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Abstract:    This paper proposes an analysis and a direct power control (DPC) design of a wind turbine driven doubly-fed in-
duction generator (DFIG) under unbalanced network voltage conditions. A DFIG model described in the positive and negative 
synchronous reference frames is presented. Variations of the stator output active and reactive powers are fully deduced in the 
presence of negative sequence supply voltage and rotor flux. An enhanced DPC scheme is proposed to eliminate stator active 
power oscillation during network unbalance. The proposed control scheme removes rotor current regulators and the decomposition 
processing of positive and negative sequence rotor currents. Simulation results using PSCAD/EMTDC are presented on a 2-MW 
DFIG wind power generation system to validate the feasibility of the proposed control scheme under balanced and unbalanced 
network conditions. 
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INTRODUCTION 
 

Wind farms based on the doubly-fed induction 
generators (DFIGs) with converters rated at 25%~ 
30% of the generator rating for a given rotor speed 
variation range of ±25% are becoming increasingly 
popular. Compared with the wind turbines using fixed 
speed induction generators or fully-fed synchronous 
generators with full-size converters, the DFIG-based 
wind turbines offer not only the advantages of vari-
able speed operation and four-quadrant active and 
reactive power capabilities, but also lower converter 
cost and power losses (Pena et al., 1996). However, 
both transmission and distribution networks could 
usually have small steady state and large transient 
voltage unbalance. If voltage unbalance is not con-
sidered by the DFIG control system, the stator current 

could become highly unbalanced even with a small 
unbalanced stator voltage. The unbalanced currents 
create unequal heating on the stator windings, and 
pulsations in the electromagnetic torque and stator 
output active and reactive powers (Chomat et al., 
2002; Jang et al., 2006; Zhou et al., 2007; Pena et al., 
2007; Hu et al., 2007; Xu and Wang, 2007; Hu and 
He, 2008). 

Control and operation of DFIG wind turbine 
systems under unbalanced network conditions is 
traditionally based on either stator-flux-oriented (SFO) 
(Xu and Wang, 2007) or stator-voltage-oriented 
(SVO) vector control (Jang et al., 2006; Zhou et al., 
2007; Hu et al., 2007; Hu and He, 2008). The scheme 
in (Jang et al., 2006; Zhou et al., 2007; Xu and Wang, 
2007; Hu et al., 2007) employs dual-PI (proportional 
integral) current regulators implemented in the 
positive and negative synchronously rotating reference 
frames, respectively, which has to decompose the 
measured rotor current into positive and negative 
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sequence components to control them individually. 
One main drawback of this approach is that, the time 
delays introduced by decomposing the sequential 
components of rotor current can affect the overall 
system stability and dynamic response. Thus, a 
current control scheme based on a proportional 
resonant (PR) regulator in the stator stationary 
reference frame was proposed in (Hu and He, 2008), 
which can directly control the rotor current without 
the need of sequential decomposition. Whereas, the 
performance of the vector control scheme highly 
depends on the accurate machine parameters such as 
stator/rotor inductances and resistances used in the 
control system. 

Similar to direct torque control (DTC) of 
induction machines presented a few decades ago, 
which behaves as an alternative to vector control, 
direct power control (DPC) of DFIG-based wind 
turbine systems has been proposed recently (Gokhale 
et al., 2002; Xu and Cartwright, 2006; Zhi and Xu, 
2007). In (Gokhale et al., 2002), the control scheme 
was based on the estimated rotor flux. Switching 
vectors were selected from the optimal switching 
table using the estimated rotor flux position and the 
errors of rotor flux and active power. The rotor flux 
reference was calculated using the reactive power 
reference. Since the rotor supply frequency, equal to 
the DFIG slip frequency, might be very low, the rotor 
flux estimation could be significantly affected by the 
machine parameter variations. In (Xu and Cartwright, 
2006), a DPC strategy based on the estimated stator 
flux was proposed. As the stator voltage is relatively 
harmonics-free and fixed in frequency, a DFIG’s 
estimated stator flux accuracy can then be guaranteed. 
Switching vectors were selected from the optimal 
switching table using the estimated stator flux 
position and the errors of the active and reactive 
powers. Thus, the control system was simple and the 
machine parameters’ impact on the system 
performance was found to be negligble. However, 
like a conventional DTC, DPC has the problem of 
unfixed switching frquency, due to the significant 
influnce of the active and reactive power variations, 
generator speed, and power controllers’ hysteresis 
bandwidth. More recently, a modified DPC strategy 
has been proposed in (Zhi and Xu, 2007) based on 
SFO vector control in the synchronous reference 
frame for DFIG-based wind power generation 
systems with a constant switching frequency. The 

