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Abstract--Fault signatures of doubly fed induction generator 

(DFIG) based wind turbine generators (WTGs) are different and 

more complex than that of synchronous generators (SGs). This 

paper proposes a new approach to elaborate the formation of the 

fault signatures of DFIG-based WTGs under asymmetrical faults 

and various fault ride through control. The proposed internal 

voltage vectors and equivalent circuit enable reorganizing the 

control schemes, electric and magnetic circuits of DFIG in terms 

of transient, positive- and negative-sequence components. This 

way, the characteristics of DFIG-based WTGs and SGs can be 

compared in a similar frame through their internal voltage 

vectors. The differences and similarities are summarized in 

support of protection and control designs.  

Keywords: Asymmetrical fault, doubly fed induction generator 

(DFIG), fault ride through, short circuit, synchronous generator.  

I. INTRODUCTION

OUBLY fed induction generator (DFIG) based wind

turbine generators (WTGs), also referred to as Type-III

WTGs, have already become a standard asset like synchronous 

generators (SGs) in modern power systems. During faults on 

the grid side, DFIG-based WTGs have a complex behavior that 

is different from synchronous generators (SGs) [1]-[2]. The 

underlying reason is that DFIG-based WTGs employ fully 

controlled but partially sized converters which have limited 

current and voltage capabilities. These unconventional fault 

signatures yield new challenges for fault and protective relaying 

studies [3]-[8]. 

There is a number of research studies on the fault response 

of DFIG-based WTGs. In terms of instantaneous values, 

electromagnetic transient (EMT) type models of DFIG-based 

WTGs, such as those implemented in MATLAB/Simulink [9], 

RTDS [10] and EMTP [11], are employed to reproduce the 

detailed fault response for power system studies. The short-

circuit current of DFIG-based WTGs is compared with that of 

SGs in [1] and with those of other types of WTGs in [2] and 

[12]. To further quantify the current signature, analytical 

models and expressions are proposed for crowbar protection 

[13]-[15] and for the fault ride through control of the converters 

[16]-[18]. Phasor models are also proposed in [19]-[20] to 

quickly address potential maloperation of protection relays 

operating on fundamental frequency quantities. 
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These studies mainly focused on the fault current signatures 

of DFIG-based WTGs. This way, the DFIG-based WTG is 

considered as a black box controlled current source when 

analyzing the waveforms and the results. Since the fault current 

is naturally resulting from a complex interaction between the 

faulted power system and the DFIG converters, some 

characteristics of the typical fault signature of DFIG-based 

WTG still remain unexplained. 

From a historical perspective, the basic understanding and 

simplifications of SG in electromechanical and electromagnetic 

studies are based on the knowledge of its internal voltage (also 

known as electromotive force or EMF) [21]. A SG can be 

modeled from its armature side as a series of Thevenin’s 

equivalent circuits consisting of sub-transient, transient and 

steady-state voltages and reactances [22]. Therefore, the 

classical fault analysis for SG-dominated power systems can be 

transformed into a circuit problem, which greatly facilitates the 

design and setting of protection systems [23]. This paper 

proposes representing the DFIG and its control schemes as seen 

from the stator side, using a similar approach to SGs, so that the 

fault response can be analyzed using a perspective that is 

familiar to power system engineers. 

The internal voltage vectors proposed in this paper break the 

complex structure of the original DFIG model and bridge the 

relationship between the rotor states of the DFIG and the stator 

circuit. The proposed equivalent circuits and block diagrams 

reveal how the internal states are changed and how the internal 

voltage vectors are formed by specific control schemes. By 

comparing the internal voltage vectors of DFIG-based WTG 

and SG under asymmetrical faults in various control 

configurations, fault signatures are analyzed to understand their 

differences and similarities which are useful for protection and 

control designs. 

