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Abstract:  DFIG still shares a large part in today’s wind power market. It provides the benefits of variable speed
operation cost-effectively. This paper investigates the behaviour of DFIG under unbalanced stator and grid
condition. But unbalanced grid condition, the severe problems are not the transient over current, but the electric
torque pulsation and dc voltage ripple in the back-to-back VSCs. The analysis is verified with results from
numerical simulations in MATLAB/SIMULINK. 
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INTRODUCTION

Doubly-fed induction generators (DFIG’s), the most
popular type of variable speed constant frequency wind
generators, have the capability of maximum wind power
extraction, due to their voltage source converter (VSC)
based power electronic interfaces. Two VSCs- rotor side
converters (RSC) and grid side converter (GSC) are
connected to the rotor circuit of a DFIG and the grid as
shown in Fig.1. 

There are several ways to define a three- phase
unbalance. For this paper, voltage unbalance factor (VUF)
is defined as the negative sequence magnitude divided by
the positive sequence magnitude. The advantage of this Fig. 1:  DFIG System Configuration
system is that it accounts for both magnitude and phase
angle. The same unbalance factor can be defined for Harmonic Analysis for the Unbalanced Stator Condition:
three-phase current (IUC) [1-5]. The purpose of the analysis is to analyze the DFIG

Unbalanced  stator  condition  can  cause rotor operation under unbalanced stator conditions and the
current harmonics. The more severe the unbalance following assumptions are made.
condition at the stator side, the higher will be the
magnitude  of  the  rotor  current  harmonics,  which in Rotor voltage injections are sinusoidal and the
turn will result in harmonics the electromagnetic torque magnitude of the injected voltage is constant during
which can cause excessive shaft stress and winding the stator unbalance.
losses. An inverter with sine PWM is used to generate sine

Some basic assumptions are made in this paper: 1) waveforms for the rotor injection. With slip control,
The speed is assumed to be constant and ripple-free to the synthesized ac voltage will have a frequency f =
simplify our analysis and 2) The winding distribution is f - f  where f =60 Hz. With sine PWM, the lowest
sinusoidal and hence, there are no MMF space harmonics order harmonics will be at several kHz which is easily
and slot harmonics [6-11]. filtered out.
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Fig. 2: Scheme for extracting dc components

The stator side voltage frequency is 60 Hz [12].
During the unbalance, the voltage magnitudes of the
three phases may not be the same. And the relative
phase angles between the three voltages may not be
120°.

There are two steps in the analysis. The first step is
to identify the harmonic component in the rotor currents
and the electromagnetic torque and the second step is to
estimate the magnitude of each harmonic component.
Using symmetric component theory [13], the voltage
phasors can be decomposed into a positive sequence, a
negative  sequence  and  a  zero  sequence component.
The calculations of harmonic components in the rotor
current and electromagnetic torque are based on the
sequence decomposition as explained below.

The rotor currents in both reference frames will have
a dc component and a high-frequency component. To
extract the harmonic components in the rotor currents,
both a synchronous reference frame qd+ and a negative
synchronous rotating reference frame qd- (Fig. 2) will be
used. A low-pass filter with a suitable cutoff frequency
can be used to extract the dc components, which
correspond to the magnitudes of the two harmonic
components. The scheme for extracting the dc
components is shown in Fig. 2.

Harmonic  Components in Stator and Rotor Currents:
For an induction machine, the sum of the rotor injection
frequency and the rotor frequency is equal to the stator
frequency or r+ m = s. For the positive-sequence
voltage set with frequency s applied to the stator side,
the resulting rotor currents or flux linkage have a
frequency . The negative sequence voltage
set can be seen as a three-phase balanced set with a
negative frequency . Thus the induced flux linkage ins

rotor circuit and the rotor currents have a frequency of

. The torque, in positive sequence set

variables, is a constant at steady-state. However, in
negative sequence set, the torque has .

Harmonic Components and Magnitudes of
Electromagnetic Torque: Under the unbalanced stator
condition, the stator current has two components:
positive-sequence components  and negative-
sequence components . The rotor current also has two
components: positive-sequence components  and
negative-sequence components . The electromagnetic
torque is produced by the interaction between the stator
flux linkage and the rotor linkage, or the stator current and
the rotor current. For interactions between the stator and
rotor mmfs of the same sequence (+, +) or (-, -)[14], the
torque appears as a dc (steady) component. For
interactions between stator and rotor mmfs of the
opposite sequence (+, -) or (-, +), the torque appears as a
pulsating component with frequency 2 e. Thus, the
resultant torque can be decomposed into four
components:

(2)
Where  is due to the interaction of  and ,  is
due to the interaction of and ,  is due to the
interaction of  and  and  is due to the
interaction of and .

It will be convenient to use both the synchronous
reference frame and the negative synchronous reference
frame to compute . For example,  can be identified as
a dc variable in negative synchronous reference frame.

 can be identified as a dc variable in the negative
synchronous reference frame.  and  are pulsating
torques with a frequency 2 e.

The harmonic components in the torque can be
computed from positive- and negative-sequence
stator/rotor currents. In the following sections, case
studies will be performed.

Case Studies-Analysis and Simulation
Case Study 1-a Stand-Alone DFIG System: In the second
case study, the setup used is same as in Fig. 3 here the
resistance in phase A is varied to create an unbalanced
stator condition. The rotor injection is assumed to be
balanced sinusoidal [15]. Two scenarios will be
considered. In scenario 1, the frequency of the injected
rotor voltages is 20 Hz. In scenario 2, the frequency of the
injector rotor voltages is 15 Hz.
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Fig. 3: Stand-alone wind energy system configuration.

