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Abstract—This paper proposes enhanced hysteresis-based cur-
rent regulators in the field-oriented vector control of doubly fed
induction generator (DFIG) wind turbines. The proposed control
scheme is synchronized with the virtual grid-flux space vector,
readily extractable by a quadrature phase-locked loop (QPLL)
system. Identical equidistant-band vector-based hysteresis current
regulators (VBHCRs) are then used to control the output currents
of the rotor-side and grid-side converters. The proposed hysteresis-
based technique has excellent steady-state performance and re-
veals several advantages in comparison with the commonly used
proportional-integral (PI) current regulator, including very fast
transient response, simple control structure, and intrinsic robust-
ness to the machine parameters variations. Moreover, the fixed
hysteresis bands in VBHCRs are replaced with equidistant bands
to limit the instantaneous variations of the switching frequency and
reduce the maximum switching frequencies experienced in the con-
verters. Extensive simulation studies are carried out for a 1.5 MW
DFIG-based wind turbine to examine the operation of the proposed
vector control scheme under changing wind speed and compare its
transient and steady-state performances with the conventional PI
current regulators.

Index Terms—Doubly fed induction generator (DFIG), equidis-
tant hysteresis bands, grid-flux orientation, vector-based hysteresis
current regulator.

NOMENCLATURE

Vectors and Symbols
V, I, Φ Voltage, current, and flux vectors.
ω, θ Angular speed and angle.
Lm ,Lσ Mutual and leakage inductances.

Subscripts
d−q Synchronous grid-flux frame.
s, r, g Stator, rotor, and grid.
x−y Rotor frame.
α−β Stationary frame.

Superscripts
a, s, r, e Arbitrary, stationary, rotor, and grid-

flux reference frames.
∗ Reference value for the controllers.
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I. INTRODUCTION

THE past decade has seen the emergence of wind as the
world’s most dynamically growing energy source. Wind

energy conversion systems (WECS) are mainly divided into
fixed- and variable-speed technologies. Variable-speed WECS
have recently become more popular due to several advantages
compared to the fixed-speed concepts, including maximized
power capture, reduced mechanical stresses imposed on the tur-
bine, improved power quality, and reduced acoustical noise [1].
The variable-speed technologies can be further subdivided into
two major concepts: synchronous generators with full-scale con-
verters and doubly fed induction generators (DFIGs). For high-
power applications, the DFIG concept is more economically
viable as it implements back-to-back voltage source converters
(VSCs) rated at 30%–35% of the generator size for a given rotor
speed variation range of ±25%.

Field-oriented vector control, using rotational transforma-
tions, and linear proportional-integral (PI) controllers, has so far
proved to be the most popular technique used in DFIG-based
wind turbines [2]–[4]. In this double-closed-loop approach, the
outer power control loop is employed to attain an independent
control over the active and reactive powers of the machine.
Synchronous-frame PI current controllers are then used in cas-
cade with the outer control loop to regulate the rotor output cur-
rent. The phase angle of the stator-flux space vector is usually
used in the literature for the controller synchronization, esti-
mated through an open-loop observer [4]–[7]. However, if the
stator-flux-oriented frame (SFOF) is adopted, the overall per-
formance of the vector control scheme will be highly dependent
on the accurate detection of the stator-flux position. This can be
a critical problem under the distorted supply voltage condition
or varying machine parameters. The virtual grid-flux-orientated
frame (GFOF) has been introduced to address this problem [6].
In this method, the stator resistance is neglected as compared
to the stator reactance, and the grid voltage vector is assumed
to be vertically positioned with respect to the stator-flux space
vector. Therefore, simple phase-locked loop (PLL) systems can
be used to readily extract the synchronization signal from the
grid voltage signal. It is also proven that by using the GFOF,
the system stability and damping are independent of the rotor
current [7].

On the other hand, there are two drawbacks associated with
implementing PI current regulators in DFIG-based wind tur-
bines: the discrete operation of the converters is not taken into
account and the DFIG is modeled as a linear time-invariant (LTI)
system. Based on these simplifying assumptions, the gains of
PI controllers are tuned using the small signal analysis of the
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nonlinear equations describing the DFIG behavior [8], [9]. Con-
sequently, the system formulation is only valid around a specific
operating condition and the response will deviate if the opera-
tion point varies. This will lead to the nonoptimal behavior of
the overall control scheme over a wide operation range. The
problem becomes especially crucial for wind generator appli-
cations, where the machine are required to properly function
at the operating points largely deviated from the nominal con-
dition, e.g., voltage sag/swell conditions requested in modern
grid codes [10]. Therefore, the gains of the PI controller must
be carefully designed with a tradeoff between maintaining the
system stability over the whole operation range and achieving
adequate dynamic response under transient conditions. This will
noticeably degrade the transient performance of the overall vec-
tor control scheme and jeopardize the stability of the controller
under changing operation conditions.

Nonlinear control approaches, such as direct torque/power
control (DTC/DPC) methods, have been proposed to address
the aforementioned problems [11]–[13]. In these techniques,
the current control loop is eliminated and the control signal (the
output voltage) is directly selected from a look-up table, aimed
to control both active and reactive powers during a sample time.
The main advantages of DTC/DPC methods are the enhanced
transient response, minimum use of the machine parameters,
and noncomplex control structure. However, there is always a
significant torque/power ripple due to the high bandwidth of
the controller, the converter switching frequency varies depend-
ing on the operation conditions, and the controller performance
may deteriorate during the machine starting and low-speed oper-
ations. Modified methods have been proposed to overcome these
problems [14]–[18], but extra drawbacks were introduced, such
as the inclusion of additional PI controllers [15], [16], reduced
robustness to the machine parameters variations [14]–[16], and
complex online calculation requirements [17], [18].

