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ABSTRACT This paper presents an improved control strategy for a doubly-fed induction generator (DFIG)
during unbalanced grid voltage conditions. The proposed strategy was applied in both synchronization and
grid-connected conditions. The synchronization process is carried by controlling the extracted positive and
negative sequence components of the stator g-axis voltage to follow the grid g-axis voltage. This strategy
can be accomplished by controlling the positive and negative sequence components of the rotor d-axis
current. By perturbing the rotor d-axis current, the stator EMF builds up and follows the grid voltage
accurately. The stator frequency and the phase difference between the stator and grid voltage are compensated
by adjusting the stator d-axis positive and negative voltage components to zero. After synchronization,
the proposed control strategy focuses on regulating the average stator active and reactive power control by
controlling the positive components of q and d-axis currents, respectively. The second target is to minimize
the generator torque ripple by controlling the rotor negative sequence components. At the same time, the grid
side converter is controlled to minimize the grid power pulsations to reduce the impact of the unbalanced
grid voltage. This study focuses on enhancing the dynamics of DFIG during the unbalanced grid voltage by
using Multivariable State Feedback (MSF) current controllers. Experiments are carried out to validate the
performance improvement by using the proposed method. The simulation and experimental results showed

superior performance of the proposed control strategy.

INDEX TERMS DFIG, synchronization, MSF, unbalanced voltage.

I. INTRODUCTION

As a result of a growing concern for the environment, efforts
have been made to minimize the negative impact of gener-
ating electricity through the use of renewable energy, one
of these efforts are aimed at generating energy from wind,
which today is the one with the greatest penetration in the
renewable energy market, with annual growth rates above
30 % [1]. This boom in wind power generation is linked
to the progress that power electronics have had in the last
three decades, which has led to the development of wind
energy conversion systems (WECS) efficient, low cost and
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flexibility for interconnection with the power grid. WECS can
be classified into two types: fixed speed and variable speed
system.

With regard to variable speed, the DFIG is the most used
where the size of the power converters is reduced since
they are in the rotor circuit [2]. Unlike the full converter
wind turbine system with the same capacity of generators
and converters, DFIG’s converters account for 30% of the
generator capacity. In this study, the rotor winding is con-
nected to the grid via a back-to-back converter. This con-
verter is made up of a rotor side converter (RSC), a grid
side converter (GSC) and a decoupling capacitor between
both converters, as shown in Figure 1. The RSC controls
the transfer of active and reactive power between the DFIG
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FIGURE 1. Grid-connected DFIG wind turbine.

stator and the network. While the GSC controls the reactive
power between the converter and the network, in addition to
taking care of the regulation of the DC link voltage [3]-[6].
In addition to the mentioned targets, there are other objec-
tives of interest in the operation of DFIG, specifically those
related to the quality of energy associated with certain grid
disturbances [7].

In particular, in the case of the DFIG system, since the
stator is directly connected to the grid, if an unbalance occurs
in the grid, torque ripple occurs due to distortion of the rotor’s
rotor field. Torque ripple applies mechanical stress to wind
power generation systems, causing mechanical failures in
blades, gears and rotor shafts [8].

Even though, there are different control strategies for
DFIG, field-oriented control (FOC) is the most popular con-
troller which is used to control DFIG in normal operation
conditions. The main advantages are the simplicity, relia-
bility and the decoupling of the dynamics of the genera-
tor allowing to complement two independent regulators for
active and reactive power [9]-[13]. However, conventional
FOC techniques are not efficient in controlling DFIGs when
grid disturbances occur. Several changes in the conventional
FOC method have been introduced to reduce the effects
of disturbances and improve the dynamic performance of
the generator. First, to improve the conventional FOC tech-
nique, the positive and negative sequence components of the
dg-axis rotor currents were regulated by using two additional
proportional-integral PI current controllers. Tuning the four
PI controllers, in addition to obtaining the positive and neg-
ative components from the dg-axis currents, complicates and
slows the controllers’ dynamic performance.

Many modifications have been introduced to improve the
performance of FOC technique [14]-[20]. In [15] a PI cur-
rent controller has been equipped with a resonant controller.
PI controller and dual-frequency resonance have been com-
bined together in [16]. These modification strategies are not
accurate, and they are characterized by slow response due to
their dependency on the DFIG parameters, the use of several
reference frames, and the need for positive and negative
sequence component extraction.

