidos demonstram a correcdo do fator de poténcia e a extracdo da
poténcia maxima do vento. Por fim, é apresentada a compensacdo harménica para cargas ndo
lineares e a melhoria da distor¢do harmdnica total da corrente da rede.

Palavras-chave: Sistema de Energia Edlica. Compensacdo de Poténcia Reativa. Filtragem de
Poténcia Ativa. Conversor Back-to-back. Gerador de Indugédo de Dupla Alimentacdo (DFIG).
Qualidade de Energia.

RESUMEN

Este articulo presenta el modelado y la simulacion de un sistema edlico general con un generador
de induccion de doble alimentacion controlado por un convertidor back-to-back, con el fin de
gestionar la potencia suministrada o absorbida de la red mediante la compensacion reactiva y el
filtrado activo de la corriente eléctrica. EI modelado del sistema y el disefio del controlador se
desarrollaron en el software Matlab®/Simulink®, donde el control del convertidor del lado del
rotor regula el par y controla la potencia activa y reactiva. El control del convertidor del lado de
la red mantiene constante la tensién del enlace de CC y compensa la potencia reactiva demandada
por la carga. Ademas, este convertidor actia como un filtro de potencia activa, lo que mejora la
distorsion armoénica total de la corriente de la red. La principal diferencia de la metodologia
propuesta con respecto a otras publicadas en la literatura radica en la implementacién del control
del convertidor del lado de la red como un filtro de potencia activa que utiliza un resonante
proporcional-integral para mitigar los arménicos 52, 72 112 y 132 en lugar de un simple
controlador proporcional-integral (PI), lo que reduce las dificultades de implementacion al
eliminar el término desacoplado. Los resultados obtenidos muestran la correccion del factor de
potencia y la extraccion de la maxima potencia eolica. Finalmente, se muestra la compensacion
armonica para cargas no lineales y la mejora de la distorsion armonica total de la corriente de red.

Palabras clave: Sistema Eo6lico. Compensacién de Potencia Reactiva. Filtrado de Potencia

Activa. Convertidor Back-to-back. Generador de Induccion de Doble Alimentacion (DFIG).
Calidad de la Energia.
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INTRODUCTION

In a scenario of great worldwide development, the electricity demand has been gradually
increasing so that conventional energy sources, such as the ones derived from fossil fuels,
undergo constantly price oscillations, offering financial and technical-economic risks.
Furthermore, concern with the environment related to the emission of polluting gases into the
atmosphere and global warming has been intensified. In this sense, many countries have exploited
the usage of alternative energy sources, among which the wind stands out due to its economic
viability with competitive costs in $/kWh. On the other hand, the main issue with renewable
energy sources is their stochastic feature, in other words, the power is not always available when
it is needed (BUBSHAIT, A.S. et al., 2017; ACKERMANN, T., 2012). With the increase of
power production from variable speed wind systems, especially for those dominated by double
fed induction generator (DFIG), and the large implementation of utility integration, power
electronic devices as converters have been used to control active and reactive power flow,
frequency and to support the electrical system during disturbances, including faults and voltage
sags (MOREIRA, A.B. etal., 2017; TIAN, X, et. al, 2017; MEEGAHAPOLA L. and FLYNN,
D., 2010).

Besides, power quality has become an essential aspect not only for wind power
installation, but also for any system that presents power electronic converters connected to the
grid, which results in injection of harmonic current on the electrical system. This grid pollution
causes voltage and current waveform distortions, in addition low power factor, possible warming,
flicker effect, among others (MOREIRA, A. B. et, al, 2017; RASHID, M. H., 2013). Double fed
induction generator based wind turbines can be connected to the grid through a back-to-back
converter topology, which allows the design of controllers in both of rotor side and grid side
converters (RSC and GSC, respectively). Several control approaches have been introduced in the
literature with RSC designed to extract the maximum power point from wind and GSC to ensure
the delivery of active and reactive power to the grid (BUBSHAIT, A. S. et al, 2017; TAPIA, A.
etal, 2003). Moreover, the grid side converter admits also the active power filtering (APF), which
detects the harmonic electric current of nonlinear loads at the point of common coupling (PCC)
and compensates it to improve the power quality supplied. Inversely, mitigation of grid harmonic
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current by means of the rotor side converter injects harmonics on DFIG, which may occasion
problems, such as increase of losses and reduction of the machine service life (MOREIRA, A. B.
etal, 2017; BOUTOUBAT, M. et al, 2012).