control method directly calculates the required rotor 
control voltage within each switching peroid, based 
on the estimated stator flux, the active and reactive 
powers and their errors. The control strategy provides 
improved transient performance with the assumption 
of the stator (supply) voltage being strictly balanced. 
However, the operation could be deteriorated during 
the supply voltage unbalance and there is no report 
yet on DFIG’s DPC under unbalanced network 
voltage conditions. 

This paper investigates an improved DPC 
scheme for a DFIG wind power generation system 
under unbalanced network conditions. In the SVO dq+ 
reference frame, a mathematical DPC model of a 
DFIG system with balanced supply is presented, 
which is referred to as the conventional model in this 
paper. Then during network unbalance, a modified 
DFIG’s DPC model in the SVO positive dq+ and 
negative dq− reference frames is developed. Based on 
the developed model, a system control strategy is 
proposed by eliminating the stator output active 
power oscillations under unbalanced network condi-
tions. Finally, simulation results on a 2-MW DFIG 
wind generation system are presented to demonstrate 
the correctness and feasibility of the proposed control 
strategy. 
 
 
DYNAMIC DPC MODEL OF DFIG SYSTEMS 
 

The equivalent circuit of a DFIG in the positive 
synchronous dq+ reference frame, rotating at an an-
gular speed of ωs, is shown in Fig.1. 
 
 
 
 
 
 
 
 
 
 

According to Fig.1, the stator and rotor fluxes 

sdq
+ψ  and rdq

+ψ  are given by 
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Fig.1  DFIG equivalent circuit in the synchronous dq+

reference frame 
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where Ls=Lσs+Lm, Lr=Lσr+Lm, the superscript ‘+’ re-
fers to the dq+ reference frame, and Lm, Lσs and Lσr are 
the mutual inductance and the stator and rotor leakage 
inductances, respectively. 

From Fig.1, the stator and rotor voltages sdq
+V  

and rdq
+V  are expressed, respectively, by 

 

s
s s s s s

d
j ,

d
dq

dq dq dqR
t

ω
+

+ + += + +
ψ

V I ψ              (2a) 

r
r r r slip r

d
j ,

d
dq

dq dq + dqR
t

ω
+

+ + += + +
ψ

V I ψ          (2b) 

 
where ωslip+=ωs−ωr, and ωr is the rotor angular speed. 
 
Balanced network voltage 

A detailed study on the SFO DPC under balanced 
network conditions was presented in (Zhi and Xu, 
2007). This subsection focuses on the modeling of 
SVO DPC under balanced network conditions, which 
is recognized as the conventional method in this paper.  

Under balanced network conditions, the ampli-
tude and rotating speed of the stator flux are constant. 
Consequently, in the dq+ reference frame, the stator 
flux remains a constant, i.e., 

 

sd
.

d
dq

t

+

= 0
ψ

                                (3) 

 
Considering Eq.(3) and neglecting the voltage 

drop across the stator resistance, Eq.(2a) can be sim-
plified as  

 

s s sj .dq dqω+ +≈V ψ                             (4) 
 

As shown in Fig.2, when d-axis of the syn-
chronous frame is fixed to the stator voltage, viz., 
SVO vector control, Eq.(4) can be rewritten as 

 

s s s s0, .d q dVψ ψ ω+ + += = −                    (5) 
 

According to Eq.(1), the stator current in the dq+ 
reference frame is given as 

 

r s m r s m r
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where 2
s r m s r( ) /( ).L L L L Lσ = −  

 
 
 
 
 
 
 
 
 
 
 
 