Advanced control strategies have been introduced to
overcome these problems that directly control the unbal-
anced rotor currents without taking the positive or neg-
ative sequence components into consideration in the
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control system. These control systems use the extracted posi-
tive and negative sequence components instead of calculating
sequence components of the current [17]. Predictive direct
power control (PDPC) strategy has been used as another
alternative to solve these problems [18]—[21]. In this strategy,
during the switching period the stator active power, reac-
tive power values, and lookup tables of two active vectors
and one zero vector are applied. However, in a PDPC the
negative sequence voltage and performance during voltage
disturbances have not been taken into consideration. This idea
will fasten the dynamic response especially in large power
ripples and less control accuracy [22], [23].

On the other hand, controllers are developed by second-
order sliding modes for a DFIG wind turbine, obtaining
significant results such as the absence of chattering, con-
vergence, and robustness with respect to external distur-
bances such as grid failures and with respect to non-modeled
dynamics both in the turbine as well as in the genera-
tor [24]. Likewise, independently regulate the active and
reactive generated power is developed by sliding modes [25].
Recently, passivity-based control (PBC) technique showed
good results. A passive controller is developed based on
the methodology called standard passivity-based control
(S-PBC), which is based on a model developed from a repre-
sentation on Euler-Lagrange and which aims to control a wind
turbine with DFIG at its maximum power point to deliver
the greatest amount of active power at each moment [26].
Another controller based on passivity is presented where,
a Hamiltonian representation is used for the generator model,
designing the controller based on the technique called Inter-
connection based passivity control and damping assign-
ment (IDA-PBC) and considering the dynamics of the
back-to-back converter [27].

In this paper, a Multivariable State Feedback (MSF) con-
troller working with synchronous rotating coordinates is used
to control the generator synchronization process to the grid
by controlling the positive sequence of stator g-axis voltage
using the main controller and the negative sequence com-
ponent using an auxiliary controller. After connecting the
generator to the grid, the RSC and GSC controllers are used to
reduce the torques ripple and the active power ripples flowing
into the grid. The 120-Hz components of the electromagnetic
torque or stator reactive power is minimized by controlling
the negative components of the rotor dq-axis currents. The
experimental results show the capability of the proposed algo-
rithm in reducing the impact of the unbalanced grid voltage
on the DFIG torque and on the grid in both synchronization
and running modes. Finally, the proposed current controller
performance is compared to a PI controller in time of connec-
tion to the grid and during the normal operation.

Il. DFIG CONTROL UNDER UNBALANCED

VOLTAGE CONDITIONS

In balanced grid voltage condition, The RSC controls the
transfer of active and reactive power between the DFIG stator
and the grid. While the GSC controls the reactive power
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between the converter and the grid, in addition to taking
care of the regulation of the DC bus [3]-[6]. Generally,
both converters (RSC and GSC), the current controllers are
designed to guarantee the best dynamic performance, espe-
cially in WECS where the wind speed changes continuously
and rapidly. However, in unbalanced grid voltage, it is nec-
essary to mitigate the effect of the unbalanced voltage in the
generator torque to reduce the stress on the mechanical parts
and to make sure that the grid active power is free of ripple.
In addition, it is important to guarantee smooth synchroniza-
tion with equal grid and stator voltages. By using the grid and
stator positive and negative sequence components, a smooth
synchronization process can be obtained. After connecting
the stator to the grid, the negative sequence components of
the rotor should be set to zero to minimize the torque ripple.
The GSC controller is used to control the DC link voltage and
to minimize the grid active power ripple. The next sections
show the details of the proposed method.

A. GENERATOR SIDE CONVERTER CONTRO

The vector diagram in Fig. 2 depicts the relationship between
a stationary frame oS, for the stator, rotor frame «, 8, with
rotating angular speed of w,, rotating frame for positive (dgp)
at the angular speed of wy, and rotating frame for positive
(dgn) at the angular speed of (—wy). The sequence com-
ponents are represented by superscripts p and n represent,
respectively. The value of the voltage, current, or flux can be
expressed as a vector F in the stator-flux-oriented reference
frame [34].

FIGURE 2. The positive and negative sequence components of dq-axis
unbalanced vector.