Aiming to develop feasible wind energy systems connected to the grid, the mainstream
control strategies for DFIG in literature are vector control (VC) and direct power control (DPC).
DPC methods have as features low machine parameters dependence and high dynamic
performance besides of simple structure. On the other hand, DPC produces large power ripples
and the control accuracy is not satisfactory because of the voltage vector selection from a fixed
switching table (WANG, X. etal, 2017; SINGH B. and NAIDU, N. K. S., 2014). The VVC strategy
presents great steady-state performance due to its space vector modulation technique, apart from
decomposing the currents into active and reactive components, which allows decoupled control
loops. However, it may not guarantee a suitable dynamic performance once the Pls produce lag
effect as well as they need much parameter tuning work. In addition, a phase-locked loop (PLL)
is also needed to change the system into synchronous reference frame WANG, et al, 2017.; SUN,
D. and WANG, X., 2016; SUN, D. et al, 2018; AKAGI H. and SATO, H., 2002). The most
widespread technique is based on flow-oriented vector control, which requires a precise
synchronization to the stator flow vector to control active and reactive power through direct and
quadrature (d-q) axis components of rotor currents.

In order to accomplish the harmonic compensation of electric current, the studies on DFIG
converters operating additionally as APF show that it can be done by three different methods:
using GSC for harmonic compensation as standard shunt active filter; using RSC for canceling
the harmonics; and using a combination of both GSC and RSC to divide the harmonic power flow
between the converters. Although it is possible to compensate harmonics based on RSC (LOPEZ-
NUNEZ et al., 2016), subjecting the DFIG system as an active power filter results in higher power
losses and not adequate machine operation (TODESCHINI; EMANUEL, 2010). Lately, some
studies have implemented the current harmonic based on GSC and the Synchronous Reference
Frame (SRF) control method to extract the fundamental component of load currents (MOREIRA
etal., 2017; NAIDU; SINGH, 2015). In Moreira et al. (2017), the authors propose a strategy for
power control besides the power quality improvement by using the GSC to perform active
filtering at the PCC with the presence of a three-phase full bridge rectifier feeding a resistive load.
The APF function is performed using d-qg reference frame and proportional integral compensator.

In this context, this paper proposes a control structure based on Proportional Integral
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Resonant (PIR) controller for the GSC, which reduces the harmonic content originated by
converter commutation and the voltage ripple of DC link, performs the active power filtering
function, as well as controls the active and reactive power flow. In order to analyze the results of
the proposed method, it was chosen Currents’ Physical Components (CPC) theory due to his
research relevance in scientific community. Computational results are presented to demonstrate
the efficiency of this proposal. The organization is as follows: Section Il briefly addresses the
case of study. In section Ill, a succinct review of the CPC theory for three-phase circuits is
presented. Section IV presents the mathematical model of DFIGURE Section V is dedicated to
the control design of the back-to-back converter system and of the active power filter. In Section
VI, simulation results are presented and, finally, section VII presents the conclusion of this paper.

System Configuration
Figure 1 shows the diagram of the system addressed in this paper. The wind turbine system
is connected to the grid through a back-to-back converter with a double fed induction generator.

At the point of common coupling, there are loads which are a combination of linear and non-

linear loads causing harmonics and reactive power consumption.

Figure 1. Operation diagram of proposed wind system with DFIG/APF.
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Source: Author

Currents’ Physical Components Theory

The CPC theory, proposed by Czarnecki, is developed in frequency domain and is being
constantly improved by the author in order to be applied under different conditions, such as
symmetric and asymmetric, sinusoidal and distorted, balanced and unbalanced circuits, feeding
linear and non-linear loads. This theory proposes separating the electric current into different

components, each one related to distinct physical phenomena.
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Assuming a generic three-wire three-phase system with harmonic generating load (HGL),
due to its non-linearity of periodic time variance, it can become the source of energy at some
harmonic frequencies, which means that active power flow is from load to source. Considering
such behavior, the set of N harmonics can be divided into two groups, NG being the harmonics
generated by the load and NC being the ones consumed by the load. As result, the current can be
decomposed into the components called generated iG and consumed iC, as follows:

= ) = Yt Y e tic (1)

n N n [ Ng n [ N¢

When the system presents unbalanced loads, there are effects on the behavior of ic, which
can be calculated from the equivalent admittance Ypn:

SZ _Pn - JQn (2)

Y., = = =G+ 1.B
TN ERN TN TE bn™J

Consequently, the consumed current ic can be decomposed into balanced and unbalanced
components, obtained from:

iy = VZRe D Yo Uy et )

ne€N¢

(4)

