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Abstract

This paper presents an effective rotor current controller for variable-speed stand-alone doubly fed induction generator (DFIG)
systems feeding an unbalanced three-phase load. The proposed current controller is developed based on proportional plus two
resonant regulators, which are tuned at the positive and negative slip frequencies and implemented in the rotor reference frame
without decomposing the positive and negative sequence components of the measured rotor current. In addition, the behavior of
the proposed controller is examined in terms of control performance and stability with respect to rotor speed variations, i.e., slip
frequency variations. Simulations and experimental results are shown to validate the robustness and effectiveness of the proposed
control method.
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I. INTRODUCTION

Wind energy has been known as an important and promis-
ing resource of renewable energy. An effective and suitable
selection from the various generators for wind turbine systems
should be considered carefully. Among the different wind
generators, doubly fed induction generators (DFIG) have been
widely used for many variable-speed wind turbines for both
grid-connected and stand-alone wind power generation sys-
tems [1]-[4]. The main advantages of a DFIG are well-known.
These include variable speed operation, decoupled active and
reactive power capability, and a reduced power rating around
20-30% of a machine’s rated power.

Most DFIG studies in the literature have investigated the
symmetrical network voltages or the balanced loads. In re-
ality, however, unsymmetrical conditions such as network
disturbances, unbalanced grid voltages, and unbalanced loads
happen much more frequently and therefore degrade overall
control performance and efficiency. For such DFIG systems,
if the stator voltage imbalance is not fully compensated by an
appropriate control algorithm, the stator voltage can be highly
unbalanced. Even with a small stator voltage imbalance such
a scenario will create unequal heating on the stator windings,
power loss, and torque or power pulsations, which reduce the
lifetime of the generator.

Many control systems for a grid-connected DFIG system
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under unbalanced grid voltage conditions have been widely
investigated in the literatures [5]-[8]. In [5], a detailed inves-
tigation on the impact of an unbalanced stator voltage on the
pulsations of DFIG stator and rotor currents, torque, and stator
active and reactive powers was presented. However, because
of limited and insufficient control variables on the rotor-
side converter (RSC), it was impossible to obtain adequate
control for reducing both torque and active power oscilla-
tions. To overcome this, a dual-sequence field-oriented current
controller was proposed for both the RSC and the grid-side
converter (GSC) within an unbalanced DFIG system [6]. The
paper used the so-called “signal delay cancellation” method
to separate the positive and negative sequences. However, the
control performance was degraded due to a time delay caused
by the additional decomposition process. In [7], [8], the direct
power control method with prominent features was developed
to achieve good compensation results in a DFIG under un-
balanced operation. A new method of calculating the stator
active and reactive power was proposed in [7] to avoid torque
oscillations, whereas [8] developed a new algorithm to achieve
a sinusoidal stator current exchange with the grid based on an
appropriate power reference generation strategy in the RSC.
In [9] and [10], the modeling and control of DFIG based
on the GSC for unbalanced operation were investigated for
both grid-connected and stand-alone applications. However,
no modifications were applied to the RSC. Furthermore, the
current control scheme was also based on the decomposition
of the positive and negative sequences, which made the overall
computation process more complicated.
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Fig. 1. Unbalanced stand-alone DFIG-based wind systems.

Studies associated with the DFIG above have been devel-
oped based on proportional-integral (PI) controllers that are
simple and effective in use. However, these have disadvantages
of steady state errors in amplitude and phase when regulating
the AC quantities. To overcome this drawback, a resonant
controller has been considered as a promising solution, and
proportional plus resonant regulators have been proposed in
the literature for current control at the fundamental frequency
and the selective harmonic frequencies [11]-[13]. Due to
the infinite gain at a selected resonant frequency, such a
controller is capable of completely eliminating the steady-state
control error at that specific frequency. Hence it offers good
improvement when compared to PI or PID controllers. In [14],
an improved control strategy using a PI-resonant controller
was proposed in the positive rotating reference frame for an
unbalanced DFIG system. The steady state performance of
the rotor currents was effectively achieved, and the stator
output voltages were also compensated well. However, the
major disadvantage of this strategy is that several coordinate
transformations are required for the rotor current to be con-
trolled in the synchronous frame, which can introduce errors
due to inaccurate frame identification. This disadvantage can
be removed if the rotor currents can be controlled at the rotor
reference frame instead of the positive synchronous reference
frame. However, it has been difficult to achieve satisfactory
control performance for the rotor current in the rotor reference
frame because the rotor reference frame varies due to wind
speed changes in the wind power generating systems.