If an unbalance occurs in the grid voltage, the apparent
power of the stator can be expressed again in consideration
of the unbalanced system:

3 ”
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3, . . .
—2 (e]wetvzqs + eijwetVZqS) ’ (e]wEI’.quJreﬂwgtiZqS) M

In addition,

— : noo__ .n . n
Vqu - VZS + JVZS’ vdqs = Vgs + ]vqs’
Dy .. n _mn .
ldqs - lZs + qus’ ldqs = lgs + ]lqs'

VOLUME 8, 2020

Figure 3 shows the extraction process for the negative
sequence components of the rotor dq-axis currents [24].

Egs. (2) and (3) can be obtained by expressing the instan-
taneous active and reactive power of the stator by expanding
Eq. (1) as shown in the following [35]-[38]:

Py(t) = Py + Pycos2 COSQRwet) + Pysin2 sin(2wet) (2)
Os(t) = 050 + Oycos2 COSQwet) + Ossin2 sin(2wt) (3)

The average and double frequency components of the active
and reactive power can be written as follows:

n

P SO VZS VZS vds VV%S

n n ;
Pycos2 Vs Vqs VZS qs l;;s

n n P
Pygino =15 Vis —Vgs VZS VZS lgs (4)
0 - Y/ vz A A i

so qs ds st ds _gs

Oscos2 VZS —VZS gs —VZS lygs
Ossin2 | —VZS —VZS VZS VZS |

As shown in Egs. (2) and (3), when an unbalance occurs in
the grid voltage, the instantaneous active and reactive power
of the stator are the direct components of Py, and Qy,. In addi-
tion, the magnitudes Pscos2, Pssin2, Oscos2, and Qgginn contain
AC components that pulsate at a frequency that is double the
power supply frequency. Because of this ripple component,
the power of the stator pulsates, unlike in the equilibrium
state. In a DFIG, the power of the stator is transferred directly
to the system, so it is necessary to remove the pulsation.
Egs. (2) and (3) indicate that a power pulsation can be reduced
by setting the magnitude of reactive power pulses to zero.

The dg-axis stator currents can be expressed as a func-
tion of the stator dg-axis flux and rotor dg-axis currents in
sequence components:

. 1 .
ldgs = 7 ()\dqs - Lmldqr) (5)
L

As described above, the DFIG control uses the stator flux
reference coordinate system. Therefore, the d-axis voltage of
each component of the positive and negative sequences is zero
except for the voltage drop owing to the stator resistance.
Therefore, assuming that the d-axis voltage of each compo-
nent of the stator is zero, the magnitudes of the pulsating com-
ponents of active and reactive power in Eq. (4) is expressed
as a function of stator voltages. Replacing the stator dq-axis
flux components, the active and reactive power components
can be expressed as shown in (6).

P, [ Zs v’is “;:1:5 vvgs
Pgcos2 Vds vqs ds qs
Py sin2 _ g VZS _st VZS VZS
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FIGURE 4. Power control diagram of rotor-side for unbalanced grid voltage.

where L is the stator inductance, L,, is the mutual inductance,
w, 1s the electric frequency of the stator variables, o, the
electric frequency of the rotor variables, v is the voltage of
the d-axis of the stator, v, is the voltage of the q axis of the
stator.

The positive sequence components of the rotor currents,
i, and i, are used to control the average torque and stator
reactive power, while the negative components i, and iy, are
used to reduce the torque and power oscillations.

To minimize the oscillations in the stator active power,
Pscos2 and Pgjo should equal zero. In this condition, the ref-
erence negative sequence components of the dq-axis rotor
currents have to be adjusted from (6) as follows:

If the reactive power oscillation is required to be elimi-
nated, then Qy.os2 and Qgsinz should equal zero. The reference
rotor currents for this are as follows:

1
B E n P n -p
g = Vp (Vsdlrd +Vsqqu)
sd
1
nk no.p _ onp
qu - vp (Vsdqu Vsqlrd) @)
sd
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The electromagnetic power of the DFIG in case of an unbal-
anced grid voltage can be expressed asshown in (8).