1y =lg — 1y,

Each harmonic order of the balanced current iy is composed of two parts, one in phase
with the corresponding voltage harmonic, which is responsible by the active part of the power of
the same harmonic and represented by the conductance Gpn; and another lagged of 90° of the
corresponding voltage harmonic, responsible for the reactive portion of the power of the same
harmonic and represented by the susceptance Bpn. The harmonic sum of the reactive portions is
indeed the reactive current ir, although the harmonic sum of the active portions ian is not the active

current:
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i, =V2Re Z By, U, a1t (5)
n [l N¢

1oy =+/2Re Z Gy Uy el mwit (6)
n [l Nc¢

Furthermore, the active current can also be separated into two components, one called
active current i,, related to the equivalent conductance Ge, and another one called scattered current
Is, discovered by Czarnecki, named so due to the dispersion of conductance values Gpn around of
equivalent Ge:

. PC ZnﬂNCPn
IZG.U = — U= —m—/———/—————/ .U 7
T T Ei SR TN s (7)
=i, — i,=V2Re Z (G,

nﬂ NC (8)

_ Ge).Un.ej'n'Wl .t

Once the resulting components are mutually orthogonal, their rms values obey the

following relation:

ill> = Ml + il + Ml + [l 1> + lliglI? ©)

Multiplying (8) by the square of voltage rms value ||u||?, the power equation is obtained:

§*=P,*> + D> + Q. + D> + Dg? (10)

Double Fed Induction Generator and Wind Turbine Modelling

The electrical dynamics of DFIG are presented in (11)-(21) and its parameters are

summarized in the appendix. The three-phase voltage equations from rotor and stator are obtained
from (BOSE, 2001):
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. dAq

Vabes = Rslabcs+ % (11)
. d}‘a r

Vaber = erabcr+ d:C (12)

Eq. (11) and (12) can be described in the d-q reference frame, as follows:

dA,
+ @At —o

:R'
Vas T dt (13)

qs

. d)"ds
Vis = Rslds - m"’qs—i_ dt (14)

'

_ . qr
Vqr' - Rrvlqr'_'— ((Ds - (Dr)}‘dr'—i_

dt (15)
"= R.i Y d}\‘dr'
Var = Relgr (ms (Dr) qr dt (16)

Where the slip is the difference between the synchronous speed and the rotor one:
(g — ) = Oslip (17)
The equations of rotor and stator magnetic fluxes are given as a function of the inductances

and currents of the machine, as follows:

Ags = Liigst Liniqr

sigs (18)
)"ds = Lsids+ Lmidr (19)
)"qr = Lriqr+ Lmiqs (20)
)"dr = Lridr+ Lmids (21)
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Where Ls, Lr and Lm are stator, rotor and magnetizing per phase inductances. The
electromechanical dynamics of DFIG are shown in (22) and (23), where the electromagnetic
torque is obtained from (BOSE, 2001):

3 . .
Te: (5) p()"dslqs - )"qslds) (22)

Where p is the number of poles. The dynamic of the mechanic system is expressed by:

d
J%?zm—n—B%l (23)

Where J is the moment of inertia, B is the coefficient of viscous friction of the system and

Tm is the load torque. Finally, the active and reactive power can be described in (24)-(27) as
(PENA; CLARE; ASHER, 1996):

3 . :
Ps = 5 (Vdslds+ Vqslqs)

(24)
Py = 5 (Variar"t Vor'ig:) (25)
Q, = 3 (osias = Vas) (20)
Q= 5 (varlar’ = Vara) (27)

Control Design

Rotor Side Controller

The main objective of rotor side converter is to make the torque and speed regulation of

double fed induction generator, ensuring that the machine operates in sub-synchronous as well as
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super-synchronous speed.

The control system can be divided into two levels: external control loop, which is
responsible for controlling the reactive power in the machine stator and the rotor angular speed,
which generates the quadrature current reference to the internal control loop, i.e. to the current
controller.

From (29) to (37), it is possible to obtain the control diagram shows the proposed scheme
to RSC.

The proposed strategy is based on stator flux oriented vector control, which provides total
decoupling of direct and quadrature axis. Figure 3 shows the vector diagram with induction
machine variables (BOSE, 2001).

