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Direct Active and Reactive Power Control of DFIG
for Wind Energy Generation
Lie Xu, Senior Member, IEEE, and Phillip Cartwright

Abstract—This paper presents a new direct power control (DPC)
strategy for a doubly fed induction generator (DFIG)-based wind
energy generation system. The strategy is based on the direct control of stator active and reactive power by selecting appropriate
voltage vectors on the rotor side. It is found that the initial rotor
flux has no impact on the changes of the stator active and reactive
power. The proposed method only utilizes the estimated stator flux
so as to remove the difficulties associated with rotor flux estimation. The principles of this method are described in detail in this
paper. The only machine parameter required by the proposed DPC
method is the stator resistance whose impact on the system performance is found to be negligible. Simulation results on a 2 MW
DFIG system are provided to demonstrate the effectiveness and
robustness of the proposed control strategy during variations of
active and reactive power, rotor speed, machine parameters, and
converter dc link voltage.
Index Terms—Direct power control (DPC), doubly fed induction
generator (DFIG), direct torque control, voltage source converter,
voltage vector.
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NOMENCLATURE
Stator, rotor voltage vectors.
Stator, rotor current vectors.
Stator three-phase currents.
Rotor three-phase currents.
Stator, rotor angular frequency.
Stator active and reactive power.
Mutual inductance.
Stator, rotor leakage inductance.
Stator, rotor self inductance.
Stator, rotor resistance.
Stator, rotor flux linkage vectors.
Stator, rotor flux angles in the rotor frame.
Phase angle between the rotor and stator flux
vectors.
Active and reactive power states.
Machine pole pairs.

S p , Sq
p
Superscripts
s
Stationary reference frame.
r
Rotor reference frame.
Subscripts
α, β
α–β axis.
s, r
Stator, rotor.
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Fig. 1.

Schematic diagram of DFIG-based wind generation systems.

I. INTRODUCTION
UE to the increasing concern about CO2 emissions, renewable energy systems and especially wind energy generation have attracted great interests in recent years. Large wind
farms have been installed or planned around the world and the
power ratings of the wind turbines are increasing. For many wind
farms, wind turbines based on the doubly fed induction generator (DFIG) technology with converters rated at about 25%–30%
of the generator rating are used. Compared to wind turbines using fixed speed induction generators, DFIG-based wind turbines
offer several advantages including variable speed operation, and
four-quadrant active and reactive power capabilities. Such system also results in lower converter costs and lower power losses
compared to a system based on a fully fed synchronous generator
with full-rated converter. A schematic diagram of a DFIG-based
wind energy generation system is shown in Fig. 1.
Conventional design of DFIG control systems is based on
rotor current vector control with d–q decoupling [1]–[3]. The
control system is usually defined in the synchronous d–q frame
fixed to either the stator voltage [1], [2] or the stator flux [3]
and it involves relatively complex transformation of voltages,
currents and control outputs among the stationary, the rotor and
the synchronous reference frames. This conventional method
requires accurate information of machine parameters such as
stator, rotor resistance and inductance, and mutual inductance,
etc. Thus, the performance is degraded when the actual machine
parameters differ from those values used in the control system.
In addition, the rotor current controllers need to be carefully
tuned to ensure system stability and adequate response within
the whole operating range.
Direct torque control (DTC) of induction machine drives was
developed in the mid 1980s [4], [5]. The DTC method controls
the machine torque directly by selecting appropriate voltage
vectors using the stator flux and torque information. The stator
flux is usually calculated by integrating the stator voltage.
One of the main problems associated with the basic DTC
scheme is that its performance deteriorates during starting and
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very-low-speed operation. This is largely due to the fact that
the method repeatedly selects zero voltage vectors at low speed
resulting in flux level reduction owing to the stator resistance
drop [6]. Many effects have been proposed to address this
problem such as using a dither signal [7], a modified switching
table in order to apply all the available voltage vectors in
appropriate sequence [8], or predictive techniques [9]. Apart
from induction machines, DTC has also been applied to control
permanent magnet synchronous motors [10] and switched
reluctance motors [11].
Based on the principles of DTC for electrical machine drives,
direct power control (DPC) for three-phase PWM rectifiers was
proposed in [12]–[14]. In [12], the converter switching states
were selected from an optimal switching table based on the instantaneous errors between the reference and estimated values
of active and reactive power, and the angular position of the
estimated converter terminal voltage vector. The converter terminal voltage was estimated using the dc link voltage and converter switching states. Thus, no voltage sensor was required.
In [13], instead of using the angular position of the voltage
vector proposed in [12], the position of the virtual flux, which
is the integration of the converter output voltage, was used. A
phase-locked loop (PLL) was also proposed for detecting the
position of the virtual flux to provide improved system performance under distorted or unbalanced voltage supply. In [14],
output regulation subspace (ORS) was used to modify the original voltage vector position for selecting the switching states to
improve the system performance, especially under distorted or
unbalanced supply conditions.
In [15], DTC was used to control a DFIG. The converter is
connected to the rotor side within a DFIG system, and hence
the rotor flux was estimated. The rotor flux reference was calculated based on the required operating power factor. A switching
vector was then selected from the optimal switching table based
on the estimated rotor flux position, the torque and the rotor flux
errors. Since the frequency of the rotor supply, which is equal
to the DFIG slip frequency, could become very low, the rotor
flux estimation method presents difficulties and its accuracy is
significantly affected by the machine parameter variations. Furthermore, the calculation of the rotor flux reference according
to the required power factor also requires the reference of actual
parameters and therefore has the same problem.
This paper proposes a new DPC control strategy for a DFIGbased wind energy generation system. The control method is
based on the stator flux and the only machine parameter required
is the stator resistance. Simulation results on a 2 MW DFIG
generation system are presented to demonstrate the performance
of the proposed control strategy during variations of rotor speed,
active and reactive power, machine parameter, and converter dc
link voltage.
II. DYNAMIC BEHAVIOR OF A DFIG IN THE ROTOR
REFERENCE FRAME
The equivalent circuit of a DFIG expressed in the rotor reference frame (αr –βr frame) rotating at a speed of ωr is shown
in Fig. 2. As it is shown, in the rotor reference frame, the stator
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Fig. 2.