Based on the same principle used in DTC/DPC, Xu et al. have
suggested replacing the conventional PI current regulator with
a nonlinear predictive current regulator [19]. The proposed cur-
rent regulator calculates the variation of the rotor current vector
at the end of each fixed sampling period and based on the esti-
mated error, the output voltage vector of the rotor-side converter
(RSC) is selected to eliminate the current errors at the end of the
following sample period. Finally, the gating signals of the RSC
are generated by a space vector modulation (SVM) unit. This
method is fully compatible with digital control platforms and
shows a very fast transient response and an excellent robustness
under various operation conditions. However, its performance
depends on the accurate estimation of the machine parameters
and it suffers from a complex control structure.

This paper overcomes the aforementioned deficiencies by
implementing equidistant-band vector-based hysteresis current
regulators (VBHCRs) in the vector control of DFIG wind tur-
bines. This current regulator was originally proposed by the
authors for the conventional VSCs, showing a superior per-
formance under the steady-state and transient operation con-
ditions [20]. It was demonstrated that the proposed VBHCR
retains the inherent advantages of the conventional hysteresis
method (such as the excellent transient performance, simple

Fig. 1. Equivalent circuit of the DFIG system.

hardware implementation, outstanding stability, and robustness
to the machine parameters variations), but removes its severe
disadvantages in three-phase applications (such as very high av-
erage switching frequency (ASF) and large oscillations in the
output current) [20]. Moreover, the proposed VBHCR is supe-
rior to other vector-based methods proposed in the literature,
since it avoids the redundant control actions observed in [21]
and [22], has a simpler structure as compared to [23], and sup-
presses the current vector oscillations more effectively than the
methods reported in [24] and [25]. The fixed hysteresis bands
in the proposed VBHCR are replaced with equidistant bands
to limit the instantaneous variations of the switching frequency
and reduce the maximum switching frequencies (MSFs) expe-
rienced in the converters.

II. DFIG SYSTEM MODELING

The DFIG-based WECS are constituted of a wound-rotor
induction machine (WRIM) mechanically coupled to the wind
turbine. The stator winding is directly connected to the coupling
transformer, whereas the rotor winding is connected through
back-to-back partial-scale VSCs. A common dc-link capacitor
is placed between the RSC and the grid-side converter (GSC).
In this technology, the machine operation is fully controlled
through the RSC, while the GSC is mainly targeted to keep
the dc-link voltage constant. This section presents the machine
and GSC modeling, followed by the discrete formulation of the
output voltage vectors of converters.

A. Machine Modeling

Induction machines are usually modeled using the well-
known “T-form” equivalent circuit with self- and mutual induc-
tances [2]–[4]. However, the T-form equivalent circuit is more
complex than necessary. Therefore, this paper uses a more con-
venient “Γ-form” equivalent circuit without losing the model
accuracy [26]. The Γ-form equivalent circuit is graphically pre-
sented in Fig. 1 (the machine-side), where ω is the angular speed
of the arbitrary reference frame. According to this model, the
stator and rotor voltage vectors are defined by

Va
s = RsIa

s +
dΦa

s

dt
+ jω · Φa

s (1)
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Va
r = RrIa

r +
dΦa

r

dt
+ j(ω − ωr ) · Φa

r (2)

and the flux vector are defined by

Φa
s = Lm (Ia

s + Ia
r ) = Lm Ia

m (3)

Φa
r = Lσ Ia

r + Lm (Ia
s + Ia

r ). (4)

Using (3) and (4), the rotor flux vector can be eliminated in
(2), giving

Va
r = RrIa

r + Lσ
dIa

r

dt
+

dΦa
s

dt
+ j(ω − ωr ) · (Lσ Ia

r + Φa
s ).

(5)
Also, the output power of the stator winding can be expressed

as follows:

Sa
s = Ps + jQs = −1.5Va

s · Îa
s (6)

where ˆ is the complex conjugate operator.

B. GSC Modeling

The GSC mainly aims to keep the dc-link voltage constant
while if desired, it can also provide a limited reactive power
support. According to dc-side model shown in Fig. 1, the dif-
ferential equation describing the capacitor voltage is given as
follows:

CVdc
dVdc

dt
= Pr − Pg . (7)

In (7), the rotor power Pr is an independent variable that is
controlled by the outer power control loop of the RSC. There-
fore, the dc-link voltage can be controlled only through the GSC
active power Pg . If the power losses in the ac filter of the GSC
are neglected, the output power of the GSC can be defined as
follows:

Sa
g = Pg + jQg = 1.5Va

g · Îa
g . (8)

Also, referring to the GSC-side model in Fig. 1, the voltage
equation of this converter in the arbitrary frame can be expressed
by

Ea
g = RgIa

g + Lg

dIa
g

dt
+ Va

g . (9)

From (9), it can be observed that the operation of the GSC is
identical to the conventional grid-connected VSCs [20].