Thus, the stator output active and reactive pow-
ers can be calculated as 
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where ŝdq

+I  is the conjugated space vector of s .dq
+I  

Splitting Eq.(7) into real and imaginary parts 
yields 
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s r

3 .
2

L
k

L Lσ σ
=  

Since the stator voltage remains constant during 
balanced network supply, according to Eq.(8), the 
active and reactive power changes over a constant 
period of sampling time Ts are given by 

 

s s r s s r, .d d d qP k V Q k Vσ σψ ψ+ + + +Δ = Δ Δ = − Δ           (9) 

 
At the beginning of the sampling period Ts, the 

active and reactive power errors are calculated as 
 

s s s s s s, .P P P Q Q Q∗ ∗Δ = − Δ = −              (10) 
 

Based on Eq.(9), in order to reduce the power 
errors in Eq.(10) to null, the rotor flux changes in the 
dq+ reference frame must follow 
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Fig.2  Phasor diagram of stator voltage orientation 
during balanced supply voltage 
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s s
r r

s s

, .d q
d d

P Q
k V k Vσ σ

ψ ψ+ +
+ +

Δ Δ
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From Eq.(2b), the rotor flux can be calculated as 

 

r
r r r slip+ r

d
j .

d
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Within the period of Ts, the rotor flux changes in 

the dq+ reference frame are given by 
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Combining Eq.(11) with Eq.(13), the rotor volt-

ages required to eliminate the power errors over the 
period of Ts are calculated as 
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The rotor fluxes in the dq+ reference frame are 

calculated based on Eq.(8) as 
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d q

d d

P Q VL
k V k V Lσ σ

ψ ψ
ω

+
+ +

+ += = − −        (15) 

 
Neglecting the rotor resistance, substituting 

Eq.(15) into Eq.(14) yields the required rotor voltage 
in the dq+ reference frame 
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As can be seen, calculations of the rotor voltage 

references require only simple multiplications and 
divisions without any integral operation. 
 
Unbalanced network voltage 

Assuming no zero sequence components exist, 
the three-phase quantities such as voltage, current and  
 

flux may be decomposed into positive and negative 
sequence components when the network voltage is 
unbalanced. As shown in Fig.3, for the positive dq+ 
reference frame, the d+-axis is fixed to the positive 
stator voltage sdV +

+  rotating at the speed of ωs; while 
for the negative dq− reference frame, its d−-axis ro-
tates at the angular speed of −ωs and with the phase 
angle −θs to the αs-axis. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

According to Fig.3, the transformation between 
(αβ)s, (αβ)r and dq+ and dq− reference frames are 
given by 
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where F represents the voltage, current, or flux vector, 
the superscript ‘−’ in dq

−F  represents the negative 

synchronously rotating reference frame, and ωslip−= 
−ωs−ωr. 

According to Eq.(17) and Fig.3, the stator and 
rotor current, voltage, and flux vectors can be ex-
pressed in terms of their respective positive and 
negative sequence components in the positive and 
negative synchronous reference frames as 
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Fig.3  Phasor diagram of stator-voltage oriented 
with d+-axis fixed to dV +

s +  during network voltage
unbalance 
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Under unbalanced network conditions, the am-
plitude and rotating speed of the stator flux are no 
longer constant. Consequently, considering Eq.(18) 
and neglecting the voltage drop across the stator re-
sistance, Eq.(2a) can be rearranged as  
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Hence, the following results can be obtained 
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The stator current in the dq+ reference frame can 

also be represented as 
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Similar to the balanced voltage condition, the 

stator output active and reactive powers can be cal-
culated by 

 

s s s s
3 ˆj .
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Substituting Eqs.(19) and (21) into Eq.(22) and 

separating the active and reactive powers into dif-
ferent oscillating terms, yield 
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Considering Eq.(20) and with sdV +
+  fixed to the 

d+-axis, as shown in Fig.3, Eq.(24) can be simplified 
as 
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With Ps sin 2=Ps cos 2=0 set for the system control 
target during network unbalance, the required rotor 
fluxes in the dq+ and dq− reference frames can be 
calculated as  
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Similarly, according to Eq.(26), the rotor flux 
changes can be expressed as 
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Over a constant period of time Ts, the flux 

changes are given by 
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Similar to Eq.(14), during network unbalance the 

required rotor voltage in the dq+ and dq− reference 
frames can be calculated by 
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With the constant period of time Ts and ne-

glecting the rotor resistance, Eq.(29) can be rewritten 
as 
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where r r r r,  ,  ,  d q d qψ ψ ψ ψ+ + − −
+ + − −  and r r,  ,d qψ ψ+ +