Figure 2. Control scheme of rotor side converter.
GRID I_g RSC

qus

WM
Reaclive Power A
Calculation 1
Q 'LJ
o
] ]
> Tm i r Wyl
3pLinhs 4 UlsnpierLﬁ— diphslm
Source: Author
Where
Ln
c=1-— (28)
LL;
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Figure 3. Vector diagram for stator flux orientation.
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R,=0

Where 0, is the instantaneous angle of stator flux and w, is its angular speed. In steady

state, stator flux is proportional to grid voltage and, since direct and quadrature stator fluxes keep
constant, one can regard (PENA; CLARE; ASHER, 1996; CLARKE, 1943):

dhas _ dhgs
& dt

(29)

(30)
Consequently, it is possible to obtain d-q stator voltages from (13) and (14):
Vdas = 0

(31)
Vas = w)"ds

(32)
currents:

Eg. (18) and (21) can be rewritten in order to express the relation between stator and rotor

. Lmidr'
i
@ L, (33)
|
. m'qr
g = (34)
q Ls

Revista DCS. 2026, v. 23, n. 87, p. 01-38.
ISSN: 2224-4131

11



Marco Aurélio Rocha, Guilherme Augusto Marabezzi Clerice, Douglas Ricardo Fumes, Bruno Henrique
da Silveira

Replacing (33) and (34) in (24) and (26), one can obtain the active and reactive power

available on stator machine controlled by the quadrature components of rotor current:

b 3L,
= —=— Vgslgr
2L ®H (35)
3L v )
Q.= 57 (G i) 39)
S a—m

The phase locked loop is responsible for the synchronization between the grid voltage and
the one produced by the converter, which generates an angle in phase with the grid voltage. The
detail of the design procedure is presented in (NAM et al., 2017). Figure 4 shows the PLL control
scheme, which provides 6,, where FLC is a fuzzy logic controller and MAF is a media average
filter:

Figure 4. Achievement of flux position through PLL control.

FLC p— MAF

Source: Author

As the vector control is oriented by the stator flux, the electromagnetic torque in (22) can
be obtained from (34) as:

Qoo

Grid Side Controller

The main objective of grid side converter is to ensure the delivery of active and reactive
power to the grid. Besides, the control structure of GSC keeps dc link voltage constant, regardless
of power flux direction in rotor circuit.

The control system can be also divided into two levels: external control loop, which is

Revista DCS. 2026, v. 23, n. 87, p. 01-38. 12
ISSN: 2224-4131



Control and current harmonic filtering for grid connected wind turbine energy systems with double-fed
induction generator

responsible for controlling the dc link voltage and the delivery of reactive power, besides
generating the stationary current reference (a-p) to the Proportional Integral Resonant controller
of the internal loop through Clarke transformation. The current controller in internal loop
provides more simplicity to the control design and decrease of dc voltage ripple. Figure 5 shows

the scheme proposed to GSC.

Figure 5. Control scheme of grid side converter.
GRID L,

&

[Vl"\( Jthﬁ % [VPAC]UBU |§
—

lirlaco 5 R =

liclepo

Lirlugo

Source: Author

In the inner loop, there is a modification of the standard control model to mitigate
harmonic currents coming from non-linear loads in the PCC of electric grid, as it will be shown
in the next section. The control design methodology is described in (38) to (53).

The three-phase voltage equations from GSC are obtained from:

diabcf
dt (38)
+ dape Ve

Vabeg = Rflabcf + Lf

Where L¢is the filter inductance, Ry is the ohmic loss of the inductor and d is the duty
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cycle of the inverter neglecting the switch losses. It is shown that the grid side converter unit is

controlled in a-p reference frame, then (38) can be rewritten:

di
. pf
V“Bg = Rflan + Lf (;Lt + daBVDC (39)

Considering grid voltage as the system disturbance, the transfer function that relates

current and duty cycle is obtained from (39) in continuous plane “s”:

_ Vb
R +sLL

iqf iBf
— .— = G‘ =
da 1[3 ioff (S)

(40)
The PIR controller is tuned to 52 72, 112 e 13? harmonic orders and it also attenuates
harmonics that may be caused by the switching of GSC. This controller presents the following

transfer function:

G ot 2kiS
PR() = Ky Esz + 20 + (hoy)? D)

Where h is the harmonic order, o, is the angular frequency of fundamental signal and o
is the desired frequency bandwidth. To obtain the gains of the controller, root locus method was

used. The parameters and values of the PIR controller are shown in TABLE I.

Table 1 - Proportional Integral Resonant Parameters

Parameters Values
Ky -200
k; -4000
Settling time T 0.03s
Of 5 rad/s
[ON 377 rad/s

Source: Authors.