C. Discrete Formulation of the Output Voltage
Vectors of Converters

The power circuit of the RSC is shown in Fig. 2(a). At each
instant, the output voltage vector of the converter is defined
based on the three-phase gating signals, i.e., S∗

a , S∗
b , and S∗

c . In
phase a, the current is flowing through the upper switch (S1)
if S∗

a = 1. Otherwise, the lower switch (S4) is conducting, the
phase current (S∗

a = 0). Using the same definitions for phases
b and c, the output voltage vector generated by the RSC can be
defined by

Vr =
1
3
Vdc[(2S∗

a − 1) + exp(j2π/3) · (2S∗
b − 1)

+ exp(−j2π/3) · (2S∗
c − 1)]. (10)

Fig. 2. (a) Power circuit of the RSC. (b) Discrete representation of the RSC
output voltage vector.

TABLE I
THREE-PHASE SWITCHING STATES, RSC OUTPUT VOLTAGE

VECTOR, AND RESPECTIVE x–y COMPONENTS

If all the possible combinations of gating signals are con-
sidered in (10), eight switching states, and consequently, eight
output voltage vectors are obtained, given by{

Vr =
2
3
Vdc exp(j(k − 1) · π/3), k = 1, 2, . . . , 6

Vr = V0 = V7 = 0.
(11)

Based on (11), the available discrete output voltage vectors
consist of six nonzero (V1 − V6) and two zero (V0 and V7)
voltage vectors, defined in Table I and displayed in Fig. 2(b) [20].
Similar discrete definitions can be developed for the GSC.

III. PROPOSED VECTOR CONTROL SCHEME OF DFIG

A. Grid-Flux Orientation

The SFOF is the most popular synchronization technique
used in the vector control of DFIG-based wind turbines. In this
method, the d-axis of the synchronous frame is fixed to the stator-
flux space vector and rotates anticlockwise at the speed of ωs , as
displayed in Fig. 3(a). However, this synchronization technique
needs the accurate estimation of the stator-flux space vector at
each instant. As an alternative, if (1) is rewritten in the stationary
frame, it can be observed that the space vectors of Vg and Φs

are positioned almost orthogonally, with a small drift due to the
voltage drop across the stator resistance. In medium and large
induction machines, the stator resistance is very small compared
to the stator reactance (Rs ≤ 0.01Ls ). Therefore, the q-axis of
the stator-flux frame is practically aligned with the grid-voltage
space vector, and in turn, the instantaneous position of the grid
voltage vector can be used for the synchronization without any
significant error [27]. Instead of directly using the grid volt-
age vector, this paper utilizes the virtual grid-flux space vector
(Φg ) to fully acknowledge the principle of the vector control
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Fig. 3. Phasor diagrams for field-oriented vector control of DFIG. (a) Con-
ventional SFOF. (b) Proposed GFOF.

method that requires a flux-linkage space vector for the syn-
chronization [5], [6]. In this method, the d-axis of the proposed
synchronous frame will be aligned with the nonmeasurable grid
flux space vector, as shown in Fig. 3(b). Note that unlike the
conventional stator-flux-orientation approach, the phase angle
of the proposed synchronous frame can be readily extracted us-
ing a well-known PLL system, since the grid-voltage and the
grid-flux space vectors are positioned vertically. Therefore, the
space vector relationships between the stationary frame, the ro-
tor frame rotating at ωr , and the grid-voltage frame rotating at
ωs can be defined by

Fe = Fs · e−jωs t = Fs · e−jθs (12)

Fr = Fe · ej (ωs −ωr )t = Fe · ejθs l ip (13)

where F represents a voltage, current, or flux space vector.
Conventional PLL techniques cannot present accurate phase-

angle estimation under asymmetrical fault conditions because
the second harmonics produced by the negative-sequence com-
ponent of the grid voltage will propagate through the PLL sys-
tem and will be reflected in the extracted phase angle [28]. To
avoid this problem, a quadratic PLL (QPLL) system, with an
outstanding immunity to noise, harmonic, and unbalance dis-
tortions, has been used in this paper [29]. The proposed QPLL
system produces a clean synchronization signal extracted from
the positive-sequence component of the grid voltage. Structural
simplicity and performance robustness are other salient features
of the proposed QPLL.

B. Vector Control of the RSC

The stator voltage vector in the virtual GFOF can be expressed
by Ve

s = jVsq , as shown in Fig. 3(b). Therefore, based on (6),
the active and reactive powers of the stator winding can be
defined as follows [4]:

Ps = −1.5Vsq Isq = 1.5Vsq Irq (14a)

Qs = −1.5Vsq Isd = 1.5Vsq

(
Ird − Vsq

ωsLm

)
. (14b)

From (14), it can be observed that the independent control of
the stator active and reactive powers can be achieved through
regulating the q and d components of the rotor current vector,
respectively. Therefore, the RSC controller can be configured,
as shown in Fig. 4.

1) Clarke’s transformation is used to obtain the vector rep-
resentation of the measured three-phase signals, i.e., to
convert from (Is−3ø and Vs−3ø) to (Vs

s and Is
s) and from

Ir−3ø to Ir
r .

2) The rotor angle is directly measured using a high-
resolution position encoder, whereas the synchronizing
signal (the grid-voltage phase angle) is extracted using the
QPLL system.