Equivalent circuit of a DFIG in the rotor reference frame.

Fig. 3. Relation of stator and rotor flux linkage vectors in stationary and rotor
reference frames.

and rotor flux linkage vectors can be expressed as
ψsr = Ls I rs + Lm I rr
ψrr = Lr I rr + Lm I rs .

(1)

According to (1), stator current can be calculated as
I rs =

Lr ψsr − Lm ψrr
ψsr
Lm ψrr
=
−
Ls Lr − L2m
σLs
σLs Lr

(2)

where σ = (Ls Lr − L2m )/Ls Lr is the leakage factor.
From Fig. 2, the stator voltage vector is expressed as
V rs = Rs I rs + ψ̇sr + jωr ψsr .

(3)

Based on Fig. 2 and (3), the stator active power input from
the network can be expressed as

3
3
Rs I rs + ψ̇sr + jωr ψsr · I rs .
Ps = V rs · I rs =
(4)
2
2
Neglecting the stator copper loss, (4) becomes

3 r
Ps =
ψ̇s + jωr ψsr · I rs .
2

(5)

Similarly, the stator reactive power output to the network is
given by

3
3 r
Qs = − V rs × I rs = −
(6)
ψ̇s + jωr ψsr × I rs .
2
2
The relationship between the stator and rotor flux in the stationary α–β and rotor αr –βr reference frames is shown in Fig. 3.
As shown, the stator and rotor flux in the rotor αr –βr frame can
be expressed as
ψsr = |ψsr | · ej θ s

(7a)

ψrr = |ψrr | · ej θ r

(7b)
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while the transformation of the stator flux in the two reference
frames is given by
ψsr = ψss · e−j ω r t .

(7c)

According to Fig. 3, the following relation also exists
θ̇s = ω1 − ωr .

(8)

In the stationary reference frame, the stator flux can be expressed as [4]

s
(9)
ψs = (V ss − Rs I ss ) dt.
Neglecting the stator resistance and assuming the ac network
connected to the stator is well balanced and the rotor speed
does not change within the sampling period considered which
is usually true due to the relatively large inertia of the wind
turbine, then from (7c)




 
|ψsr | = ψss e−j ω r t  =  V ss dt = constant
d |ψsr |
= 0.
dt

(10)

Differentiating (7a) and taking into account (8) and (10) yield
ψ̇sr = |ψsr | j θ̇s ej θ s = j (ω1 − ωr ) ψsr .