The following sections are organized as follows. The 

internal voltage vectors and a new equivalent circuit of DFIG 

are proposed in Section II. Then, in Section III, the 

asymmetrical fault ride through (AFRT) schemes are integrated 

in terms of transient, positive- and negative-sequence 

components. By comparing with the classical model of SG in 

Section IV, the input-output (open-loop) relationship and the 

close-loop responses of DFIG-based WTGs are analyzed. 
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II.  INTERNAL VOLTAGE VECTORS OF THE DFIG 

A.  Electric and Magnetic Circuits of the DFIG 

As shown in the schematic of the DFIG-based WTG in 

Fig. 1, the stator winding of the DFIG is connected to the WTG 

transformer, and the rotor winding is connected to rotor side 

converter (RSC). Since the WTG transformer is typically delta-

connected, the zero-sequence components on the grid side are 

isolated, and the three-phase instantaneous values in the DFIG 

electrical circuit can be expressed with space vectors [24]. In 

the two-phase stationary reference frame (denoted by αβ) and 

the two-phase rotor reference frame (denoted by dqr), the 

equations of the stator and rotor electrical circuits are, 

 s

s s s

d
R

dt


  

ψ
U I  (1) 

 
dqr

dqr dqr r
r r r

d
R

dt
 

ψ
U I  (2) 

In this paper, space vectors are represented with bold type. For 

example, U, I and ψ stand for voltage, current and flux linkage 

vectors, respectively. The superscript indicates the reference 

frame in which the vector is observed. Subscripts s and r refer 

to the stator and rotor, respectively. R is resistance. 
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Fig. 1.  Schematic of a DFIG-based WTG. 

 

With the coordinate transformation from dqr to αβ, the rotor 

electrical circuit in (2) can be transformed as, 

 r
r r r r r

d
R j

dt


    

ψ
U ψI  (3) 

where ωr is the electrical angular frequency of the rotor.  

The equations of DFIG magnetic circuit in the αβ frame are, 

 s s s m rL L   ψ I I  (4) 

 r m s r rL L   ψ I I  (5) 

where, 

 s ls mL L L   (6) 

 r lr mL L L   (7) 

where Ls, Lr, Lm are the stator, rotor, and magnetizing 

inductances. Lls, Llr, are the stator and rotor linkage inductances. 

The above equations of electrical and magnetic circuits of 

the DFIG correspond to the two-port network shown in Fig. 2. 
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Fig. 2.  Two-port network equivalent circuit of DFIG. 

 

Due to the electromagnetic coupling and mechanical rotation 

between the stator and rotor windings, the relationship between 

the stator voltage and stator current is determined by the rotor 

voltage, rotor current and rotor speed. This circuit is of a limited 

use for protection analysis due to the complexity involved in 

expressing the stator variables. 

B.  Definition of the Internal Voltage Vector 

From a mathematical perspective, there are many choices for 

internal voltage vector to convert the above expressions into 

equivalent circuits. However, a helpful choice must directly 

reflect the internal states of DFIG and, more importantly, be 

independent of the stator variables. 

In this paper, rotor flux linkage is selected to represent the 

internal state and the internal voltage vector Es is defined as the 

stator voltage generated by the rotor flux linkage. 

First, the stator flux linkage can be replaced by rotor flux 

linkage and stator current as, 

 m

s r s s

r

L
L

L

   ψ ψ I  (8) 

where σ is the leakage factor of the DFIG, namely, 

 
2

1 m

s r

L

L L
    (9) 

By substituting (8) into (1), the stator circuit can be 

transformed by,  

 s

s s s s s

d
R L

dt


    

I
U EI  (10) 

where, 

 m r
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r

L d

L dt


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ψ
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Based on (10) and (11), a simple stator equivalent circuit 

of the DFIG is obtained as shown in Fig. 3. It indicates that the 

DFIG can be equivalent from its stator port as an internal 

voltage vector in series with Rs and σLs. The internal voltage 

vector reflects the rotor flux linkage (internal state of DFIG) in 

the stator circuit. From this perspective, the stator current is a 

result of the voltage drop Us-Es on the Rs and σLs. 
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Fig. 3.  Stator equivalent circuit of the DFIG in the time domain. 