The PIR controller parameters in (41) give:

8000
s2 + 10s + (1*377)?

GPIRl(S) = (42)
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G e 8000
PRs(8) =3 T0s + (57377)2 (43)
e 8000
P78 = 3 05 7 (77377)° (44)
. B 8000
PR () = 305+ (11%377)2 (45)
8000
GPIR1 3(5) = (46)

2+ 10s + (13*377)?

Thus, the current control scheme proposed in this paper using proportional integral

resonant is showed in Figure 6.

Figure 6. GSC current control scheme.

PIR Control

™ ffap0

Veacapo

Source: Author

The frequency response of the open-loop transfer function is illustrated in Figure 7.
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Figure 7. Bode diagram of GSC current controller.
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Active Power Filter

The control loop of GSC current in Figure 5 is modified by the insertion of the distorted

current generated by the non-linear load at PCC, which supplies new reference currents for

harmonic compensation ig and ig,:

¥ .ref .
1= 1 — 1
fd— fd Lhd ( 47)

% ref .
Ifg= lg‘z — ILhg (48)

-ref

Where i 4 and iy ;4 are the harmonic components of load current in d-q axis and it; and

-ref

i, are the outputs of external control loop.
The harmonic components are identified and isolated by the scheme shown in Figure 8,
so that Figure 9 shows the proposed control scheme of active power filtering in the GSC with the

harmonic current subtraction.
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Figure 8. Harmonic current isolator.
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Figure 9. GSC current control scheme with APF.
PIR Control

'W
l’ !
I

o5 PR

[
g
l. |
PRSP

Source: Author

i

The external control loop of DC voltage in GSC is obtained from:

ifg =
2CVpc deypc N 2Vpe . (49)

Where eypc is the PI controller error i, is the machine side converter DC current, i, is

the grid side converter DC current and i, is the capacitor DC link current.
icm = iO - ic (50)
The regulation of system power factor can be achieved by controlling reactive power at

PCC, which consists of PCC voltage-oriented vector control technique. Thus, reactive power is

obtained from:

3 . .
Q.= > (—Vpccdlqur VPCqufd) (51)
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As PCC voltage vector is oriented by direct axis, VPCCq is null and (51) can be rewritten

as:

3 .
Qe == EVPCCdlfq (52)
And isolating quadrature current derivative, one can obtain:

di 2 de
diy __2 deo, =)
dt  3Vpee, dt

Where eq, is the PI controller error.

Computational Results

The system shown in Figure 1 was modeled and simulated in Matlab/Simulink®
associated with SimPowerSystem toolbox to analyze the control strategy proposed by DFIG with
APF system. The electric grid and GSC parameters used in the simulation are shown in Appendix.

Aiming to evaluate and validate the proposed control system, three cases of operation are
studied. In case 1, there are different resistive-inductive loads at the PCC switched along time to
investigate reactive compensation. In case 2, the system feeds a 1.1 kW squirrel cage induction
motor with torque variation in its axis to analyze the dynamic variation of power factor. In case
3, there is a three-phase diode bridge rectifier with inductive filter as input feeding different loads
profile. From case 3, one can observe the active power filtering of grid current to mitigate 52, 72,
112 e 132 harmonics. For all three cases, it was used the same variable wind profile, illustrated in

Figure 10.
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5000

Figure 10. Available and controlled power from wind.
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By analyzing Figure 10, it is possible to notice that the maximum power was extracted
from the wind, which is the rated power of 3.0 kW fixed by DFIG rotor. To speeds above this

limit, the pitch angle control well known in literature has operated to protect the turbine.

Case 1l

In this case, different resistive-inductive loads were connected at the PCC as shown in

TABLE Il.

Table 2 - RL Load Parameters
Active Reactive

Case Load Time (s) Power Power
(W) (var)
0.0<t<1.0 200 300
1.0<t<2.0 2000 600
1 RL 2.0<t<3.0 3000 0
30<t<40 O 700
40<t<5.0 2000 900

Source: Author

The active power balance of the system can be observed in Figure 11. It shows that from
1.6 t0 3.0 s, both grid and the DFIG deliver active power to the load. From 3.0 to 4.0 s, the active
power demanded from the load is zero, then all the active power generated from DFIG is delivered
to the grid. From 4.0 to 5.0 s, once more the DFIG supplies energy to the load and provides its
exceeding to the electric grid. Besides, one can notice the dynamic behavior between the
generator and the grid as the wind speed profile varies, which guarantees balanced power. Figure
12 shows the behavior of PCC voltage and grid current of phase a during the dynamic control,

which shows a phase opposition between them when electric grid is absorbing power.
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Figure 11. Active power balance of case 1.
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Figure 12. Phase a PCC voltage and grid current of case 1.
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Figure 13 and Figure 14 show the reactive power balance of the system, where it can be
observed its compensation, once the reactive energy demanded by the load is fully provided by
the GSC. In other words, both reactive energy from electric grid and from DFIG is around zero,

with low oscillation of + 10 var.