(11)

As shown in Appendix A, substituting (2) and (11) into (5)
and (6) results in the stator active power input and reactive power
output as
3 Lm
ω1 |ψsr | |ψrr | sin θ
2 σLs Lr


Lm r
3 ω1
|ψsr |
|ψr | cos θ − |ψsr |
Qs =
2 σLs
Lr
Ps = −

(12)
(13)

where θ = θr − θs is the angle between the rotor and stator flux
linkage vectors.
Differentiating (12) and (13) results in the following equations
3 Lm
d (|ψrr | sin θ)
dPs
=−
ω1 |ψsr |
dt
2 σLs Lr
dt
3 Lm
dQs
d (|ψrr | cos θ)
=
.
ω1 |ψsr |
dt
2 σLs Lr
dt

Fig. 4. (a) Two-level converter. (b) Voltage vectors and the control of flux
using voltage vectors.

(14)

According to (14), it can be seen that fast active and reactive power changes can be achieved by changing |ψrr | sin θ and
|ψrr | cos θ, respectively. From Fig. 3, |ψrr | sin θ and |ψrr | cos θ
represent the components of the rotor flux ψrr at the perpendicular and the same direction of the stator flux respectively. This
indicates that, if the change of the rotor flux is at the stator flux
direction, i.e., |ψrr | cos θ reactive power Qs is changed. Alternatively, if the change of the rotor flux is at 90◦ to the stator flux
direction, i.e., |ψrr | sin θ active power Ps is changed. The initial
position of the rotor flux and its amplitude do not directly affect
the active and reactive power changes.

III. ROTOR FLUX CONTROL USING VOLTAGE VECTORS
For a two-level converter shown in Fig. 4(a), each of the threephase outputs va , vb , and vc can have two levels, i.e., +Vd and 0.
The output three-phase voltages can be represented by a voltage
vector and according to the output voltage levels of each phase,
there are eight voltage vectors available [16], [17]. Fig. 4(b)
shows these eight voltage vectors noted as V0 (000)–V7 (111)
where the binary numbers in the parentheses express the switching pattern in the phase sequence (a, b, c) and the subscript of V
is the decimal expression of the binary number. “1” means the
top switch is on and the output voltage is Vd while “0” means
the bottom switch is on and the output voltage is zero. Among
the eight voltage vectors, two are zero voltage vectors (V0 and
V7 ) and six are active vectors (V1 −V6 ).
As shown in Fig. 2, similar to the stator flux, the rotor flux of
a DFIG in the rotor αr –βr frame can be expressed as
dψrr
= V rr − Rr I rr
dt

(15)

Neglecting the effect of rotor resistance Rr , (15) indicates
that the variation of rotor flux is determined by the applied rotor
voltage. The rotor flux moves at the direction of applied rotor
voltage vector and its speed is proportional to the amplitude of
the voltage vector applied. Therefore, by selecting appropriate
voltage vectors, the movement of the rotor flux can be controlled.
The selection of the voltage vector also depends on the location
of the flux linkage and the αr –βr plane is divided into six regions
(I–VI) as shown in Fig. 4.
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IV. DIRECT ACTIVE AND REACTIVE POWER CONTROL
A. Impact of Voltage Vectors on Active and Reactive Power
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TABLE I
EFFECT OF VOLTAGE VECTORS ON INPUT ACTIVE AND OUTPUT REACTIVE
POWER (↑= INCREASE; ↓= DECREASE)

According to (15), Zero voltage vectors stall the movement
of the rotor flux if the voltage drop across the rotor resistance is
neglected. If the rotor flux stalls, there are
d |ψrr |/dt = 0,

dθr /dt = 0.

(16)