+ +Δ Δ  

r r,  d qψ ψ− −
− −Δ Δ  can be obtained according to Eqs.(26) 

and (28), respectively. 
Finally, the required rotor voltage in the dq+ and 

dq− reference frames can be calculated by 
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(31) 
 

It is worth noting that, compared with the re-
quired rotor voltages output from the dual-PI rotor 
current regulators in (Xu and Wang, 2007; Hu et al., 
2007), the calculations of rotor voltage references by 
using the proposed DPC during the network voltage 
unbalance require only simple operations of multi-
plication and division. In particular, the decomposi-
tion process of the positive and negative sequence 
rotor currents, which is essential in dual-PI rotor 
current regulators, is totally eliminated. 

Finally, the rotor control voltage will be trans-
formed into the rotor reference (αβ)r frame as 

 
s r s r

r

j( ) j( )
( ) r re e .dq dq

θ θ θ θ
αβ

− − ++ −
+ −= +V V V            (32) 

 
 
SYSTEM IMPLEMENTATION 
 

The schematic diagram of the conventional DPC 
strategy is shown in Fig.4. Three-phase stator volt-
ages and currents are measured and transformed into a 
stationary (αβ)s reference frame. A phase-locked loop 
(PLL) is used to detect the stator voltage angle θs and 
its rotating angular speed ωs. After stator output ac-
tive and reactive powers being calculated, the  
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required rotor voltage in the dq+ reference frame is 
predicated using Eq.(16) and transformed into the 
rotor reference frame using the rotor slip angle ob-
tained from a shaft encoder. Finally, the space vector 
modulation (SVM) technique is used to obtain 
switching patterns to control the rotor side converter 
(RSC) with a constant switching frequency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Under unbalanced network conditions, stator 

voltage contains both positive and negative sequence 
components. To achieve accurate dq+ and dq− refer-
ence frame transformations, the PLL must lock to the 
positive sequence stator voltage. Various methods 
have been reported in the literature and the scheme 
adopted here is to use a notch filter tuned at twice the 
line frequency to remove the negative sequence 
components, as shown in Fig.5. The required positive 
and negative sequence rotor voltages in the dq+ and 
dq− reference frames are calculated using Eq.(31), and 
then transformed into the rotor reference frame using 
Eq.(32). Finally, the schematic diagram of the overall 
control system with the proposed DPC strategy ap-
plied under unbalanced network conditions is shown 
in Fig.6. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SIMULATION STUDIES 
 

Simulations of the proposed DPC strategy for a 
DFIG-based wind power generation system were 
conducted using PSCAD/EMTDC. The DFIG was 
rated at 2 MW with parameters listed in Table 1. Fig.7 
shows the schematic diagram of the simulated system. 
A single-phase load at the primary side of the cou-
pling transformer was used to generate the voltage 
unbalance. The nominal DC link voltage was set at 
1 200 V and the switching frequencies for both con-
verters were 2 000 Hz. The main target of the grid side 
converter was assigned to control the DC link voltage 
with the similar method used in (Song and Nam, 1999; 
Hu et al., 2007). As shown in Fig.7, a high frequency 
AC filter is shunt-connected to the stator side to ab-
sorb the switching harmonics generated by the two 
converters. 