C.  Internal Voltage based Equivalent Circuit 

The rotor current in (2) can be replaced with the rotor flux 

linkage and stator current by, 
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By substituting (12) into (2), the rotor flux linkage becomes, 

 
dqrdqr dqr

dqr m sr r

r

r r

Ld

dt  
  

Iψ ψ
U  (13) 

where, 

 /r r rL R   (14) 

The electrical angular frequency of the rotor is changed by 



the mechanical torque of the WT (Tm) and electromagnetic 

torque of the DFIG (Tem). This relationship can be described by 

 
1 1

2 r r

m em D

dH
T T K

p dt p

 

 
    (15) 

where H and KD is the inertia constant and damping factor of 

the DFIG rotor, respectively. p is the pole pairs. θr is the 

electrical rotor angle.  

By transforming the differential equations in (13) and (15)  

with Laplace operator (s), the formation of the internal voltage 

vector can be described by the block diagram in Fig. 4. 

Besides the armature reaction and electromagnetic induction 

of the DFIG, the rotor flux linkage is dominated by the rotor 

voltage. Considering the high inertia constant of the wind 

turbine, it is reasonable to neglect the rotor speed variation 

during the AFRT. The rotor voltage is governed by RSC control 

schemes and will be further analyzed in Section III in terms of 

the transient, positive- and negative-sequence components.  
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Fig. 4.  Block diagram of the DFIG for forming the internal voltage vector. 

III.  INTERNAL VOLTAGE VECTOR AND CONTROL  

A.  Instantaneous Values and Components 

During asymmetrical faults, the stator voltage is composed 

of positive- and negative-sequence components [25], and they 

can be written as a space vector in the αβ frame as, 

 1 1j t j tdq dq

s s su ju e e
 

 

 

    U U U  (16) 

where ω1 is the synchronous angular velocity. Superscripts dq+ 

and dq- indicate two-phase synchronous reference frames 

rotating at ω1 and -ω1, respectively. Subscripts + and – indicate 

positive- and negative-sequence components, respectively. 

Although the stator voltage is suddenly changed by the faults, 

the existing rotor flux linkage cannot be altered abruptly [26]. 

As a result, a transient component (denoted by ') is induced and 

the rotor flux linkage vector is, 

 1 1j t j tdq dq

r r r re e
   

 
  ψ ψ ψ ψ  (17) 

According to (11), the corresponding internal voltage vector 

is also composed of those three components as, 

 1 1j t j tdq dq

s s s se e
   

 
  E E E E  (18) 

where,  
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ψ
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B.  Positive-sequence Internal Voltage and Model 

During asymmetrical faults, the positive-sequence control of 

the RSC is designed to comply with the “positive-sequence 

reactive current” (I1R) injection requirement. The rotor current 

references are generated in the positive-sequence phase-locked 

loop (PLL) reference frame (denoted by PLL+) [27] as,  

 
 ef

1

r (1 )
m

PLL

m

rq

s s

V s

L U
KI U

L L






     (22) 

where KV+ is the I1R injection factor. 

The rest of the current capacity of the RSC can be assigned 

to the “positive-sequence active current” (I1A). The positive-

sequence rotor voltage generated by the inner-loop control is, 

  ref( )( )PLL PLL PLL PLLiiL

r s r pi r r

P L

r r

K
j K

s
R   





      U ψ I II (23) 

where Kpi and Kii are the proportional and integral gains of the 

inner-loop controllers. 

The terms multiplied by Kii can be neglected because it is 

designed to remove the steady-state errors caused by the 

imperfect decoupling term [28] and has only a small 

contribution to the reference tracking [29]. The rotor voltage 

can be transformed into dq+ as, 
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where ΔθPLL and ΔωPLL are the angle and angular velocity 

differences between PLL+ and the dq+, namely, 

 1 1PLL PLL PLL PLLt dt t dt              (25) 

By substituting (24) into (13) and then replacing the rotor 

current with (12), the positive-sequence rotor flux linkage 

becomes, 
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where, 
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Fig. 5.  Block diagram of DFIG-based WTG for forming the positive-

sequence internal voltage vector. 



With (26), the formation of the positive-sequence internal 

voltage vector is described by the block diagram in Fig. 5. KpPLL 

and KiPLL are the proportional and integral gains of the PLL. 

Fig. 5 indicates that the positive-sequence internal voltage 

vector is formed by the rotor flux linkage branch and the PLL. 

The rotor flux linkage is altered, on one side, by the stator 

current through the armature reaction and, on the other side, by 

the rotor current references for the I1R and I1A injections. 