Substituting (16) into (14) and taking into account θ = θr −
θs yield
dPs
3 Lm
=
ω1 |ψsr | |ψrr | cos(θr − θs )(ω1 − ωr )
dt
2 σLs Lr
dQs
3 Lm
=
ω1 |ψsr | |ψrr | sin(θr − θs )(ω1 − ωr ).
dt
2 σLs Lr
(17)
Equation (17) indicates that the effect of zero space vectors on the active and reactive power largely depends on the
sign of (ω1 − ωr ). Under normal generation mode, rotor flux
always leads the stator flux, i.e., θr > θs . Therefore, for supersynchronous operation, i.e., rotor speed higher than stator speed
(ωr > ω1 ), zero voltage vectors reduce the active power input
and reactive power output and vice versa for sub-synchronous
operation (ωr < ω1 ).
As described in the previous sections, an active voltage vector moves the rotor flux in the same direction as that of the
voltage vector. If the stator flux position is known, the changes
of |ψrr | sin θ and |ψrr | cos θ can be identified for each rotor voltage vector. Thus, according to (14), the impact of each voltage
vector on active and reactive power in each 60◦ region can be
calculated. Only the stator flux position is required as the initial
rotor flux is irrelevant to the changes of the active and reactive
power.
With a DFIG, the rotor flux can be calculated by integrating (15). However, as the rotor voltage has low fundamental
frequency the use of integrators does not achieve satisfactory
results. This is due to the factor that errors at very low frequency caused by the difference of the actual value of Rr and
the one used in the calculation, can cause the integrators to
saturate. Based on (1), an alternative method could be used
ψrr =

Lm r Ls Lr − L2m r
ψ +
Ir .
Ls s
Ls

(18)

However, (18) requires the stator, the rotor and the mutual
inductance and using this method may result in an accuracy
which is significantly reduced when these inductance values
used in the calculation deviate from their real values.
Since the proposed method only uses the stator flux, it removes the problems associated with the estimation of the rotor
flux.
Thus, the effects of the eight voltage vectors on active and
reactive power for each 60◦ region now can be identified and
they are shown in Table I.

B. Stator Flux Estimation
In order to calculate the stator flux linkage vector in the rotor
reference frame, its value in the stationary reference frame is
estimated first. It is then transformed into the rotor αr –βr frame
using the information of rotor position which, in practice, is
normally obtained via a shaft encoder.
In the stationary reference frame, the stator flux linkage is
estimated using the following equation:

s
(19)
ψs = (V ss − Rs I ss )dt
Since the stator voltage is relatively harmonic-free and its
frequency is fixed, the above equation can provide an accurate
estimation of the stator flux.
The stator flux linkage vector in the rotor reference frame
is calculated according to (7c) also using the measured rotor
position.
C. Direct Active and Reactive Power Control
In order to achieve high dynamic control of active and
reactive power, the active and reactive power states and stator
flux position are used to determine which voltage vector is
applied. Two three-level hysteresis comparators are used to
generate the respective active and reactive power states Sp and
Sq as Fig. 5 shows.
As previously described, zero voltage vectors have different
impact on active and reactive power for different operating rotor
speeds. Due to the presence of rotor resistance, the impact of
zero voltage vectors becomes more complicated especially when
the rotor speed approaches the synchronous speed. Therefore,
zero voltage vectors will not be used except when both active
and reactive power states are zero.
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Active and reactive power hysteresis control.

TABLE II
OPTIMAL SWITCHING TABLE

Fig. 7.

Schematic diagram of the simulated system.

Finally, the optimal switching states are fed to the converter to
provide the control required to reduce the power errors.
V. SIMULATION RESULTS

Fig. 6.

Schematic diagram of the proposed DPC for a DFIG system.

Based on the above analysis, the optimal switching table
is arranged and it is shown in Table II. The selection of the
alternative two zero voltage vectors during Sq = 0 and Sp = 0
is used to reduce the switching frequency by switching only one
phase leg. Fig. 6 shows the schematic diagram of the proposed
DPC strategy.
As shown in Fig. 6, the three-phase ac voltages and currents of
the stator are measured and transformed into the stationary α–β
reference frame. The active and reactive power are calculated
and the stator flux is then estimated. The rotor speed/position is
measured and is used to transform the stator flux from the α–β
frame to the rotor αr –βr frame. The calculated active and reactive power are compared to their reference values and Sp and Sq
are generated. The two active and reactive power states are then
fed to the optimal switching table together with the calculated
stator flux position to obtain the appropriate switching states.