Figure 13. Reactive power balance of case 1.
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The energy peaks of Figure 14 are derived from load switching. DC link voltage can be
observed in Figure 15. The system keeps its value in 400 volts and presents low oscillation around

the operation point, considering the different load switches. The usage of PIR controllers
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guarantees the low variation of £ 0.5 V.

Figure 14. Reactive power from grid and DFIG of case 1.
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Figure 15. DC link voltage of case 1.
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Case 2

In this case, there is torque variation on the 1.1 kW squirrel cage induction motor axis, as
shows Figure 16, which allows to analyze power factor dynamically by varying active power

consumption.
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Figure 16. Torque applied to the induction motor axis of case 2.
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The active power balance of the system is shown in Figure 17, where one can observe that
DFIG is able to supply active power demanded by induction motor and yet provides the exceeding
energy to electric grid. Figure 18 shows the behavior of PCC voltage and grid current of phase a
during the dynamic control of reactive compensation, which shows a phase opposition between
them when the grid is absorbing power.

The reactive power demanded by induction machine is shown in Figure 19. Once back-
to-back converter is designed to compensate up to 30% of DFIG rated power, GSC was able to
delivery only 900 from 1300 var demanded by load. It is noteworthy that the control loop of

reactive energy was designed to compensate partially or completely the reactive energy of the
system.

Figure 17. Active power balance of case 2.
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Figure 18. Phase a PCC voltage and grid current of case 2.
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Figure 19. Reactive power balance of case 2.
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Figure 20. Reactive power from grid and DFIG of case 2.
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DC link voltage can be observed in Figure 21. The system regulates it in 400 volts, with
oscillation up to 0.5 volts. One of the advantages of PIR is the assistance to keep low oscillation
of dc link voltage around 400 V.
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Figure 21. DC link voltage of case 2.
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Case 3
Finally, in case 3, the system supplies energy to a three-phase diode bridge rectifier so
that GSC control performs active power filtering of electric grid current. In order to discuss and

analyze the effectiveness of the proposed method in harmonic mitigation, it was simulated

different loads at dc side of rectifier with and without APF, as shown in TABLE IIlI.

Table 3 - Rectifier Load Parameters

Case Time (s) R () L(mH) CuF)
0.0<t<20 80 0 0

3 20<t<35 80 50 0
3.5<t<5.0 80 0 1000

Source: Author

Case 3.1 — Without APF

The active power balance of the system can be observed in Figure 22. Active power
balance of case 3.1 - without APF., where one can notice that the oscillation derived from the
non-linearity of the load connected at PCC was reflected in the power of the grid. Figure 23 shows
the behavior of PCC voltage and grid current of phase a during the dynamic control of reactive
compensation, which shows a phase opposition between them when the grid is absorbing power,

even with the non-sinusoidal profile of the grid current.
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Figure 22. Active power balance of case 3.1 - without APF.

3000 Load
.......... Grid
2000 DFIG
_ - = =GSC
= 1000 F
5]
: ol ,
~ :
o ' H
> \,.\ g
‘5 -1000
<LC> \\r..—.,.uﬁ % £
-2000 P / \
\_ ____/\_____,\
-3000
4 5
Time [ s]

Source: Author

The reactive power balance of the system is shown in Figure 24 and Figure 25. By
analyzing Figure 24, one can notice that GSC compensates the reactive energy demanded by the
load, however, in the same way with active power, the oscillation due to the non-linear profile of
the load is reflected to the grid, creating a variation of almost 50 VAr.

Figure 23. Phase a PCC voltage and grld current of case 3.1 — without APF.
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Figure 24. Reactive power balance of case 3.1 — without APF.
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Figure 25. Reactive power from grid and DFIG of case 3.1 — without APF.
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The waveforms of electric current of load, DFIG, grid and GSC for different load profiles
in the three-phase rectifier dc side are shown in Figure 26, Figure 28 and Figure 30. Without the
active power filtering, the grid current presented a non-sinusoidal highly distorted behavior. This
distortion in the current may cause as well voltage distortion to other consumers connected at
PCC, making the power quality poor in this point.