3) The stator voltage and stator current vectors are trans-
formed from the stationary frame to the GFOF, using (12).

4) Using (14a) and (14b), the active and reactive powers pro-
duced in the stator winding are calculated and compared to
their command values. The command signal of the active
power (P ∗) is calculated based on the optimal power–
speed curve given by the wind turbine manufacturer and
the angular speed of the rotor at each instant (ωr ) [30]. On
the other hand, the Q∗ signal is usually defined based on
the grid-code requirements imposed by the system opera-
tor [10].

5) The error signals ΔPs and ΔQs are fed to the PI control
blocks in order to calculate the I∗rq and I∗rd signals, respec-
tively. The rotor command vector (Ie∗

r ) is then transformed
from the GFOF to the rotor reference frame, using (13).

6) Finally, the rotor command vector (Ir∗
r ) along with the

measured current vector (Ir
r ) are fed to the proposed

hysteresis-based current regulator to directly generate the
appropriate gating signals for the RSC.

C. Vector Control of the GSC

The GSC is controlled using a similar grid-flux-oriented vec-
tor control scheme. If (8) is rewritten in the GFOF, the active
and reactive powers of the GSC can be obtained as follows:

Pg = 1.5Vgq Igq (15)

Qg = 1.5Vgq Igd . (16)

Substituting (15) in (7) defines the variations of the dc-link
voltage as follows:

CVdc
dVdc

dt
= Pr − 1.5Vgq Igq . (17)

In (17), the grid voltage is constant under normal operation
conditions and the rotor power is to be controlled by the RSC.
Thus, the variation of the dc-link voltage can be only controlled
through the q component of the GSC current (Igq ). On the other
hand, the reactive power of the GSC is controlled through the
d component of the current vector. Therefore, the GSC vector
controller can be configured, as shown in Fig. 4.

1) Two PI control blocks are used to calculate the I∗gq and
I∗gd current components from the error signals of ΔVdc

and ΔQg , respectively.
2) The GSC current command vector (Ie∗

g ) is transferred from
the GFOF to the stationary frame, using (12).

3) Finally, Clarke’s transformation is used to obtain the
vector representation of the measured GSC three-phase
current (Is

g−3φ ). The consequent current vector (Is
g ) along

with the current command vector (Is∗
g ) are fed to the
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Fig. 4. Schematic diagram of the proposed grid-flux-oriented vector control scheme for DFIG-based WECS.

proposed equidistant-band VBHCR to generate appropri-
ate gating signals in the GSC.

IV. IMPLEMENTATION OF THE PROPOSED VBHCR IN DFIG

Two identical equidistant-band VBHCRs have been used to
control the output current of the RSC and GSC. It was discussed
that the utilization of the proposed current regulator in the GSC
is similar to the conventional grid-connected VSCs. This issue
has been comprehensively studied in [20] and is not repeated
here. Instead, this paper explores the principle and the practical
implementation of the proposed VBHCR in the RSC of DFIG-
based WECS.

A. Principle of the Proposed VBHCR Implemented in the RSC

The proposed VBHCR is designed to control the output cur-
rent of the RSC in the rotor reference frame. Therefore, the RSC
output voltage must be expressed in the x–y frame. Substituting
ω = ωr in (5) results in

Vr
r = RrIr

r + Lσ
dIr

r

dt
+

dΦr
s

dt
. (18)

If the current error vector is defined as Ir
r,e = Ir∗

r − Ir
r , the

differential equation describing this vector can be derived as
follows:

Lσ

dIr
r,e

dt
+ RrIr

r,e = Lσ
dIr∗

r

dt
+ RrIr∗

r − (Vr
r − er

0) (19)

where er
0 = dΦr

s/dt is the back electromotive force (EMF) volt-
age vector. Based on (19), the current error vector changes with
the time constant of Lσ/Rr and is influenced by the current
command vector and its derivative, as well as, the RSC output
voltage and the back EMF voltage vectors. If the rotor resistance
is neglected in (19), the desired output voltage vector to nullify
the current error vector can be expressed by

Vr∗
r = er

0 + Lσ
dIr∗

r

dt
. (20)

Fig. 5. Derivatives of the current error when the Vr ∗
r vector is located in

Sector I.

Substituting (20) in (19) gives

Lσ

dIr
r,e

dt
= Vr∗

r − Vr
r . (21)

From (20) and (21), it is clear that the information about
back EMF voltage vector and derivative of current command
vector are required to nullify the tracking error in the RSC.
However, it is not practically easy to measure the back EMF
voltage vector or current derivatives. An indirect technique has
been used in this paper to tackle the problem and extract the
required information from the desired output voltage vector
[24]. Suppose that the Vr∗

r space vector is located in Sector I
in Fig. 2(b). Based on (21), the error derivative vectors with
respect to various output voltage vectors of the RSC (V0 − V7)
can be defined, as shown in Fig. 5. Small current deviations
(dIr

r,e/dt) are required to follow the current command with
the minimum possible switching frequency. That is, the voltage
space vectors adjacent to Vr∗

r must be applied in the RSC to
attain the desired optimal switching pattern, e.g., V1 , V2 , V0 ,
and V7 in Sector I. If this switching pattern is to be generated in
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Fig. 6. (a) Implementation of the proposed VBHCR in the RSC. (b) Four-level hysteresis comparator.

the RSC, the two adjacent nonzero voltage vectors along with
V0 and V7 are the only vectors that will be selected to reduce
the tracking error. Therefore, the resulting switching pattern will
be similar to the well-known SVM technique under the steady-
state condition [24]. On the other hand, for fast tracking response
under transient conditions, nonzero voltage vectors with high-
current error derivatives must be applied to force the RSC output
current inside the hysteresis bands as fast as possible. Note that
the proposed switching method operates based on the sector
position of the Vr∗

r vector, not the exact value of the vector.