Initial studies with various active and reactive 
power steps were carried out to test the dynamic re-
sponse using the conventional control scheme shown 
in Fig.4 in the conditions of balanced supply voltage. 
First, the DFIG was assumed to be in speed control, 
viz., the rotor speed was set externally, as the large 
inertia of the wind turbine resulting in a slow change 
of the rotor speed. The simulation results are shown in 
Fig.8a with the rotor speed fixed at 1.2 p.u. The active 
and reactive powers were initially set at 0 MW and 
−0.5 MV·A, respectively, where ‘−’ refers to absorb-
ing reactive power. Various power steps were applied, 
viz., active and reactive power references were 
changed from 0 to −2 MW at the instant of 1.3 s,  
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to −1 MW at 1.7 s, and from −0.5 MV·A to 0.5 MV·A 
at 1.1 s, to 0 at 1.5 s, respectively. The effectiveness of 
the conventional control scheme is clearly indicated 
in Fig.8a. The dynamic responses of both active and 
reactive powers are within a few milliseconds and 
without overshoot either in the active/reactive powers 
or in the stator/rotor currents, which behaves identi-
cally to that in (Zhi and Xu, 2007). 

Studies under the same operating conditions as 
given in Fig.8a were conducted during 5% network 
voltage unbalance. The results are shown in Fig.8b. It 
is obvious that, under unbalanced network conditions, 
the system performance using the conventional con-
trol scheme in Fig.4 was degraded with high stator 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and rotor current unbalances, as shown in the first two 
subfigures of Fig.8b. Significant oscillations (100 Hz, 
twice the line frequency) appeared in the stator output 
active/reactive powers and generator’s electromag-
netic torque, as shown in the third and fifth subfigures 
of Fig.8b. The three-phase rotor currents, whose 
frequency equals the rotor mechanical frequency 
minus the stator frequency, contained both the fun-
damental component of 10 Hz (i.e., 60−50) and the 
harmonic component of 110 Hz (i.e., 60+50). The 
measured stator current unbalance was around 3.2% 
and the amplitude of the rotor 110 Hz current har-
monic was about 6.9% of the fundamental component 
of 10 Hz. The oscillations of the stator active/reactive 

Fig.7  Schematic diagram of the tested system

DFIG

3~
3~=

=

Lg

RSC GSC

Single-phase fault

0.25 mH

AC filter Vdc

Gear 
box

47 MV·A/11 kV
50 Hz

2.5 MV·A/5%
690 V/11 kV

690 V/2.0 MW

16000 µF

1300 µF, 4.736 µH, 0.06   Ω

Parameter Value 
Rated power 2 MW 
Stator voltage 690 V/50 Hz 
Stator/rotor turns ratio 0.3 
Stator resistance Rs 0.010 8 p.u. 
Rotor resistance Rr  0.012 1 p.u.* 
Mutual inductance Lm 3.362 p.u. 
Stator leakage inductance Lσs 0.102 p.u. 
Rotor leakage inductance Lσr  0.110 p.u.* 
Lumped inertia constant 0.4 s 
Number of pole pairs 2 

* Referred to the stator 

Table 1  Parameters of the simulated DFIG 
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Fig.8  Simulation results under various stator active and reactive power steps with the rotor speed fixed at 1.2 p.u. 
(a) Conventional DPC under balanced supply voltage; (b) Conventional DPC under 5% unbalanced supply voltage; 
(c) Proposed DPC under 5% unbalanced supply voltage 
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powers and electromagnetic torque were ±5.5%, 
±5.9% and ±12.5% of their respective rated values. 

As expressed in Eq.(3), Eq.(16) and Fig.4, since 
the negative sequence components are not taken into 
account in the conventional DPC scheme, the 100 Hz 
oscillations in either the active or the reactive power 
cannot be controlled or eliminated during supply 
voltage unbalance. For comparison, Fig.8c shows the 
results with the proposed control scheme in Fig.6 
employed under the condition of 5% stator voltage 
unbalance. Since Ps sin 2=0 and Ps cos 2=0 were both set 
for system control, the stator active power oscillations 
were effectively eliminated, as shown in the third 
subfigure of Fig.8c. Meanwhile, the stator and rotor 
current unbalances were diminished as well. For a 
clear illustration, the measured stator current unbal-
ance, the rotor relative amplitude of 110 Hz to the 
fundamental 10 Hz component, and the pulsations of 
the stator active/reactive powers and electromagnetic 
torque at twice the line frequency, are all summarized 
in Table 2. From the third subfigure of Fig.8c and 
Table 2, it can be concluded that the system per-
formance predicted by the proposed control scheme is 
satisfactory with stator output active power pulsations 
fully eliminated. 