In this paper, we develop an effective control strategy
using a proportional plus two resonant (P2R) regulators for a
variable-speed stand-alone DFIG system with an unbalanced
load. The two resonant regulators are tuned at the positive
and negative slip frequencies. The rotor currents are controlled
directly without involving coordinate transformations for the
measured rotor currents. The proposed control scheme is
implemented solely with respect to the RSC of the DFIG. To
demonstrate the feasibility of the controller in practical DFIG
systems, a further investigation on the control performance
and stability of the control scheme with respect to slip speed
variations is also presented in this paper. The robustness and
effectiveness of the proposed current controller are verified by
simulations and experimental verifications.

Fig. 2. The vector diagram representing the relationship between different
reference frames.

II. THE PROPOSED CONTROL TOPOLOGY

The control and operation of balanced stand-alone DFIG
systems are described in [2]. In this section, an analysis
is performed on a vector-controlled DFIG-based variable-
speed wind energy system that supplies electrical energy to
an unbalanced stand-alone load or an isolated grid. Under
this load condition, the stator voltage, current, torque, flux,
and power include both positive and negative sequence com-
ponents that cause fluctuations in the positive and negative
slip frequencies in the rotor reference frame. The following
subsection will describe the control strategy implemented in
the RSC to compensate for unbalanced stator voltages. In
addition, a method of calculating the reference rotor currents
for the proposed current controllers is also outlined.

A. Dynamic model of a DFIG

The control structure is developed based on the induction
machine dynamic model in the rotor reference frame. The
main purpose of the RSC is to control the stator voltage
magnitude and frequency. In stand-alone operations, a DFIG-
based wind energy system has to supply a constant voltage
and frequency to the stator terminals irrespective of variations
in the rotor speed. The control system for a DFIG under
an unbalanced load is developed based on the stator flux-
oriented vector control strategy. Fig. 2 shows a vector diagram
that represents the relationship between a stator stationary
frame (αsβs), a rotor frame (αrβr) rotating with an angular
speed (ωr), a positive frame (dq+) rotating with a positive
angular speed (ωs), and a negative frame (dq−) rotating with
a negative angular speed (−ωs). The superscripts + and –
represent positive and negative synchronous reference frames,
respectively. The vector F denotes the value of the voltage, the
current, or the flux in the stator flux-oriented reference frame.

Under an unbalanced load condition, the most effective
method to analyze a DFIG model is to use a positive reference
frame rotating at a speed of (ωs) and a negative reference
frame rotating at a speed of (−ωs). According to Fig. 2,
the relationship between the vector F in different frames is
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Fig. 3. The proposed current control scheme for the RSC of a DFIG under an unbalanced load condition.

illustrated as follows:

Fαrβr = F+
dq e jω+

sl t = F−dq e− jω−sl t

F+
dq = F−dq e− j2ωst

. (1)

In addition, the stator and rotor current, the voltage, and
the flux vectors F can be expressed in the rotor rotating
reference frame (αrβr) with their respective positive and
negative sequences, given as:

Fαrβr = Fαrβr++Fαrβr− = F+
dq+ e jω+

sl t +F−dq− e jω−sl t (2)

where the subscripts + and - represent the positive and negative
sequence components, respectively. The slip frequencies are
calculated as ω+

sl = ωs−ωr and ω−sl =−ωs−ωr.
According to (2), the quantities in the rotor reference frame

are the sum of the AC components with frequencies of ω+
sl and

ω−sl . As mentioned previously, the control target is developed
based on the rotor reference frame and therefore the dynamic
DFIG equations are described as follows:

vr
sαβ = Rsirsαβ +

dλ r
sαβ

dt
+ jωrλ r

sαβ (3)

vr
rαβ = Rrirrαβ +

dλ r
rαβ

dt
(4)