C.  Negative-sequence Internal Voltage and Model 

The objective of the negative-sequence RSC control can be 

either balancing the stator current or complying with the 

“negative-sequence reactive current” (I2R) injection 

requirement of recent grid codes such as [30]. The negative-

sequence rotor current references are generated in the PLL- 

frame as, 

 1

1

 ref (
1

) PLLs V

s

m

PLL

r

L K
j

L







 


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where KV- is the I2R injection factor. 

By transforming (28) into dq-, the current references are, 
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1
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dq
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
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
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The negative-sequence rotor voltage generated by the inner-

loop control is also simplified as, 
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dq
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      U I ψ I  (30) 

By substituting (30) into (13), the negative-sequence rotor 

flux linkage becomes, 
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The formation of the negative-sequence internal voltage 

vector can be described with the block diagram in Fig. 6. 
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Fig. 6.  Block diagram of DFIG-based WTG for forming the negative-
sequence internal voltage vector. 

 

Compared with the positive-sequence internal voltage vector 

in Fig. 5, the negative-sequence internal voltage vector in Fig. 

6 is only determined by the rotor flux linkage branch with I2R 

injection, and the PLL is not involved. 

D.  Transient Internal Voltage and Model 

During AFRT, the transient components are also adjusted by 

control schemes such as demagnetizing control [31] and 

inductance-emulating control [32]. If neglecting these transient 

components in the control design, these transient components 

will decay with a large time constant, which may also result in 

over-modulation of the RSC. 

Taking the inductance-emulating control as an example, the 

RSC mimics a constant inductance LRSC for the transient 

components [32], and the transient rotor current is, 
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L L L L
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By substituting (8) into (32), the transient rotor flux linkage 

becomes, 

 
1 s r RSC

r s

r RSC m

L L L

L L L

 
 


ψ I  (33) 

According to (21), the transient internal voltage vector is, 
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The formation of the transient internal voltage vector can be 

described by the block diagram in Fig. 7. 
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Fig. 7.  Block diagram of DFIG-based WTG for forming the transient internal 

voltage vector. 

 

According to (34), the transient internal voltage vector also 

emulates an inductance on the stator side, and the overall 

inductance seen from the stator port in the equivalent circuit is,  
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IV.  COMPARISON BETWEEN DFIG-BASED WTG AND SG ON 

INTERNAL VOLTAGE VECTORS 

A.  Internal Voltage and Equivalent Circuit of a SG 

The classical model of a SG in [21] is adopted in this paper 

for the comparison. Unlike the full-order model of a SG in [33], 

the classical model simplifies the saliency effects in the sub-

transient, transient and steady-state periods. It is reasonable 

because those saliency effects mainly contribute to the second 

harmonic components which are not the focus of this paper. 

This SG model equipped with two field windings (fd and fq) 

and two damper windings (1d and 1q), where fd is governed by 

the DC excitation voltage Ufd and fq is a short-circuited winding 

that has the same structure as fd. This way, L"d=L"q, L'd=L'q and 

Ld=Lq. This SG model can be reorganized as (35) and Fig. 6 by 

using the inductance L"d in the equivalent circuit. The SG model 

equations are as follows: 
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where, 
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 1/ (1/ 1/ 1/ )ad ad fd 1dL L L L     (41) 

 / /f f fd f 1 1 1d 1L R L R      (42) 

Lad is the mutual inductance. Lfd and L1d are the leakage 

inductances of field and damper windings. τf and τ1 are the time 

constants of the field and damper windings. Rf and R1 are the 

resistances of the field and damper windings. 
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Fig. 8.  Block diagram of SG for forming the internal voltage vector. 

B.  Comparison of the Internal Voltage Formation 

By comparing (39) and (11) as well as Fig. 8 and Fig. 4, it 

is possible to conclude that the internal voltage vectors of SG 

and DFIG are both generated by the rotor flux linkage through 

the electromagnetic induction.  