The harmonic spectrum of grid current considering the different load profiles is shown in
Figure 27, Figure 29 and Figure 31 It can be observed that the grid current presents a high
harmonic content. This harmonic content may cause problems of power quality, as previously

mentioned, such as increase of distorted power and power factor deterioration.

Figure 26. PCC currents from 1.2 to 1.23 s of case 3.1 - without APF.
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Figure 27. Grid

current THD from 1.2 to 1.23 s of case 3.1 - without APF.
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Figure 28. PCC currents from 2.2 to 2.23 s of case 3.1 - without APF.
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Figure 29. Grid current THD from 2.2 to 2.23 s of case 3.1 - without APF.
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Figure 30. PCC currents from 4.2 to 4.23 s of case 3.1 - without APF.
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Figure 31. Grid current THD from 4.2 to 4.23 s of case 3.1 - without APF.
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Case 3.2 — With APF

The active power balance of the system can be observed in Figure 32, where it can be
observed that the oscillation derived from the non-linearity of the load connected at PCC was
reflected now in GSC, differently from what happens to the same system without APF. This
causes a decrease in the oscillation of the active power absorbed by the grid, improving the power
quality. Besides, it shows the dynamic behavior between active power from grid and the
generator. Figure 33 shows the behavior of PCC voltage and grid current of phase a during the
dynamic control of reactive compensation, which shows a phase opposition between them when
the grid is absorbing power, as well as the grid current presents less distortion when compared to

the same system without APF.
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Figure 32. Active power balance of case 3.2 — with APF.
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Figure 33. Phase a PCC voltage and grid current of case 3.2 — with APF.
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The behavior of the system can also be observed through the dc link voltage, shown in
Figure 34. The voltage value was kept stable around 400 V during the load switches, with fast
transient response around 0.1 s and low oscillation in the region of £ 2 V. Thus, the proposed
method of control with APF of the grid current is satisfactory and the stability of the dc link was

possible due to the replace of Pl controllers by the PIR ones.
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Figure 34. DC link voltage of case 3.2 — with APF.
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The reactive power balance of the system is shown in Figure 35 and Figure 36. By
analyzing Figure 35, one can notice that GSC compensates the reactive energy demanded by the
load and, consequently, the reactive power supplied by the grid and by the DFIG stator is almost
null, which decreases the oscillation of reactive power from the grid into until five times when
compared to the same case without APF. Besides, all the oscillation from the non-linearity of the

load is reflected to GSC. In this way, power factor is kept close to unity.

Figure 35. Reactive power balance of case 3.2 — with APF.
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Figure 36. Reactive power from grid and DFIG of case 3.2 — with APF.
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Beyond that, from Figure 36 it can be noticed the low magnitude variation of reactive
power of the grid and the generator, about 10 VAr, which shows the efficiency of the proposed
control method.

The waveforms of electric current of load, DFIG, grid and GSC for different load profiles
in the three-phase rectifier dc side are shown in Figure 37, Figure 39 and Figure 41. Due to the
active power filtering and the harmonic compensation, the waveform of grid current is close to
sinusoidal and GSC absorbs the harmonic content from the load. Besides, Figure 39 shows that
grid current is the smallest one and more susceptible to noises, which explains its waveform less
sinusoidal.

The harmonic spectrum of grid current considering the different load profiles is shown in

Figure 38, Figure 40 and Figure 42.

Figure 37. PCC currents from 1.2 to 1.23 s of case 3.2 — with APF.
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Figure 38. Grid current THD from 1.2 to 1.23 s of case 3.2 — with APF.
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Figure 41. PCC currents from 4.2 to 4.23 s of case 3.2 — with APF.
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Figure 42. Grid current THD from 4.2 to 4.23 s of case 3.2 — with APF.
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Comparing the case without APF to the case with APF, there was a significant decrease
in the grid current THD, making its profile almost sinusoidal and improving power quality.

Comparing all the harmonic spectra of cases 3.1 and 3.2, one can notice the efficiency of
APF implementation once the harmonic content of grid current presents reduction in all three

cases of different loads in dc side of rectifier, as follows in TABLE IV:

Table 4 - Comparison of grid current thd with and without apf.