λ r
sαβ = Lsirsαβ +Lmirrαβ (5)

λ r
rαβ = Lrirrαβ +Lmirsαβ . (6)

From (3)-(6), the rotor voltages in the rotor reference frame
can be expressed as:

vr
rα = Rrirrα +σLr

dirrα
dt

+Lm
Ls

[
(vr

sα −Rsirsα)+ωr

(
Lsirsβ +Lmirrβ

)] (7)

vr
rβ = Rrirrβ +σLr

dirrβ
dt

+Lm
Ls

[(
vr

sβ −Rsirsβ

)
−ωr (Lsirsα +Lmirrα)

] (8)

where Rs is the stator resistance, Ls is the stator inductance,
Rr is the rotor resistance, Lr is the rotor inductance, Lm is
the mutual inductance, σ = 1−L2

m/(LrLs) represents the total
leakage factor, λ r

sαβ is the stator flux, and λ r
rαβ is the rotor

flux in the rotor reference frame. The superscript ”r” denotes
the rotor reference frame (αrβr).

A block diagram of a stand-alone DFIG with the proposed
stator voltage compensation method is presented in Fig. 3.
The magnitude of the stator voltage is controlled directly with
a given specific command value v∗s by adding an external
voltage control loop. The specific magnitude of the stator
voltage is obtained from the positive sequence components
of the measured voltage signals, given as:

vs =
√

v+2
sd++ v+2

sq+. (9)

The stator voltage control loop is implemented by using
a PI controller in order to regulate the stator voltages in a
stable manner. This control loop mainly aims to reject the
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voltage variations caused by the effects of electric loads or
speed changes.

B. Identification of reference rotor currents in the rotor refer-
ence frame

The proposed P2R controller is used to precisely track the
reference rotor currents, which are determined based on four
rotor current components, i.e., i+∗rd+, i+∗rq+, i−∗rd−, and i−∗rq−. The
desired control target is to eliminate the negative sequence
components, i.e., v−sd− and v−sq−, in the generated stator volt-
ages. Therefore, four controllable rotor current components are
implemented in the RSC to satisfy the system operation ef-
fectively. As shown in Fig. 3, the reference negative sequence
components of the rotor currents, i.e., i−∗rd− and i−∗rq−, are the
outputs of the two PI controllers. These controllers are used to
drive the negative sequence components of the stator voltage
to zero in the negative rotating reference frame. To obtain v−sd−
and v−sq−, two notch filters are used to extract the values from
their respective components in the negative rotating reference
frame.

In order to apply the P2R current controller in the rotor
reference frame, the four reference rotor current values previ-
ously determined are transformed into coordinates αrβr using
the synchronous angles θ+

sl = θs − θr and θ−sl = −θs − θr,
calculated as:

ir∗rαβ = ir∗rαβ++ ir∗rαβ− = i+∗rdq+ e jθ+
sl + i−∗rdq− e jθ−sl . (10)

III. THE PROPOSED P2R CURRENT CONTROLLER

A. The Prominent Features of the P2R Regulator

Once the reference rotor currents in the rotor rotating refer-
ence frame in (10) are obtained, they are controlled to achieve
the control target, i.e., eliminating the stator voltage imbalance.
The use of a notch filter for the purpose of decomposing
the positive and the negative sequence components of the
control variable causes time delays due to the computational
complexity and hence it degrades the system performance. The
decomposition process of the measured rotor currents can be
practically implemented by a digital notch or low-pass filters.
Under an unbalanced load condition, the control system for a
DFIG must be precisely controlled during the transient process
as well as in the steady-state. If the decomposition process
takes place in the inner current control loops, the system
stability and overall efficiency can be degraded significantly.

To improve the accuracy of the control system, the P2R
controller in the rotor reference frame was applied to the RSC
of a DFIG in this paper. One of the most prominent features of
the resonant controller is that it is capable of sufficiently track-
ing the AC reference current and therefore, it can eliminate
the steady-state control variable errors at chosen (resonant)
frequencies. The s-domain open-loop transfer function of the
proposed P2R rotor current controller is defined as follows:

Go(s) = Kp +
Krs

s2 +(ω+
sl )

2 +
Krs

s2 +(ω−sl )
2 (11)

where Kp is the proportional gain that has the same function
in the PI controller, Kr denotes the resonant gain that provides

Fig. 4. Bode diagrams of open loop PI and P2R contollers at the constant
slip frequencies.