Similar tests have also been carried out for dif-
ferent rotor speeds, and the system performances 
were found to be identical to those shown in Fig.8. 
Due to space limitation, they are not shown here.  

As shown in the fourth subfigures of Figs.8b and 
8c, with the conventional and the proposed DPC 
schemes, the DC link voltage contains 100 Hz oscil-
lations, since the active power exchange between the 
DFIG and the rotor side converter contains 100 Hz 
oscillations with unbalanced network voltage. How-
ever, the impact of such oscillations on the system 
operation is found to be negligible as the control tar-
get illustrated in Fig.6 was fully achieved, as shown in 
the third subfigure of Fig.8c. 

Further tests with the DFIG being torque con-
trolled were carried out and the simulation results are 
shown in Fig.9. The DFIG was operated in the  
 

 
 
 
 
 
 

maximal power-tracking mode where its active 
power/torque was controlled according to the optimal 
speed curve depicted in Fig.10 (Gagnon et al., 2005). 
This characteristic is illustrated by the ABCD curve 
superimposed on the mechanical power characteris-
tics of the turbine obtained at different wind speeds. 
The actual speed ωr of the turbine was measured, and 
the corresponding mechanical power of the tracking 
characteristic was used as the active reference power. 
Four points A, B, C and D define the tracking char-
acteristic. From zero speed to the speed of point A, the 
reference power is zero. Between points A and B, the 
tracking characteristic is a straight line. Between 
points B and C, the tracking characteristic is the locus 
of the maximum power of the turbine (maxima of the 
turbine power corresponding to the turbine speed 
curves). The tracking characteristic is a straight line 
from points C to D. The power at point D is 1 p.u., and 
beyond point D the reference power is a constant 
equal to 1 p.u. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Comparison between the conventional and the proposed control schemes during network voltage unbalance

Control scheme Is unbalance (%) Ir 110 Hz harmonics (%) Ps pulsations (%) Qs pulsations (%) Te pulsations (%)

Conventional 3.2 6.9 ±5.5 ±5.9 ±12.5 
Proposed 2.6 5.6 ±0.1 ±6.1 ±6.5 

Is and Ir represent stator and rotor current vectors, respectively; Te is electromagnetic torque 
 

Fig.9  Simulation results with the proposed control 
scheme during speed and torque variations under 5% 
voltage unbalance  
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As shown in Fig.9, the wind speed is step 

changed from 9.6 m/s to 13.6 m/s at 1.2 s and the 
associated active power changed from 0.37 p.u. to 
1.0 p.u. accordingly. The reactive power reference is 
stepped from −0.5 MV·A to 0.5 MV·A at 1.5 s and 
then to 0 at 2.0 s. In this test, the lumped inertia con-
stant of the system was set to a relatively small value 
of 0.4 s for a clear illustration. It can be concluded 
from Fig.9 that the DFIG generation system operates 
satisfactorily during speed and power variations 
without any oscillations in the stator output active 
power. 
 
 
CONCLUSION 
 

This paper has proposed an analysis and an im-
proved DPC design for a DFIG-based wind power 
generation system during network voltage unbalance. 
Simulation results were presented to demonstrate the 
feasibility of the proposed control scheme. Conclu-
sions can be drawn as follows: 

(1) The conventional DPC scheme without net-
work unbalance considered can provide pretty good 
dynamic system performance when the supply 
voltage is strictly balanced. However, once the net-
work is slightly unbalanced, the performance dete-
riorates with high stator/rotor current unbalances and 
significant oscillations in the stator active/reactive 
power and electromagnetic torque. 

(2) The proposed DPC scheme, which is im-
plemented in the SVO positive dq+ and negative dq− 
reference frames, gets rid of the decomposition 
process of positive and negative sequence rotor cur-
rents in the vector control scheme using dual-PI rotor 
current regulators. Besides, the system performance is 

enhanced by the elimination of the stator output active 
power oscillations and the reduction of the electro-
magnetic torque pulsations during network unbalance. 
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