3L .
Po(t)=—= =" (Peo+Pec2 cOS(2w,t)+Pegp sin(2wet))

®)
2 L
_ b D non n on
where, P,y = —vg,lflr — stlqr + Vistar T Vasiar
. n n -p n n
Pecos2 = Vastar — Vdslqr + VZsldr - VZslqr
. . n:r n -p n n
Pesin 2 = Vasldr + vqslqr - Vfisldr - VZSlqr
The torque equation is expressed as shown in (9):
Peo(t)
Te(t) = pn 9
We
where p,, is the number of pole pairs.
i/
n n r
T, 3pnLim _VZs _Vgs Vds Vgs in
_ n N —
Pecos2 Tl | Ve Vis Vo Vi P
Pegsin2 s V:lls VZS —VZS —st .ir
lgr
(10)
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To minimize the torque oscillation components 7pcos2
and T2, the reference negative sequence dq-axis rotor cur-
rents can be calculated from Eq. (10) as follows:

1
Sk n P n -p
g = vp (delrd—i_vsqqu)
sd
1
Sk no.p _ np
Ly = W (vsdqu Vsqlrd) (I
sd

It is clear that Eqns. (10) and (11) are identical which means
that minimizing the torque ripples minimizes the reactive
power ripples.
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Figure 4 shows a power control diagram of the DFIG for
an unbalanced grid voltage condition. The positive sequence
components of the rotor currents iflr and i’,;,, are used to
control the average torque and stator reactive power, while
the negative components i, and 7y, are used to reduce the
torque and power oscillations.

B. GRID-SIDE CONTRO

In the stator side, the torque ripple control is applied to reduce
the torque pulsations. However, the active power ripples flow
into the grid without control that impacts the power quality
of the grid currents. Such a situation is not desirable which
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means the grid-side active power should be controlled to
compensate the ripples.

The grid positive and negative sequence components of
dqg-axis currents references that are used to reduce the stator
active power ripples can be derived as

A R A I R
ig )| | Ve Ve Ve~V 0
irdl* () B VZS - st - VZS VIa’ls _P:SZ
lZ* (t ) VZS VZS ds qus - i:cz
(12)
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where P is the power reference for a constant DC voltage.
Figure 5 shows the overall control diagram of the grid-side
converter at an unbalanced grid voltage. The current con-
troller consists of a positive sequence component controller
and a negative sequence component controller, and the volt-
age controller to control the DC-link voltage.

C. SYNCHRONIZATION PROCESS CONTROL

The synchronization process in unbalanced grid voltage is
similar to the process in balanced grid voltage except using
additional negative sequence dq-axis current controllers to
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compensate the unbalanced condition. In this case, the com-
ponents of rotor d-axis currents are controlled to regulate the
stator EMF to be as same as the grid voltage. The phase
difference between the EMF and grid voltage is compensated
by regulating the positive and negative sequence components
of d-axis of the stator voltage to be zero, equally to the grid
d-axis voltage, which produces the compensation component
86 as shown in Fig. 6. The compensation component 66y; is
then added to the slip angle to synchronize the stator voltage
with the grid voltage. Then, the switch between the stator and
grid is closed, and the generator is connected to the grid. The
active power controller is then activated to regulate both the
active and reactive power to the reference value. The overall
control system for both synchronization mode and running
mode in a balanced grid voltage is shown in Fig. 7. The pos-
itive and negative sequence components of the rotor currents
are then controlled to regulate the stator active and reactive
power and to minimize the torque ripples, respectively.

IIl. EXPERIMENTAL RESULTS

Figure 8 shows the schematic diagram of the experimental
apparatus. It can be divided into DFIG for power gener-
ation and cage induction for turbine simulator. The spec-
ifications of the DFIG and the cage inductors are shown
in Table 1 and 2 in the appendix.

The DFIG set can be further divided into an RSC and
an GSC which are Semikron’s 1200 [V] and 75 [A] IGBT
power stacks. The gate driver is a Semikron SKHI 26W
with internal insulation, and the communication with the
control board is optical wire, which prevents the trans-
fer of switching noise to the control board. Additionally,
with the purpose of controlling the amount of active and
reactive power injected into the power line, it is necessary
to measure the current and voltage in two of the phases
in the three-phase power line. The electrical signals used
are:

o Two current signals in the RSC.

« Four current and four voltage signals in the GSC.

« DC link voltage signal.