Fig. 5. Bode diagrams of closed-loop PI and P2R controllers at the
constant slip frequencies.

the infinite gain for AC component tracking, and ω+
sl and ω−sl

are the resonant frequencies at the positive and negative slip
frequencies.

Fig. 4 describes the magnitude and phase characteristics
of the open loop transfer functions for both the PI controller
and the P2R with respect to different values of the resonant
gain Kr. The large gain adjusted at the resonant frequency
ensures that the steady-state errors in the rotor currents can
be completely eliminated. Furthermore, the selection of the
resonant gain values determines the cross-over frequency and
the dynamic response of the control system. As illustrated in
Fig. 4, a low Kr gives a very narrow bandwidth, whereas a high
Kr leads to a larger bandwidth. Fig. 5 shows a bode-diagram
of the closed-loop transfer functions of the P2R current
controller when compared with a conventional PI controller.
The gains used in both bode-diagrams are determined based
on the Naslin polynomial technique, which was introduced in
[15]. As shown in Fig. 5, the proposed controller with the
resonant controller provides more accurate control with the
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Fig. 6. The proposed P2R rotor current controller.

characteristics of unity gain (0 dB) and zero phase error at two
resonant frequencies, i.e., ω+

sl = 15π (rad/s) and ω−sl = 225π
(rad/s). In contrast, the control bandwidth of the PI controller
is not sufficient to regulate at the same resonant frequencies.
Besides, it can be observed that the accuracy of the proposed
P2R controller when compared to the PI controller is strongly
based on the performance of the resonant regulator tuned
at the negative slip frequency ω−sl = 225π (rad/s), which
is much larger than the positive slip frequency ω+

sl = 15π
(rad/s). This can be seen clearly in Fig. 5. For the sake of
simplicity, however, the positive and negative slip frequencies
in Fig. 4 and Fig. 5 are identified with a constant rotor speed
of ωr = 105π (rad/s) and a constant synchronous speed of
ωs = 120π (rad/s). To verify the good dynamic performance
of the proposed controller, further discussions associated with
the variable rotor speed operation will be introduced in the
next subsections.

B. Analysis of Control Performance

A closed-loop current control scheme in the RSC is de-
scribed in Fig. 6. In order to determine if the proposed
controller can achieve zero steady-state errors, an analytical
investigation regarding its frequency response in a closed-loop
system was employed. The closed-loop transfer function of the
control scheme is given by:

Gc(s) =
irrαβ

ir∗rαβ
=

Go(s)
(σLrs+Rr)+Go(s)

=
KpA+KrsB

A(σLrs+Rr)+KpA+KrsB
(12a)

A =
(
s2 +(ω+

sl )
2)(s2 +(ω−sl )

2) (12b)

B =
(
2s2 +(ω+

sl )
2 +(ω−sl )

2) . (12c)

By substituting s = jω+
sl and s = jω−sl into (12) respectively,

we can see that the frequency gains of the closed-loop transfer
function at the positive slip frequency ω+

sl and the negative
slip frequency ω−sl are equal to 1. Similarly the phase errors
at such frequencies are equal to 0, as computed in (13). This
means that the good performance of the control system can
be obtained with unity gains and zero phase errors at different
slip (resonant) frequencies.

Gc(s)|s= jω±sl
= 1, ∠ Gc(s)|s= jω±sl

= 0. (13)

Fig. 7. Bode diagrams of the closed-loop system corresponding to the
negative slip frequency variations.

It is concluded that the proposed controller can precisely
regulate the current control variables with zero steady-state
errors at the specific resonant frequencies ω+

sl and ω−sl , re-
gardless of the effect of the generator parameters Rr and σLr.