B. Practical Implementation of the Proposed VBHCR

Referring to Table I, it is observed that the output voltage
vector of the RSC can have four and three different values in
the x- and y-axes, respectively. This fact can be used to equally
divide the rotor complex frame into six 60◦ sectors, as shown
in Fig. 2(b). Accordingly, the proposed VBHCR employs four-
level and three-level hysteresis comparators for the x- and y-
current tracking errors, as displayed in Fig. 6(a). Digital outputs
of comparators (Dx and Dy ) are then fed to the switching table in
order to calculate the RSC output voltage vector at each instant.
Fig. 6(b) shows the practical implementation of the four-level
hysteresis comparator, with the overall bandwidth of δ + Δδ
used in the x-axis.

The bandwidths of hysteresis comparators are tuned based
on the tracking accuracy requested from the current regula-
tor. Smaller hysteresis bands give more restricted oscillations
in the RSC output current, but it is achieved at the expense of
higher switching frequencies. Therefore, there is always a trade-
off between the controller tracking accuracy and the consequent
switching frequency.

It can be observed that the proposed current regulator is a
robust method because it only uses local measurements of the
current and is independent of system parameters. Also, it has
inherent current limiting properties and very fast transient re-
sponse, since it directly controls the instantaneous value of the
rotor current. The implementation of this method is very simple
and the computation time minimal [20].

For every one-sixth of the fundamental period, both x and
y comparators remain in one specific hysteresis loop, which
can be used to detect the sector position of the Vr∗

r vector.
Then, zero voltage vectors and two nonzero voltage vectors
adjacent to Vr∗

r will be selected to reduce the tracking error of
the RSC. For example, suppose that x and y comparators are
located in the middle and the top hysteresis loops, respectively,

TABLE II
SWITCHING TABLE FOR THE PROPOSED VBHCR

i.e., Dx = 1 or 2 and Dy = 1 or 2. According to Table II, the
Vr∗

r position is detected in Sector II and the optimal voltage
sequence of V0 , V2 , V3 , and V7 will be selected to be applied
in the RSC. Under these circumstances, if ex = I∗x − Ix and
ey = I∗y − Iy hit the higher hysteresis bands of δ + Δδ/2 and
δ +Δδ, respectively, digital outputs of comparators will become
equal to Dx = 2 and Dy = 2. This requires the V2 voltage
vector to be generated by the RSC in order to increase both
x and y components of the rotor current. Likewise, if Dx =
1 and Dy = 2, the V3 vector must be applied to reduce the
Irx component and simultaneously increase the Iry component.
Zero voltage vectors must be selected in other cases. Further
reduction in the switching frequency can be attained by the
appropriate selection of the zero voltage vector between V0 and
V7 . The V0 vector must be chosen if the present output voltage
vector of the RSC is equal to V1 , V3 , or V5 . In this case, only
one inverter leg must be switched to obtain the zero voltage
vector in the RSC output. In the same way, the V7 vector will
be selected if the RSC state comes from V2 , V4 , or V6 .

As the time passes, either the x or y comparator will move
to the next hysteresis loop. This indicates that the position of
the Vr∗

r vector has changed to the next sector in the rotor
frame; therefore, a new optimal switching sequence must be
selected from Table II. The resulting switching pattern will be
constituted of six four-state optimal voltage vectors sets, which
matches with six 60◦ sectors of the fundamental period. It is,
therefore, clear that the proposed VBHCR generates an optimal
switching pattern similar to the widely used SVM technique
that significantly reduces the ASF of the RSC and suppresses
the oscillations in the output current vector.

C. Equidistant Hysteresis Bands

The proposed VBHCR considerably reduces the ASF by the
systematic application of zero voltage vectors. However, the in-
stantaneous switching frequency varies widely during the funda-
mental period and may exceed the safety limits of the converter
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switches (insulated gate bipolar transistors) at certain condi-
tions, specifically near the zero crossing points of the reference
current. Therefore, lock-out circuits must be incorporated to
limit the MSF, leading to severe current distortions and large er-
ror overreaches. This problem partly arises from uneven lateral
distance of hysteresis bands during the fundamental period. Very
high switching frequencies occur around zero crossing points
because the lateral distance of hysteresis bands is much smaller
near those points as compared to the peaks of the reference cur-
rent. Two types of variable hysteresis bands have been proposed
in the literature to address this problem and reduce the MSF of
converter: adaptive and equidistant hysteresis bands. The former
removes interphases dependency and achieve fixed switching
frequency with low-current ripples [31]–[33]. However, adap-
tive hysteresis bands typically require extra signal processing
and complex control structure, suffer from stability problems,
and show degraded transient performance [33]. The equidistant
hysteresis bands, on the other hand, are very simple methods
to reduce the MSF and limit the instantaneous variations of
the switching frequency of converter [34]. Fixed switching fre-
quency is not achieved, but the simplicity, outstanding stability,
and very fast transient response of the conventional hysteresis
method are retained. It is evident that the vector-based method
and equidistant hysteresis bands are complementary when ap-
plied to the converters of DFIG.