LEM’s LV25-P was used as the voltage sensor for mea-
suring DC voltage, and L55’s LA55-P was used for the
grid, rotor and stator current sensors. Grid voltage and stator
voltage were measured using a measuring transformer. Both
control boards used TI’s DSP TMS320VC33. The DSP has
32-bit floating point operations up to 120 (MFLOPS). It also
features 14-bit A/D converters, digital inputs and outputs,
and EPLDs that generate gating pulses. The switching fre-
quency of the GSC and RSC of the DFIG is 5 kHz. Since
the switching frequency is 5 kHz, the filter of the grid-side
converter uses only a boost inductor (3 mH). DFIG’s control
board has many measurement signals, so the A/D converter
has 12 channels and D/A is 4 channels.

For the experiments, the amplitudes of phase voltages e
and e, are reduced to produce an unbalanced grid voltage,
as shown in Fig. 9 (a). The stator and rotor currents are shown
in Fig. 9(b) and (c).
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FIGURE 9. Unbalanced (a) grid voltages, (b) stator currents, (c) rotor
currents.

Without regulating the stator active and reactive power,
a double-frequency component fluctuates stator active and
reactive power around the average. If the DFIG is con-
trolled without any consideration of the unbalanced volt-
age, the active and reactive power oscillate around the
reference values with a double frequency, as shown in
Fig. 10 (a) and (b). The 120 Hz components of the stator
active and reactive power are clearly in the harmonic spec-
trum of Fig. 11 (a) and (b). The grid active and reactive
power will oscillate with the same frequency as shown
in Fig. 12 (a) and (b). It can be seen that the unbalanced
grid voltage causes the generator torque to have a 120 Hz
frequency.

From Figure 13 (a) and (b), it is clear that, the conventional
control scheme can’t control the stator voltage to follow the
grid voltage accurately. This drawback causes torque pulsa-
tions in the DFIG as well as power oscillations in the grid
side.

Figure 14(a) and (b) clarifies the accuracy of the pro-
posed method in synchronizing the stator voltage with the
unbalanced grid voltage, thereby reducing the DFIG torque
pulsations and grid power oscillations.

The first tested case is to eliminate the stator’s active power.
Figure 15 (a) shows the stator active power waveform after
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eliminating the double-frequency ripple component. The har-
monic spectrum with no pulsation component at 120 Hz
is shown in Fig. 16 (a). However, Fig. 15 (b) shows the

39098

300 [V] Stator
voltage .
0 [VH (\ q 2
Hk
I
=00 [X][ms] 100[ms] 200[ms]
(a)
4 [rad] Stator angle
|{ 4
0 [rad]q / 4
b ][ms] 100[ms] 200[ms]
(b) Time
FIGURE 13. Grid and stator (a) voltages (b) phase angles with a
conventional control scheme.
200 [V] Stator Voltage ‘ ‘
T ‘ }
\ \ Il \ ik
) ‘ H\}\} W
- \H \u | /U\ il !\\ M
0 {ms] 100[ms] 200[ms]
4 [rad] G d btatorangle @
a“gle M’\ ‘\‘M \\\
l \
0 [rad]-prmommsme ' \‘ ;‘ " ‘ ‘ ‘ ; / " ‘ ‘ ‘ ‘ ‘ §
\ \ \ \ ‘ ‘ ‘ ‘
“"/‘\“‘Hl /\f\
* [ra?)][ms] 100[ms] 200[ms]
(b) Time

FIGURE 14. Grid and stator (a) voltages (b) phase angles with the
proposed control scheme.

stator reactive power with noticeable ripples. Even though the
average value is zero, the 120 Hz pulse component is high,
as shown in Fig. 16 (b). Figure 15 (c) shows the torque wave-
form, which has peak-to-peak oscillations of about 1 Nm,
while the generator speed oscillations are at about 1.1 rpm,
as shown in Fig. 15 (d). Figure 16 (a) and (b) show the
harmonic spectrum of the stator active and reactive power;
respectively. The double frequency component is eliminated
from the active power as shown in Fig. 16(a), while the same
component exists in the stator reactive power in Fig. 16(b).
Figure 17 (a), (b), (c¢) and (d) show the rotor dg-axis
currents of the positive and negative components when the
stator active power ripples are controlled. It is noticeable that
the performance of the proposed controller is efficient in reg-
ulating the rotor dgq-axis currents with minimum oscillations.
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FIGURE 15. Generator speed for control eliminating ripple of stator active

power: (a) stator active power, (b) stator reactive power, (c) generator
torque, and (d) generator speed.
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FIGURE 16. Harmonic spectrum of (a) stator active power and (b) stator

reactive power.