As mentioned in the section A, the proposed rotor current
controller should be utilized in a practical DFIG system in
which the rotor speed continuously changes due to varia-
tions in wind speed. Consequently, the positive and negative
slip frequencies to be used in the resonant controllers also
change. Assuming that the speed range of the DFIG is ±30%
around the synchronous speed, the variation ranges of the
slip frequencies are identified by ω+

sl = [−36π, 36π] (rad/s)
and ω−sl = [204π, 276π] (rad/s). As demonstrated above, the
accuracy of the proposed current controller mainly depends
on the current tracking performance in the negative slip
frequency. Therefore, Fig. 7 only shows the bode diagrams
of the proposed current controller with respect to the negative
slip frequency changing from 204π (rad/s) to 276π (rad/s)
with a step size of 10π (rad/s). As can be seen, the proposed
controller is able to obtain the unity gain and zero phase
errors under such varying resonant frequencies. As a result,
accurate control and good performance can be achieved with
the proposed control strategy even thought the rotor speed is
varying.

C. Stability Problem

A stability analysis should be considered based on the
variation margin between the lowest and highest possible rotor
speeds, which correspond to the sub-synchronous and the
super-synchronous speeds, respectively. Fig. 8 shows the root
loci of the closed-loop system in (12) with respect to the lowest
sub-synchronous rotor speed, whereas Fig. 9 shows the root
loci of the same system but at the highest super-synchronous
rotor speed. As seen in both cases, the poles of the closed-
loop system lie on the left side of the s-plane. This indicates
that the proposed current controller is effectively stable during
rotor speed variations. Therefore, this control strategy is fully
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Fig. 8. The root loci of the closed-loop system with the lowest
sub-synchronous rotor speed.

Fig. 9. The root loci of the closed-loop system with the highest
super-synchronous rotor speed.

applicable to variable-speed DFIG-based wind systems.

D. The Required Reference Rotor Voltage

The errors between the references and the measured rotor
currents are input to the P2R controllers. The required control
voltages that are applied to the converters are the outputs of
the proposed current controllers. The output rotor voltages are
determined by:

vr′
rαβ = Go(s)

(
ir∗rαβ − irrαβ

)

=
(

Kp +
Krs

s2+(ω+
sl )

2 +
Krs

s2+(ω−sl )
2

)(
ir∗rαβ − irrαβ

) . (14)

In order to improve the decoupling effect between the
components of the rotor currents, the decoupling voltage
components shown in Fig. 3 are added to (14), and the
reference voltages for the αβ components become (15) and
(16), respectively. These parameters compensate for unknown
quantities equivalent to the disturbances caused by the rotor

Fig. 10. Configuration of experimental setup

back-electromagnetic force (EMF).

vr∗
rα = vr′

rα +
Lm

Ls

[
(vr

sα −Rsirsα)+ωr

(
Lsirsβ +Lmirrβ

)]
(15)

vr∗
rβ = vr′

rβ +
Lm

Ls

[(
vr

sβ −Rsirsβ

)
−ωr (Lsirsα +Lmirrα)

]
. (16)

These are the required rotor output voltages to be applied
directly to the RSC without involving a coordinated trans-
formation to perform the control algorithm. This is the main
advantage of the controller when implementing the control
scheme in the rotor rotating reference frame.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

Simulations and experiments were carried out in order to
verify the dynamic behaviors of the proposed control method.
The simulation was performed using PSIM software. The
experimental platform was setup in a laboratory so as to
implement a DFIG system and to verify the proposed control
scheme. Fig. 10 shows the experimental setup. The system
consists of a 2.2 kW DFIG, rotated by a DC motor that is
emulated as a prime mover with torque and speed control.
The RSC is fed by an IGBT-based PWM inverter in which the
switching frequency is 10kHz. The system is developed with a
high performance DSP TMS320F28335 by Texas Instruments.
To test the dynamic performance of the proposed controller,
the generator is operated with unbalanced loads. The line to
the neutral stator voltage is controlled to be about 145V. The
unbalanced loads for the tests are the one phase imbalances
30Ω,50Ω,50Ω for each phase. Each load subset is connected
to one of the three-phase stator terminals A, B, and C.