However, after integrating the AFRT control schemes into 

the equivalent circuit, the differences between SG and DFIG-

based WTG can be seen. Since the DC excitation voltage is only 

applied to fd, only a positive-sequence internal voltage vector 

is induced in the SG. The magnitude of the internal voltage 

vector of the SG is governed by the rotor flux linkage branch, 

while the frequency and angle of the internal voltage are 

physically decided by the position and speed of the rotor. In 

contrast, due to the flexibility of the AC excitation, both the 

magnitude and frequency of the internal voltage vectors of the 

DFIG-based WTG are shaped by the rotor flux linkage branch. 

In addition to the positive-sequence internal voltage vector, 

negative-sequence and transient internal voltage vectors are 

generated by the DFIG AFRT control. It should also be noted 

that, considering the voltage and current control capabilities of 

the RSC, the transient, positive-sequence and negative-

sequence control schemes may interfere with each other 

because they are coordinated with pre-defined priority to avoid 

RSC overcurrent. This kind of coupling between positive- and 

negative-sequence systems only exist at the fault point in the 

classical fault analysis, which is not the case with a DFIG.  

C.  Comparisons of Internal Voltage Vector Responses 

In the light of the similarity between the equivalent circuits 

of the DFIG-based WTG and SG, the internal voltage vectors 

are compared by EMT-type simulations using the 120 kV test 

system shown in Fig. 9. A DFIG-based wind park and a SG can 

be selected to connect to BUS1. The parameters of the DFIG-

based WTG and SG are shown in Table I and Table II, 

respectively. Their internal voltage vectors are compared under 

a bolted double-line-to-ground short circuit applied at BUS3 at 

t = 1s. The results are obtained with MATLAB/Simulink. 
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Fig. 9.  Test system for the comparison of DFIG-based WTG and SG behavior. 

 

TABLE I 
PARAMETERS OF A 1.5 MW DFIG-BASED WTG 

Parameter Value Parameter Value 

Stator voltage (LLRMS) 575 V ω1Ls 3.08 p.u. 
Turns ratio (Nr/Ns) 3:1 ω1Lr 3.06 p.u. 

Rated active power 1.5 MW ω1Lm 2.9 p.u. 

Power base 1.667 MVA ω1LRSC 0.15 p.u. 
Rs 0.023 p.u. Kpi 2.4 

Rr 0.016 p.u. Kii 128 

ωr 144π rad/s KpPLL 180 
ω1 120π rad/s KiPLL 1000 

σ 0.1077 KV+ 2 

 

TABLE II 

PARAMETERS OF A 100 MVA SG 

Parameter Value Parameter Value 

Stator voltage (LLRMS) 13.8 kV ω1Ld 1.880 p.u. 

Power base 100 MVA ω1Lfd 0.236 p.u. 
p 2 ω1L1d 0.243 p.u. 

Rs 0.023 p.u. ω1Lad 1.660 p.u. 

Rf 0.0006 p.u. ω1L''ad 0.112 p.u. 
R1d 0.0284 p.u. ω1L''d 0.332 p.u. 

H 3.525 s KD 0.5 
 

First, the internal voltage of SG is shown in Fig. 10. It can 

be seen that, during the asymmetrical fault, only positive-

sequence internal voltage exists in the SG, and its magnitude 

smoothly changed in the sub-transient and transient periods. 
Internal voltage of SG/p.u.
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Fig. 10.  Three-phase internal voltage of SG. 
 



Second, the internal voltage of DFIG-based WTG, when KV- 

is 0, is shown in Fig. 11. By using the proposed models in Fig. 

5, Fig. 6 and Fig. 7, the positive-sequence, negative-sequence, 

and transient components are obtained as Fig. 12. 
Internal voltage of DFIG-based WTG/p.u.

Time/s
1 1.05 1.1 1.15 1.2

saE sbE scE

-1.2
-0.8
-0.4

0
0.4
0.8
1.2

 
Fig. 11.  Three-phase internal voltage of DFIG-based WTG when KV-=0. 

 

Transient internal voltage of DFIG-based WTG/p.u.
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Fig. 12.  Positive-sequence, negative-sequence and transient internal voltage 

of DFIG-based WTG when KV-=0. 
 

dq

s



U (0.668 pu)

dq

s



I

I1A=-0.527 pu

I1R=0.661 pu

dq

s



E

1( ) dq

s s sR j L 

 I

(a)
(0.324 pu)

0dq

s



 I
d

s s

dq q 

 UE

(b)
 

Fig. 13.  Spatial diagram of the vectors of the DFIG equivalent circuit when 

KV-=0: (a) positive-sequence vectors; (b) negative-sequence vectors. 