Simulation of the proposed control strategy for a DFIG-based
generation system was carried out using PSCAD/EMTDC and
Fig. 7 shows the schematic diagram of the system implemented.
The DFIG is rated at 2 MW and its parameters are given in
the Appendix B. The nominal dc link voltage is set at 1200
V and the dc capacitance is 16 000 µF. A simple RC filter is
connected to the stator as shown in Fig. 7 to absorb the switching
harmonics generated by the converters. The rotor side converter
is used to control the DFIG stator active and reactive power
based on the proposed DPC strategy. During simulation, the
sampling frequency is 20 kHz and the bandwidths of the active
and reactive power hysteresis controllers are set at ±4% of the
rated generator power of 2 MW. The main objective of the grid
side converter is to maintain a constant dc link voltage and it is
controlled using a similar method as the dc voltage controller in
a VSC Transmission system [18] and the shunt converter in an
UPFC [19]. The switching frequency for the grid side converter
is 1950 Hz and the series reactor is 0.25 mH.
The grid side converter is enabled first, such that the common dc link voltage is regulated. The DFIG stator is then energized with the rotor rotating at a set speed and the rotor side
converter disabled. This process is not shown in the following
results.
First, the DFIG was assumed to be in speed control, i.e., the rotor speed is set externally, as the large inertia of the wind turbine
results in slow change of rotor speed. The rotor side converter
was enabled at 0.2 s with the initial stator active and reactive
power references being −2 MW and −0.66 Mvar, respectively
(“−” refers to generating active power and absorbing reactive
power). Simulations of various active and reactive power steps
with constant rotor speed were carried out and the results are
shown in Fig. 8 (A) and (B) for rotor speeds of 1.0 and 1.2 p.u.,
respectively, where the synchronous speed is defined as 1 unit.
The active and reactive power references were step changed
from −2 to −1 MW at 0.4 s and from −0.66 to +0.66 MVar
at 0.6 s, respectively. The effectiveness of the proposed control
strategy is clearly indicated in Fig. 8. The responses of both
active and reactive power during step change of their references
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Fig. 8. Simulated results under various stator active and reactive power steps and constant rotor angular speed (A) 1.0 p.u., and (B) 1.2 p.u.: (a) Three-phase
stator current (kA); (b) three-phase rotor current (kA); (c) stator active power input (MW) and reactive power output (MVar); (d) dc link voltage (p.u.).

Fig. 9. Simulated results under various stator active and reactive power steps and rotor speed variation (A) without stator resistance error and (B) with 90% stator
resistance error: (a) Three-phase stator current (kA); (b) three-phase rotor current (kA); (c) stator active power input (MW) and reactive power output (MVar);
(d) dc link voltage (p.u.); (e) rotor speed (p.u.).
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Fig. 10. Comparison of system responses with and without stator resistance
error. (A) Without error. (B) With 90% error.

are within a few milliseconds. There is no over shoot of either
the stator/rotor currents or the active/reactive power.
Simulations with various power steps and rotor speed variation have been carried out to further test the proposed control
schemes. Fig. 9(A) shows the simulation results with the stator
resistance used in the flux estimation matching the real value
of the DFIG. As shown, during the period of 0.3–0.7 s, the
rotor speed increases from 0.8 to 1.2 p.u. Various power steps
are also applied, i.e., active and reactive power references are
changed from −2 to −1 MW at 0.4 s and from −0.66 to +0.66
MVar at 0.6 s, respectively. Again the response of the system is
satisfactory.
The robustness of the DPC strategy is studied using the error of the stator resistance whose value used in the stator flux
observer shown in (19) is reduced to 10% of its real value. For
the same operation conditions as those shown in Fig. 9(A), the
simulated results are shown in Fig. 9(B). Comparing Fig. 9(A)
with Fig. 9(B), there is hardly any difference and even with the
large error of the stator resistance value used, the system maintains superb performance under both steady state and transient
conditions. This is further proved in Fig. 10, which compares
the response of the system at around 0.4 s with and without
stator resistance error.
Further tests with the DFIG being in torque control, i.e., the
speed is the result of stator/rotor voltage/current and the mechanical torque which is specified by external input to simulate
the torque from the turbine. Fig. 11 shows the simulated results
when the input mechanical torque step changed at 0.1 s from 0.3
to 1 p.u. The active power output reference from the DFIG is
calculated from the optimal power-speed curve [1]. The lumped
inertia constant of the system is set to a relatively low value in
the study to reduce the simulation time. As can be seen, when the
mechanical torque increases, the rotor speeds up and the active
power generated by the DFIG according to the optimal operation
curve also increases. The reactive power reference is changed
from 0 to +0.66 MVar at 0.3 s. Fig. 11 clearly shows that the
operation of the system is satisfactory during torque variation.
The robustness of the proposed DPC was also tested with converter dc voltage variation. This was achieved by degrading the

Fig. 11. Simulated results with step change of mechanical input torque at 0.1 s
(from 0.3 to 1.0 p.u).