In this paper, the fixed hysteresis bands in the proposed
VBHCR are replaced with the equidistant bands introduced
in [34]. In this method, a suitable percentage of the band height
is subtracted at areas close to the peaks, giving almost even
lateral distance from upper and lower bands during the funda-
mental period. The equidistant hysteresis band (λ′) is defined by

λ′ =
λ

1 − k
[1 − |k sin(θr )|] (22)

where k is a constant with the optimal value of 0.3 [34]. If
the equidistant bands defined in (22) are used in the proposed
VBHCR, a more homogenous switching pattern will be gen-
erated with smaller variations of the instantaneous switching
frequency over the fundamental period and smaller MSFs near
the zero crossing points of the reference current.

V. SIMULATION RESULTS

Simulation studies have been carried out in the three main
directions listed in [35]: 1) the operation of the proposed vector
control scheme under changing wind speed is thoroughly exam-
ined; (2) the steady-state performance of the proposed VBHCR
is compared with the widely used PI current regulator; and
3) the transient responses of current regulators are compared
under asymmetrical grid fault condition.

Fig. 7 shows the schematic diagram of the simulated system
with the parameters given in the Appendix. Equidistant hys-
teresis bands have been used in the simulation studies and the
bandwidths of comparators are set to δ = Δδ + Δδ = 0.02 p.u.
in the RSC and δ = Δδ = 0.0125 p.u. in the GSC, respectively.
Using these parameters, an acceptable tradeoff between the cur-
rent tracking accuracy and the consequent switching frequency
has been obtained in the RSC and GSC.

Fig. 7. Circuit diagram of the simulated network.

A. Operation Under Changing Wind Speed

In the first step, the mechanical input torque to the DFIG is
externally specified in order to emulate the power extracted by
the wind turbine. Also, the lumped inertia constant of the system
is intentionally set to the very small value of 0.025 s to have
similar mechanical and electrical time constants and obtain a
better illustration. Figs. 8 and 9 show the simulation results with
a ramped-up wind speed between 0.3 and 0.5 s and a step change
in the reactive power command to –0.2 MVAR at t = 0.7 s.

For 0.1< t <0.3 s, the wind speed is equal to 7.8 m/s, the
machine rotates at ωr = 0.9 p.u. based on the simulated optimal
power–speed curve, and the active power of 0.4 MW is generated
in the stator winding. However, since the DFIG rotates at subsyn-
chronous speed with s = +0.1, 10% of the active power gener-
ated in the stator winding is fed back to the machine through the
converters [30]. Accordingly, the proposed grid-flux-oriented
vector control scheme regulates (Ird and Irq ) to (0.35, 0.3)
p.u. and (Igd and Igq ) to (0, –0.02) p.u., in order to attain the
desired active and reactive powers production in the stator wind-
ing and the GSC. The three-phase rotor current (Ir−3ϕ ) rotates
with the slip frequency of 5 Hz (ωslip = ωs − ωr = 0.1 p.u.),
whereas the GSC current (Ig−3ϕ ) always has the fundamental
frequency of 50 Hz, imposed by the grid. Therefore, the posi-
tion of Vr∗

r and Vs∗
g voltage vectors change in an incremental

order from Sector I to Sector VI with fr = 0.1 p.u. = 5 Hz and
fg = 1.0 p.u. = 50 Hz, respectively.

As the wind speed ramps up to 10.5 m/s between t = 0.3 and
0.5 s, the rotor accelerates from 0.9 to 1.2 p.u. and the active
power production of the DFIG system increases to 0.9 MW.
The machine operates in the supersynchronous mode; thus, the
active power is delivered to the grid through both stator and
rotor windings (Ps = 0.75 MW and Pg = 0.15 MW). Note that
changes in the active power of the stator winding and the GSC
have been obtained through the variations in q components of
the command current signals, while the d components are kept
constant. Similarly, the I∗rd component has been decreased from
0.35 to 0.1 p.u. at t = 0.7 s to change the reactive power of
the stator winding from 0 to –0.2 MVAR. This demonstrates
the independent control of the active and reactive powers by the
proposed grid-flux-oriented vector control scheme.

For t > 0.5 s, the three-phase rotor current rotates with the
frequency of 10 Hz (ωslip = ωs − ωr = −0.2 p.u.), where the
negative sign of the slip frequency is manifested in the reversal
of the sequence of the three-phase current flowing in the rotor
winding (from a–b–c to a–c–b). As a result, the Vr∗

r position
rotates clockwise from Sector VI to Sector I with f = 10 Hz,



230 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 26, NO. 1, JANUARY 2011

Fig. 8. Simulation results when the wind speed varies from 7.8 to 10.5 m/s. (a) Wind speed. (b) Rotor speed. (c) Active/reactive powers in the stator winding.
(d) Active/reactive powers in the GSC. (e) RSC current vector in the GFOF. (f) GSC current vector in the GFOF. (g) 3-Phase rotor current (Ir

r−3Φ ). (h) Stator
phase curent (Is

s−Φ ). (i) Region of the V r ∗
r vector. (j) Region of the V s∗

g vector.

while the Vs∗
g position still changes incrementally from Sector I

to Sector VI with f = 50 Hz. It is finally worth noting that during
the synchronous operation around t = 0.4 s, no active power is
transferred from back-to-back converters connected to the rotor.
Therefore, the GSC current amplitude decreases to almost zero
and the Vr∗

r position is held unchanged in Sector I.
Simulation results, presented in Fig. 8, show the excellent

tracking performance of the proposed current regulator under
extremely demanding conditions, i.e., under very fast variations
of the wind speed over short period of time (0.2 s). Similar
observations can be made for the DFIG operation under random
wind speed variations in longer periods of time.