It can be seen that the magnitudes of the positive- and 

negative-sequence internal voltage vectors quickly reach their 

steady-state values within 30ms, which is much faster than the 

sub-transient and transient time constants of the SG. It is 

because, with the inner-loop control, the time constant of the 

rotor flux linkage branch is changed from τr to τri. Moreover, 

the transient internal voltage vector gradually decay to zero to 

mimic the inductance in (34).  

The spatial diagram of positive- and negative-sequence 

vectors of stator variables in the steady state is shown in Fig. 13. 

It indicates that, when the KV- is set to 0, DFIG-based WTG has 

to generate a negative-sequence internal voltage equal to the 

negative-sequence stator voltage to eliminate the negative-

sequence stator current. On the other hand, the current capacity 

of RSC is all reserved to the I1R and I1A injections. 

The internal voltage of the DFIG-based WTG is also shown 

for KV- = 2 in Fig. 14, and its components are shown in Fig. 15. 

It can be seen that the magnitude of the negative-sequence 

internal voltage is reduced by the I2R injection. It makes use of 

the negative-sequence voltage drop to provide the required I2R 

as shown in the spatial diagram in Fig. 16 (b). Moreover, it is 

noted that the positive-sequence internal voltage and stator 

current in Fig. 16 (a) differ from those in Fig. 13 (a), because 

the current capacity is first assigned to I2R injection. It 

highlights the coupling between positive- and negative-

sequence internal voltage vectors mentioned in Section IV.B. 
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Fig. 14.  Three-phase internal voltage of DFIG-based WTG when KV-=2. 
 

Transient internal voltage of DFIG-based WTG/p.u.
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Fig. 15.  Positive-sequence, negative-sequence and transient internal voltage 

of DFIG-based WTG when KV-=2. 
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Fig. 16.  Spatial diagram of the vectors of the DFIG equivalent circuit when 

KV-=2: (a) positive-sequence vectors; (b) negative-sequence vectors. 

V.  CONCLUSION 

During asymmetrical faults, DFIG-based WTGs are 

controlled with schemes designed to meet different objectives 

for the positive-sequence, negative-sequence, and transient 

components. These AFRT control schemes complicate the fault 

signatures. This paper proposes a new approach to define both 

the internal voltage vectors and the equivalent circuit of DFIG-

based WTGs, similar to the conventional approach in the 

modeling of SGs. The responses of the internal voltage vectors 

and the underlying determinants are presented through 

comparisons with SGs. The main conclusions are: 



(1) During asymmetrical faults, only a positive-sequence 

internal voltage vector is induced in the SG. Due to the DC 

excitation, the magnitude of the internal voltage gradually 

decays with the time constants of the damper and field windings 

in the sub-transient and transient periods, while the angle and 

frequency are physically determined by the rotor position and 

speed. In contrast, due to the flexibility of AC excitation of the 

DFIG, positive-sequence, negative-sequence and transient 

internal voltage vectors are induced, and their characteristics 

are shaped by the corresponding control schemes. 

(2) With the inner-loop control, the response time of the 

positive- and negative-sequence internal voltage vectors of the 

DFIG-based WTG is effectively reduced from the inherent time 

constant to the one dominated by the control parameters. Both 

the magnitude and phase angle rapidly reach their steady-state 

values for providing the required I2R, I1R and I1A. Due to the 

voltage and current limits of the RSC, the positive- and 

negative-sequence internal voltage vectors are coupled. The 

positive-sequence internal voltage can also be altered by 

changing the I2R injection factor.  

(3) During faults, rotor flux linkage cannot be altered 

abruptly and thus a transient internal voltage vector is induced 

in the DFIG. When control schemes are employed to speed up 

the decay of these transient components, the transient internal 

voltage vector of DFIG mimics an inductance.  

This paper provides key points in explaining the behavior of 

DFIG-based WTGs for protection coordination studies and 

control system design. 
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