Fig. 12. Simulation results with imperfect dc link voltage [same operating
condition as that shown in Fig. 8(B)].
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Fig. 13.
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Variation of converter switching frequency with active, reactive power, and rotor speed. (a) Q = −0.66 Mvar. (b) Q = 0. (c) Q = +0.66 Mvar.

performance of the grid side converter such that under transient
conditions the dc voltage can vary significantly. The results are
shown in Fig. 12 for the same operating condition as that shown
in Fig. 8(B). Compared Fig. 12 with Fig. 8(B), it can be seen
that the impact of dc voltage variation on both the dynamic and
stead state performances of the DPC strategy is negligible.
In a practical system, a shaft encoder is normally used to
obtain the rotor angle and this can be achieved to a very high
accuracy. Further tests were carried out with induced rotor angle
error equivalent to one pulse period of a 5000 pulses per revolution encoder, i.e., electric angle of 0.144◦ for a 4-pole DFIG.
It showed that the impact of such angle error on the system
performance is also negligible.
As the converter’s switching states are determined by the stator active and reactive power errors and stator flux position, the
converter average switching frequency is not fixed and could
vary with the variations of operating conditions. The impacts
of machine parameters, the machine operation conditions such
as the rotor speed, the stator active and reactive power, and the
hysteresis bands on the converter switching frequency is complicated and their relationship are highly nonlinear. The work
is currently ongoing and the full results will be reported in the
future. Fig. 13 shows the variations of converter switching frequency with active power, reactive power, and rotor speed. As
can be seen, reactive power has little influence on the switching
frequency. The impact of active power on converter switching frequency becomes significant only when the rotor speed
approaches the synchronous speed. The development of DPC
with constant switching frequency such as the approach adopted
in [20] is also ongoing.

VI. CONCLUSION
A new direct active and reactive power control strategy for
a DFIG system has been proposed in this paper. The method
selects appropriate voltage vectors based on the stator flux position and active and reactive power errors. Thus, the difficulties
associated with the rotor flux estimation are removed. The only
machine parameter required by the DPC strategy is the stator resistance whose impact on the system performance is negligible.
An optimal switching table has been derived and two three-level
hysteresis comparators are used to determine the power errors.
Simulation results presented confirm the effectiveness and robustness of the proposed DPC strategy during various operating

conditions and variations of machine parameter and converter
dc link voltage.
APPENDIX A
STATOR ACTIVE POWER INPUT AND REACTIVE
POWER OUTPUT
Substituting (2) and (11) into (5) yields

3 r
Ps =
ψ̇s + jωr ψsr · I rs
2
 r

ψs
3
Lm ψrr
r
r
= [j(ω1 − ωr )ψs + jωr ψs ] ·
−
2
σLs
σLs Lr
 r

ψs
3
Lm ψrr
= (jω1 ψsr ) ·
−
2
σLs
σLs Lr


Lm ψrr
3
= − jω1 ψsr ·
2
σLs Lr
=−

3 Lm
ω1 (jψsr · ψrr )
2 σLs Lr

(A1)

According to Fig. 3, (7a) and (7b), the above equation can be
expressed as
Ps = −

3 Lm
ω1 |ψsr | |ψrr | sin θ
2 σLs Lr

(A2)

where θ = θr − θs is the angle between the rotor and stator flux
linkage vectors as illustrated in Fig. 3.
Similarly, substituting (2) and (11) into (6) results in the DFIG
output reactive power as

3 r
Qs = −
ψ̇s + jωr ψsr × I rs
2
 r

ψs
3
Lm ψrr
= − [j(ω1 − ωr )ψsr + jωr ψsr ] ×
−
2
σLs
σLs Lr
 r

r
ψs
Lm ψr
3
−
= − (jω1 ψsr ) ×
2
σLs
σLs Lr



Lm r
3 ω1
=
ψr − ψsr
(jψsr ) ×
(A3)
2 σLs
Lr
Taking into account Fig. 3, (7a) and (7b), the above equation
can be expressed as


Lm r
3 ω1
|ψsr |
|ψr | cos θ − |ψsr |
(A4)
Qs =
2 σLs
Lr
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TABLE III
PARAMETERS OF THE DFIG SIMULATED
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