Fig. 4: Stator voltages, rotor current, and stator current
under unbalanced load condition. Rotor injection
frequency = 20 Hz.

Fig. 5: Stator voltages, rotor current, and stator current
under unbalanced load condition. Rotor injection
frequency = 15 Hz.

Fig. 6: DFT of the rotor currents. (a) Rotor injection
frequency = 20 Hz. (b) Rotor injection frequency
= 15 Hz.

Table 1: Components of Rotor Currents from Experiments and Analysis of
Fig. 3 During Unbalanced Stator Condition

Positive Sequence Negative Sequence
Scenario 1 Freq 20 100

Amp 5.9 1.9
Scenario 2 Freq 15 105

Amp 5.7 1.26

Table 2: Calculated Sequence Components in Stator Voltages, Stator
Currents and Rotor Currents Assuming Slip = 4.5/60

Voltage Mag (V) Stator Current Mag (I) Rotor Current Mag (I)
88.53 4.78 4.16

44.26 25.87 25.14

44.26 50.85 0

Table 3: Harmonic Components in the Rotor Currents and the
Electromagnetic Torque from Simulation and Analysis During
Unbalanced Condition (Slip = 4.5/60)

Parameters

Simulation 6 0.9 4.29 17.9 -30.8 25.2

Table 4: Machine Parameters for 3 Hp and 5 Hp Dfigs
3HP Values 5HP Value
R ( ) 0.435 R ( ) 0.32s s

X ( ) 0.754 L (mH) 1.19ls ls

X ( ) 26.13 M(mH) 39.46M

X ( ) 0.754 L (mH) 1.34lr lr
’

r ( ) 0.816 r ( ) 0.36r r
’

J(kg.m ) 0.089 turns ratio a 1.382

T (N.m) 11.9 resistiveB

I (A) 5.8 load( ) 22B
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circuiting  a  portion   of   the   load   resistance    in 3. Lingling Fan, P. Zhixin Miao, A. Tenca, A. Rockhill
phase  A  and  hence,  the  equivalent  circuit   under and T. A. Lipo, Jul./Aug. 2007. Wind turbine
single  phase  to  ground  fault  can  be  used  to   obtain current-source converter providing reactive power
the  stator  current  and  rotor  current  phasors of control and reduced harmonics,” IEEE Trans. Ind.
positive    sequence   and   negative   sequence.   Since Appl. 43(4): 1050-1060. 
the load is wye- connected, there is no zero-sequence 4. Chitti Babu, B. and K.B. Mohanty, 2009. Doubly-
current. Fed Induction Generator for Variable Speed Wind

Figs. 4 and 5 show the waveforms of phase A and Energy Conversion Systems- Modeling and
phase B stator voltages and phase A rotor current and Simulation.
stator current. The experiment was conducted for two 5. Lingling Fan, 2009. Senior Member, IEEE, Zhixin
injection frequencies: 20 and 15 Hz. In both cases, the Miao, Member, IEEE, Subbaraya Yuvarajan, Senior
rotor    current   contains   high-frequency  harmonics. Member, IEEE, A Unified Model of DFIG for
The results of DFT analysis of the waveforms are given in Simulating Acceleration with Rotor Injection and
Fig. 6 and Table 1. Harmonics Wind Energy Conversion Systems.

Case  Study  2-A  DFIG  Connected to Grid: A 3 hp DFIG 2009. Operation of gridconnected DFIG under
is used for analysis and simulation. The machine unbalanced grid voltage condition, IEEE Trans.
parameters are shown in Table 4. The initial condition of Energy Convers. 24(1): 240-246. 
the machine is the stalling state [14-16].  A  balanced 7. Pena, R., R. Cardenas and E. Escobar, Jun. 2007.
three-phase voltage to the stator and a mechanical torque Control system  for  unbalanced  operation of
10 N-m are applied at t = 0 s. The rms value of the rotor stand-alone doubly fed induction generators, IEEE
voltage is kept at 10 V. The system configuration is Trans. Energy Convers. 22(2): 544-545. 
shown in Fig. 7 At t = 1s, the voltage of phase A drops to 8. Kiani, M. and W.J. Lee, 2008. Effects of voltage
zero. The fault is cleared at t = 1.5 s. unbalance and system harmonics on the

CONCLUSION generators, in Proc. IEEE Ind. Appl. Soc. Annu.

This paper has presented a systematic method to 9. Lindholm, M. and T. Rasmussen, Nov, 2003.
analyze the harmonics caused by unbalanced stator and Harmonic analysis of doubly fed induction
grid conditions in a DFIG. The occurrence of high generators, in Proc. 5th Int. Conf. Power Electron.
amplitude and low order harmonic currents in the rotor Drive Syst., 2: 837-841.
circuit of a DFIG due to an unbalanced and distorted 10. Yuvarajan, S. and L. Fan, Sep. 2008. A DFIG-based
stator voltage demands for a harmonics voltage controller wind generation system with quasi-sine rotor
in the main rotor control. The two case studies are injection, J. Power Sources, 184(1): 325-330. 
demonstrating the effectiveness of the proposed method 11. Xu, Dec. 2008. Enhanced control and operation of
in analyzing the harmonics and unbalanced operation of DFIG-based wind farms during network unbalance,”
DFIGs. IEEE Trans. Energy Convers. 23(4):1073-1081. 
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