Both the simulations and the experimental tests are imple-
mented on the RSC of a DFIG operating at constant rotor
speed of 1050 rpm. In this condition, the positive and negative
slip frequency are ω+

sl = 15π (rad/s) and ω−sl = 225π (rad/s),
respectively. Fig. 11 shows the results of the rotor currents in
the rotor rotating reference frame. As mentioned before, the
rotor currents regulated in the rotor frame include both positive
and negative sequence components. The positive sequence
component ir∗rαβ+ have a positive slip frequency of 7.5Hz and
the negative sequence component ir∗rαβ− have a negative slip
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(a) Simulated results

(b) Experimental results

Fig. 11. The response of rotor currents in the rotor reference frame.

(a) Simulated results

(b) Experimental results

Fig. 12. The steady state performance of the rotor currents and the
balanced stator output voltages.

frequency of 112.5Hz. The total reference rotor currents ir∗rαβ
are a combination of these two components, and hence their
waveform shapes have ripples, as shown in Fig. 11. It can be
seen that very good agreement can be achieved between the
simulated and the experimental results.

Fig. 12 shows the steady state performance of the measured
rotor currents irrαβ and the stator output voltages, which are
balanced by the proposed control algorithm using the P2R
regulator. These rotor currents are well regulated according to
their respective reference values. Consequently, balanced stator
voltages can also be obtained. In addition, the required output
rotor voltages to be applied to the RSC are shown in Fig. 13.
Like the rotor current waveforms, these rotor voltages also
have both positive and negative sequence components, which
are described in equations (15) and (16).

In order to test the dynamic performance of the proposed
controller, experimental tests are also performed with step
changes in the rotor currents in the rotor reference frame.
In this test, the rotor current step changes are generated by
changing the positive reference rotor currents ir∗rαβ+. As shown
in Fig. 14, the rotor currents are controlled accurately with a
fast dynamic response for both up and down changes without
any overshoots or oscillations.

Fig. 15 shows the experimental results of the dynamic
performance of the rotor current when the rotor speed changes
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(a) Simulated results

(b) Experimental results

Fig. 13. The steady state performance of the rotor currents and the
required rotor voltages in the RSC.

through the synchronous speed. In this test, the rotor speed
varied from 1030 rpm to 1310 rpm, i.e., from the sub-
synchronous speed to the super-synchronous speed. It can be
observed that the rotor current frequency, i.e., the positive slip
frequency, changed instantaneously in order to generate the
constant stator output voltage frequency. As shown in Fig. 15,
the rotor current was regulated effectively.

To verify the effectiveness of the proposed P2R current
controller, Fig. 16 shows comparative experimental results be-
tween the proposed method and the conventional PI controller
under the same conditions. The PI current controller, due to
its limited control bandwidth, gives very low performance
when regulating the rotor current in the rotor reference frame.
Meanwhile, the proposed current control with two resonant
regulators provides more adequate and accurate control. Tak-
ing into consideration the steady state errors of the rotor cur-
rent ∆irrα , it is obvious that good control performance can be
achieved with the proposed P2R current controller. Therefore,
the proposed control scheme can obtain satisfactory results in
terms of current tracking performance and unbalanced stator
voltage compensation.

V. CONCLUSIONS

This paper has presented an effective rotor current control
algorithm for an unbalanced stand-alone DFIG system. The

Fig. 14. The dynamic response of rotor current control (P2R) under the
step change of reference current.

Fig. 15. Dynamic performance of the rotor current under rotor speed
variations.

RSC is controlled to fully remove imbalances in the stator
output voltages. The proposed current control scheme is de-
veloped based on a P2R controller tuned at the positive and
negative slip frequencies. The control algorithm is examined
in the rotor rotating reference frame, directly regulating the
rotor current without involving coordinate transformations
of the measured values. Therefore, the proposed controller
can be implemented easily and accurately. Furthermore, the
proposed control scheme achieves good control performance
and stability as the rotor speed changes in a practical DFIG
system. According to the experimental results, the P2R con-
troller has been evaluated as a more suitable controller than
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(a) PI controller.

(b) P2R controller.

Fig. 16. Comparative experimental results between the PI and the P2R
current controller.

a traditional PI controller for imbalance compensation. It can
be concluded that under the proposed P2R current controller,
the control and operation of a variable-speed DFIG system
under an unbalanced load are significantly improved in terms
of regulating the rotor current and eliminating a stator voltage
imbalance.
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