Fig. 9 shows the detailed operation of the proposed
equidistant-band VBHCR subjected to a step change in I∗rd at
t = 0.7 s. Both x and y comparators are first located in the lowest
hysteresis loop, i.e., Dx = 0 or 1 and Dy = 0 or 1. According
to Table II, this indicates that the Vr∗

r vector is positioned in
Sector IV and the optimal switching sequence of V0 , V4 , V5 ,
and V7 is selected to be applied in the RSC. In this case, Fig. 9(a)
and (b) shows that the proposed VBHCR effectively keeps the
tracking error (ex and ey ) within the inner hysteresis bands of
δ. The digital outputs of multilevel comparators and the conse-
quent switching pattern of the RSC are shown in Fig. 9(c) and
(d), respectively. It is clear that under the steady-state condition,

the zero voltage vectors are systematically applied in the RSC
for most of the time, leading to a drastic reduction in the switch-
ing frequency of the RSC. Then, the I∗rd changes at t = 0.7 s
and the Vr∗

r location jumps to Sector I due to the second term
in (21). Under this transient condition, the proposed current
hysteresis-based regulator selects the nonzero voltage vectors
(e.g., the V2 vector) to quickly force the RSC output current
vector back inside the hysteresis bands within a very short re-
sponse time of 2 ms. Thereafter, the steady-state operation of
the current regulator is followed in Sector III.

B. Comparison of the Steady-State Performances

The steady-state performances of the proposed VBHCR and
the commonly used PI current regulator have been compared in
terms of the harmonic distortions of the DFIG output current and
the ASFs of converters. Optimal tuning of the PI controller gains
is essential to attain an accurate comparison between the current
regulators. Therefore, internal-mode control (IMC) is first used
to have an educated guess about the PI gains, where the optimum
bandwidth of the current control loop is estimated equal to
0.8 p.u., i.e., 10%–90% rise time of 10 ms [36]. Then, numerous
trail-and-error simulation sets were conducted to obtain the most
optimized gains in the PI units.
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Fig. 9. Detailed operation of the proposed VBHCR subjected to a step change
in I∗r d (zero voltage vectors are shown as V0 for the sake of calrity). (a) Irx

and its corresponding hysteresis bands. (b) Ir y and its corresponding hysteresis
bands. (c) Digital outputs of multi-level hysteresis comparators. (d) Output
voltage vector of the RSC (V r

r ).

The harmonic content of the DFIG output current varies with
the rotation speed of the machine and the most severe harmonic
distortion is expected at the highest slip values when a larger
proportion of the total machine current is transferred through the
back-to-back converters. Therefore, the rotor speed has been set
to 1.25 p.u. to examine the output current of the DFIG under the
most severe operation condition. Fig. 10 shows the harmonic
spectra when different current regulators have been used in the
RSC and GSC (dashed lines show the IEEE Standard limits).
In case of the PI current regulator, the total harmonic distor-
tion (THD) is equal to 3.2% with a well-predictable frequency
spectrum, where harmonic components only exist at frequency
orders of nfsw ± 1 (e.g., 23rd, 25th, 47th, 49th, etc.) [20]. In
contrast, the proposed equidistant-band VBHCR gives an output
current with harmonic components spread over a wide frequency
range and the THD of 4.1%. However, the THD level and the
amplitudes of the individual harmonic components are still be-
low the permitted distortion limits suggested in IEEE Standard
15471 and IEC Standards [37], [38].

Fig. 11 shows the number of switching in phase “a” of the
RSC using different current regulators. The simulation time
frames are set equal to twice the fundamental period of the

rotor current, i.e., equal to 0.8 and 0.16 s when the DFIG
operates with s = 0.05 and 0.25, respectively. It can be seen
that for the VBHCR, the switching frequency stops rising for
half of the fundamental period, as can be seen in the switching
Table II [20]. ASFs of the RSC and GSC with various cur-
rent regulators are summarized in Table III. It is evident that:
1) the PI current regulator gives a fixed switching frequency
specified by the carrier waveform, e.g., 1200 Hz in this study;
2) the switching frequency of hysteresis-based methods varies
with the rotation speed of the machine; 3) the highest switching
frequencies will be observed when the converters are controlled
by the conventional hysteresis method and the DFIG operates
with high-slip values; (4) the switching frequency of the GSC
is always larger than the RSC because more limited hystere-
sis bands have been used in the GSC; 5) the ASFs decrease
by 30%–60% if the proposed vector-based current regulator is
implemented in the RSC and GSC; and 6) a further reduction
of 10%–30% can be attained when the fixed hysteresis bands
are replaced with the equidistant bands. The main conclusion is
that the proposed equidistant-band VBHCR will generally lead
to smaller ASFs as compared to the conventional PI current
regulator because wind generators are designed to rotate close
to their synchronous speed for the most prevalent wind speed
of the site. Further simulation studies have shown that by using
equidistant hysteresis bands, the proposed current regulator can
satisfactorily operate with the MSF limited to 6 kHz. This figure
will increase to 10 kHz when the conventional fixed bands have
been used in the proposed VBHCR.