Time (s) THD without APF (%) THD with APF (%)
1.20 <t < 1.23 20.5377 4.8694
220 <t <223 76.5468 18.8717
420 <t <423 60.3829 12.6153

Source: Author

From the concepts of Currents’ Physical Components theory presented in Section Ill, it is
possible to analyze and interpret the system WT-DFIG operation when it is submitted to a non-

linear load, as in case 3. TABLE V shows the power components and power factor of the system
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without and with APF in different times considering the different loads.

Table 5 - CPC theory power components

Time (s) X’F',chOUt With APF
P, (W) 1545170 1538504
Q (VAr) 294108 91.756
D, (VA)  300.126 134.332
t=10 Dy (VA) 4222 3.597
D, (VA) 51187 173.137
S (VA) 1680939  1556.731
PF (P,=S)  0.919 0.988
P (W) 1552201 1546215
Q. (VA 300.668 92.978
D, (VA)  320.067 138.998
t=3.0 Dy (VA)  4.686 3.840
D, (VA)  503.899 171,593
S (VA) 1690 1564.674
PF (P,-S)  0.918 0.988
P (W) 1565.701 1531607
Q (VAr) 1083535  283.067
D,(VA)  251.206 168.348
t=425 Dy (VA)  3.296 4275
D, (VA) 1302606 335496
S (VA) 2320639 1602144
PF (P,-S)  0.675 0.956

Source: Author

From TABLE V, once more the proposed method of active power filtering stands out with
a significant improvement of power factor, with an increase of 0.675 to 0.956 int = 4.24 s, which

was the worst case.

CONCLUSION

This study addressed the research question of whether an appropriate control strategy
applied to a wind generation system based on a doubly fed induction generator (DFIG), connected
to the distribution grid, could effectively improve power quality at the point of common coupling
under different load conditions, including nonlinear loads. To answer this question, a wind energy
conversion system equipped with a back-to-back converter was modeled and simulated in the
Matlab/Simulink® environment using the SimPowerSystem toolbox, allowing the analysis of
system dynamics under varying load profiles.

The simulation results demonstrated that the proposed grid-side converter (GSC) control
strategy successfully regulated the DC-link voltage, exhibiting good transient performance and
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low oscillation magnitude. Moreover, the independent control of active and reactive power was
achieved. The use of proportional-integral-resonant (PIR) controllers in the current control loop
proved effective in mitigating harmonic components arising from switching effects and nonlinear
loads, maintaining DC-link voltage stability. In addition, the proposed active power filtering
(APF) technique significantly improved the grid current waveform, resulting in a nearly
sinusoidal profile and a power factor close to unity. These results confirm that the proposed
control strategy satisfactorily meets the objectives of the research and effectively enhances the
power quality of the studied wind generation system.

From a broader perspective, the findings contribute to both society and academia. In
practical terms, the proposed approach supports the integration of wind energy systems into
distribution networks by reducing harmonic distortion and improving power factor, thereby
increasing grid reliability and efficiency. From an academic standpoint, this work provides a
comprehensive modeling framework and a validated control strategy for DFIG-based wind
systems, contributing to ongoing research on power quality improvement and advanced converter
control techniques in renewable energy applications.

Despite the positive outcomes, this research is subject to some limitations. The analysis
was restricted to simulation-based results, without experimental validation, and the adopted back-
to-back converter topology does not allow the mitigation of homopolar harmonic components,
such as the 3rd and 9th harmonics. Therefore, future work should focus on experimental
implementation and validation of the proposed control strategy, as well as on the incorporation
of an additional converter leg to enable the mitigation of homopolar harmonics and further

improve power quality performance.
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APPENDIX

The DFIG system, electric grid and the GSC parameters that are used for simulation tests are

summarized in TABLE VI, TABLE VIl and TABLE VIII respectively.

Table 6 - DFIG parameters

Parameter Value
Rated Power 3.0 kw
Nominal Voltage 220V
Frequency 60 Hz
Rotor Resistance R/’ 0.816 Q
Stator Resistance R; 0435Q
Rotor Inductance L' 2.0 mH
Stator Inductance Ls 40mH
Mutual Inductance Ln, 69.31 mH
Moment of Inertia J 0.089 kg.m?

Source: Author

Table 7 - Electric grid parameters

Parameter Value

Line Voltage 220V
Coupling Inductor L4 0.01 mH

Frequency 60 Hz

Source: Author

Table 8 - GSC Parameters

Parameter Value

Filter Inductor L+ 10.0 mH
Filter Resistance R¢ 0.1Q
DC link Capacitor C 1.0 mF

Source: Author
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