In unbalanced grid voltage, the generator torque ripple can
be reduced by controlling the stator reactive power ripple as
shown in Fig. 18. This is the cause of the pulsation of the
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FIGURE 17. Rotor dq-axis reference and real currents of positive or
negative components in active power ripple control using PI current
controllers: (a) positive g-axis, (b) positive d-axis, (c) negative g-axis, and
(d) negative d-axis.

total generated active power owing to the characteristics of
the DFIG, and thus compensates through the GSC to prevent
the active power ripple of the stator from being transmitted
to the grid.

The stator active power, in Fig. 18(a), oscillates with
the same magnitude since the ripple components of the
stator active power are not compensated. However, the sta-
tor reactive power and torque ripple are reduced by con-
trolling the sine and cosine components in (8) and (10).
Figures 18 (b) and (c) shows the eliminated stator reactive
power and generator torque ripple; respectively. The gen-
erator speed waveform in Fig. 18(d) shows reduced oscil-
lations from the case of the conventional control method
in Fig. 15(a). The grid active power ripple (12.6 W)
in Fig. 19 (a) is reduced by compensating the stator active
power ripple (234.6 W) in Fig. 12 (b) at the GSC.
Figure 19 (c) and (d) show the reactive power of the GSC and
RSC. Since the active power pulsation is compensated in the
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FIGURE 18. Generator torque for control to eliminate ripple using MSF
current controllers: (a) stator active power, (b) stator reactive power,
(c) generator torque, and (d) generator speed.

GSC, the pulsation (202.8 Var) of the reactive power is still
in the GSC, which is transmitted to the grid. Figure 19 (e)
shows the generator torque when the GSC is controlled to
eliminate the active power pulsation of the grid side. The
pulsation of the generator torque at this time is not much
different from the one shown in Fig. 18 (c). Therefore, it can
be seen that the reactive power pulsation of the grid occurs
even if there is no reactive power pulsation of the stator, and it
can be predicted that, the average value of the reactive power
is zero, so it does not affect the power factor of the system.
In addition, the generator speed in Fig. 19(f) shows higher
oscillations more than the one shown in Fig. 18(d) because of
the higher ripple of the generator torque.

A comparison between the proposed current controller and
PI current controller is carried out to validate the robust-
ness of the MSF controller in case of torque ripple control.
Figure 20(a) shows the stator active power when a PI current
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FIGURE 19. Grid active power to control elimination of ripple of grid
active power: (a) grid active power, (b) stator active power, (c) grid
reactive power, (d) stator reactive power, (e) generator torque, and
(f) generator speed.

controller is used. The power ripple is almost same as in MSF
current controller in Fig. (18). However, the stator reactive
power in Fig. 20(b) and the torque in Fig. 20(c) has a slightly
higher ripple than the MSF controller in Fig. 18(b) and (c).
The magnitude of the double-frequency components with PI
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FIGURE 20. Generator torque for control to eliminate ripple using Pl
current controllers: (a) stator active power, (b) stator reactive power,
(c) generator torque, and (d) generator speed.

controller are 8 Var and 0.5 Nm, while in the MSF current
controller are 5 Var and 0.35 Nm. The increase in the gener-
ator torque ripple reflects on the rotating speed in Fig. 20(d)
which has an oscillation of 6 rpm compared with 4 rpm in
case of MSF current controller in Fig. 18(d).

The control accuracy and robustness of the positive and
negative dq-axis rotor currents is shown in Fig. 21. With a
proper tuning for the gain of all current controllers, the posi-
tive components control in Fig. 21(a) and (b) is similar to the
MSF in Fig. 17 (a) and (b). However, the negative sequence
components show less robustness of PI controller as shown
in Fig. 21(c) and (d). The magnitude of the peak to peak
oscillation in the g-axis is 4 A which is higher than the case
of MSF by 2 A, while d-axis current oscillation is 3 A which
is higher than the MSF by 1 A.