C. Comparison of the Transient Performances

The transient responses of current regulators have been eval-
uated by simulating a single-phase to ground fault in the grid
for 0.1< t < 0.3 s. Passing through the YΔ transformer, this
fault causes a 60% type C voltage dip at the machine terminals,
as shown in Fig. 12(a) [39]. Note that the outer power control
loop has been deactivated and the rotor speed is fixed at 1.2 p.u.
to perform an accurate comparison between the inner current
control loops. Fig. 12(b) shows the rotor phase current when the
conventional PI current regulator is used in the RSC. It can be
seen that large transient overshoots with f = fr = 60 Hz will
appear in the rotor current at the fault onset, originated from the
natural flux response [40]. In addition, the negative-sequence
component of the grid voltage produces a 50% double-frequency
ripple with f = fs + fr = 2.2 p.u. = 120 Hz in the rotor wind-
ing. The conventional PI current regulator cannot suppress these
oscillations because this type of current regulator, with very lim-
ited control bandwidth, is not designed to provide the tracking
speed required for high-frequency negative- and zero-sequence
components. In contrast, the very fast transient response of the
proposed VBHCR can handle the fault condition and effectively
eliminate the transient overshoots or double-frequency ripples
that tend to appear in the rotor winding during the dip. Fig. 12(c)
shows that the operation of the proposed VBHCR is essentially
independent of the grid voltage waveform.

On the other hand, it is well known that the negative-
sequence currents are needed in the RSC and GSC to suppress
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Fig. 10. Harmonic spectrum of the DFIG ouput current with (a) PI current regulator with fsw = 1200 Hz. (b) Proposed equidistant-band VBHCR (dashed line:
harmonic limits specified in [37]).

Fig. 11. Number of switching in phase “a” of the RSC when DFIG operates with (a) s = 0.05 and (b) s = 0.25.

Fig. 12. Operation of various current regulators subjected to the single-phase
to ground fault. (a) 3-Phase supply voltage. (b) PI current regulator. (c) Proposed
VBHCR. (d) Current regulator error.

TABLE III
ASF IN THE RSC AND GSC USING VARIOUS CURRENT REGULATORS

the torque/active power oscillations and enhance the fault ride-
through capability of the DFIG under various fault condi-
tions [41]. Current regulators with complex control structure,
e.g., additional negative-sequence control loop or resonant com-
pensators, have been proposed in the literature for this pur-
pose [41], [42]. A negative-sequence component is thus added
to the reference current signal for t > 0.4 s to further examine the
transient performance of the proposed VBHCR. In this case, the
command signal is constituted of two components: the positive
sequence with f+ = fs − fr = 0.2 p.u. = 10 Hz and the high-
frequency negative sequence with f− = fs + fr = 2.2 p.u. =
110 Hz. It can be seen that the conventional PI current regu-
lator can only follow the positive-sequence component of the
command signal, whereas the proposed VBHCR can accurately
follow both the positive- and the negative-sequence compo-
nents. The tracking errors for both current regulators are shown
in Fig. 12(d).

Finally, Fig. 13 compares the operation of the conven-
tional and QPLL systems under the asymmetrical voltage dip
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Fig. 13. Synchronization signal estimated by the conventional and the QPLL
system under single-phase to ground fault.

condition. It is observed that for the conventional PLL, the nega-
tive sequence of the grid voltage causes a double-frequency rip-
ple with the error amplitude of 0.45 rad in the extracted phase
angle [28]. This erroneous estimation undermines the perfor-
mance of the DFIG vector control scheme as it produce nonsi-
nusoidal current command signals for the converters. However,
the proposed QPLL is completely unaffected to the distortion in
the grid voltage waveform.

VI. CONCLUSION

This paper proposes a novel grid-flux-oriented vector control
approach for the RSC and GSC of DFIG-based wind turbines.
The QPLL system is used to extract the synchronization signal
and equidistant-band VBHCRs are implemented to control the
output current of converters. The proposed current regulator is
comprised of two multilevel hysteresis comparators integrated
with a switching table. The main advantages of this current
regulator are the very fast transient response, simple control
structure, and intrinsic robustness to the machine parameters
variations. It also exhibits an improved steady-state performance
as compared to the conventional hysteresis method.

Simulation studies confirm the validity of the proposed grid-
flux-oriented vector control scheme under varying wind speed
conditions. It is also observed that the ASF of the proposed
VBHCR is smaller than the PI current regulator, with an ac-
ceptable harmonic distortion in the output current. Finally, the
transient responses of the proposed VBHCR and the conven-
tional PI current regulator have been compared under asym-
metrical grid fault conditions. Simulations results show that the
proposed current regulator has a superior tracking performance
that is essentially independent of the grid voltage waveform.

APPENDIX

The parameters of the simulated DFIG and wind turbine are
presented in Tables IV and V, respectively.

TABLE IV
PARAMETERS OF THE SIMULATED DFIG

TABLE V
PARAMETERS OF THE SIMULATED WIND TURBINE
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