It is noticeable that when the stator reactive power ripple
is regulated to be minimum, the torque ripple reduced sig-
nificantly. By controlling the sine and cosine components of
the torque equation to be zero, the two negative sequence
components of the rotor reference d and g-axis currents will
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FIGURE 21. dq-axis rotor reference and real currents of positive or
negative components in torque ripple control using Pl current controllers:
(a) positive g-axis, (b) positive d-axis, (c) negative g-axis, and (d) negative
d-axis.

minimize the torque ripple. From this, it was found that the
magnitude of generator torque pulsation was related to the
magnitude of stator reactive power pulsation. On the other
hand, controlling the sine and cosine components of the stator
active power to zero will reduce the active power pulsation
without reducing the torque ripple. It can be seen obviously
that, if the control tends to reduce the torque pulsation of
the generator, the controller cannot reduce the active power
pulsation of the stator. Due to the characteristics of the DFIG
system, the active power pulsation of the stator is transmitted
to the grid and the control method of the grid-side converter
is proposed to compensate the active power pulsation in the
grid side.

Finally, applying the proposed control technique to the
DFIG wind power generation system can reduce the noise
and mechanical stress compared to the conventional control
method for the unbalanced power supply, and improve the
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power generation reliability of the power generation system
by controlling the grid-side converter.

IV. CONCLUSION

In this paper, MSF current controllers for RSC and GSC are
designed and implemented for the generator torque pulsation
and grid active power elimination of a DFIG under unbal-
anced operating conditions. Under an unbalanced grid volt-
age, the torque and power oscillations were fully defined, and
the control targets to improve the system operation were dis-
cussed. The GSC outer DC link voltage controller is PI con-
troller while the inner positive and negative dqg-axis current
controllers are MSF controllers. The proposed control algo-
rithm separates the rotor current into positive and negative
sequence components, to reduce the generator torque ripple,
grid active power ripple and the DC-link voltage pulsation.
The RSC is controlled to track the maximum power point
with minimum torque ripple by using PI controllers while the
inner current controllers are MSF controllers to regulate the
rotor positive and negative dq-axis currents. While in the time
of connecting DFIG to the grid, the RSC regulates the stator
g-axis voltage components to reduce the impacts on the DFIG
or grid in the synchronization time. The cascaded PI and MSF
controllers guarantee strong and superior dynamics and fast
transient responses.

By eliminating the generator torque pulsation, the stator
reactive power pulsation was also eliminated. The grid power
ripple is reduced to minimize the impacts of unbalanced volt-
age and currents on the grid. The analysis and experimental
results showed that the proposed MSF current controllers of
a DFIG can effectively suppress twice-multiplied frequency
pulses of the electromagnetic torque, reactive power, and the
active grid power under an unbalanced grid voltage.

The study presented a comparison between the conven-
tional PI current controller and the MSF controller. After
tuning the PI current controllers, the DFIG system runs in
the same conditions in which the MSF current controllers
are used. When the MSF current controller is compared to
PI current controller, the first show better performance in
the negative sequence components of rotor current control.
In addition, the double frequency components in the stator
reactive power and generator torque are higher in PI controller
which indicates the superiority of the MSF current controller
over the conventional PI controller. The slow dynamic per-
formance of two consecutive PI controllers and the compli-
cations of tuning the controller gains deteriorate increase the
currents and torque oscillations in an unbalanced grid voltage
system which uses 4 current controllers in controlling the
positive and negative components of rotor dg-axis currents.

APPENDIX

The specifications for the induction machine used for testing
are as follows: three-phase, four poles, 230 [V], 50 [Hz],
3 [kW].
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TABLE 1. Parameters of the turbine blade mode.

Parameters Value

Blade radius 0.95 [m]
Max. power conv. coeff. 0.45
Optimal tip-speed ratio 7

Cut-in speed 4 [m/s]

Rated wind speed 13 [m/s]

TABLE 2. Parameters of the 3 kW Squirrel-Cage Induction Generator.

Parameters Value
Stator resistance 0.93 [Q]
Rotor resistance 0.533 [Q]
Iron loss resistance 190 [Q]
Stator leakage inductance 0.003 [H]
Rotor leakage inductance 0.003 [H]
Mutual inductance 0.076 [H]
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