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Abstract: An accurate calculation of short-circuit current (SCC) is very important for relay protection
setting and optimization design of electrical equipment. The short-circuit current for a doubly-fed
induction generator wind turbine (DFIG-WT) under excitation regulation of a converter contains the
stator current and grid-side converter (GSC) current. The transient characteristics of GSC current are
controlled by double closed-loops of the converter and influenced by fluctuations of direct current
(DC) bus voltage, which is characterized as high order, multiple variables, and strong coupling,
resulting in great difficulty with analysis. Existing studies are mainly focused on the stator current,
neglecting or only considering the steady-state short-circuit current of GSC, resulting in errors in
the short-circuit calculation of DFIG-WT. This paper constructs a DFIG-WT total current analytical
model involving GSC current. Based on Fourier decomposition of switch functions and the frequency
domain analytical method, the fluctuation of DC bus voltage is considered and described in detail.
With the proposed DFIG-WT short-circuit current analytical model, the generation mechanism and
evolution law of harmonic components are revealed quantitatively, especially the second harmonic
component, which has a great influence on transformer protection. The accuracies of the theoretical
analysis and mathematical model are verified by comparing calculation results with simulation
results and low-voltage ride-through (LVRT) field test data of a real DFIG.

Keywords: doubly-fed generator; converter control; short-circuit current; second harmonic
component; low-voltage ride-through (LVRT) field test data

1. Introduction

With the worsening global energy crisis and environmental pollution, renewable energy sources
have received worldwide attention and undergone rapid development. The doubly-fed induction
generator wind turbine (DFIG-WT) is one of the most popular wind turbine generators due to its
low manufacturing cost, high efficiency, and high flexibility, and is extensively applied on wind
farms [1–3]. In earlier studies, DFIG-WT was regarded as a load or synchronous generator for
short-circuit calculation, as the capacity of wind farms is small [4,5]. However, with the increasing
capacity of wind power access to the grid, the influence of the short-circuit current (SCC) of
DFIG-WT can no longer be ignored. Since accurate SCC calculation is very important to protection
settings [6,7], equipment selection, and the optimal design of wind turbine control strategies [8,9],
transient characteristics analysis and the SCC calculation model for DFIG-WT have attracted the
attention of researchers around the world in recent years.

Grid codes require that wind turbines must remain connected during specific fault conditions and
support the grid voltage by providing a reactive current with a magnitude proportional to the voltage
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deviation. A quick response of reactive current provision is also required, and the response times are
explicitly stipulated in the grid codes; for example, it is less than 75 ms in the Chinese criteria [10],
and is even more strict in the German criteria, with a value of 20 ms [11]. To comply with the grid code
requirements, a crowbar circuit is often utilized by the rotor for protection against excessive current.
The short-circuit current characteristics of DFIG-WT with crowbar protection have been extensively
discussed [12–14]. However, the crowbar operation is not desired due to the loss of controllability and
absorption of reactive power.

Under non-severe fault conditions or for some DFIG-WTs with a higher tolerance for voltage drops,
excitation control of converters is retained during a fault. Due to different constrictions compared
with traditional generators and inverter interfaced generators, the transient characteristic of DFIG-WT
under converter control is determined by both electromagnetic equations of the generator and control
strategies of the AC-DC-AC converters, and the short-circuit current of DFIG-WT contains the stator
short-circuit current and grid-side converter (GSC) short-circuit current.

In evaluating the transient fault characteristics of DFIG-WT, establishing a mathematical analytical
model is effective and helpful in obtaining the physical mechanisms and numerical values of electrical
quantities. A simplified stator fault current model was built in [15] by neglecting the dynamic process
of stator flux linkage and hypothesizing step mutations of the rotor voltage after a fault, but the model
could not fit the actual transient short-circuit current completely. A stator current analytical model
was presented in [16] by solving a second-order differential equation related to the rotor current of
the time domain. This method produced ideal linearization of input and output characteristics of the
converter, and did not consider transient responses in the converter. In [17], a more detailed stator
current analytical model was constructed based on transfer functions of the control system. However,
the sampling delay of the converter and transfer characteristics of pulse-width modulation (PWM)
were not considered in this study, resulting in sudden changes of initial short-circuit current at the
time of fault occurrence and inaccuracy of transient current calculation. It is mentioned in [18] that the
current reference values of the converter should be limited to prevent overcurrent, and the control
limits for the rotor side converter were studied in [19]. However, the influence of current limitation of
the converter on SSC calculation was not discussed in the above studies. In addition, the analytical
SCC models in these studies did not include GSC current.

The influencing factors of GSC short-circuit current were simulated and analyzed in [20], but no
analytical model of GSC-transient SCC was constructed. Based on different control targets, a DFIG-WT
steady-state short-circuit current model with a consideration of GSC current was constructed in [21].
By comparing the results calculated with and without GSC steady-state current, that study concluded
that GSC current should be considered for accurate fault analysis and protection settings, but it only
focused on steady-state current and did not mention the transient characteristics of SCC. Since transient
characteristics of GSC fault current are influenced by coupling factors, including control strategies of
the two-side convertors, transient fluctuation of DC bus voltage, and the electromagnetic transient
response of the generator, the construction of a GSC transient current model is more complex than the
stator fault current. Existing studies on transient SCC of DFIG-WT have not fully discussed transient
characteristics of GSC current. Moreover, there is a lack of theoretical references on calculation errors
of transient short-circuit total current caused by neglecting GSC current.

Moreover, most of the models built in the above studies were validated by simulation. As was
mentioned in [22], the wind power industry urgently needs validation in comparison with real
measurements to verify the accuracy and corresponding usability of the models. Additionally,
the validation of a generic DFIG-WT was presented based on a measurement campaign carried
out in a real wind farm, which is of great interest to researchers in the field of wind energy. Field test
data of a real DFIG-WT are also presented to verify the short circuit current calculation model in
this article.

This paper discusses the following to construct a more accurate transient short-circuit current
calculation model for DFIG-WT. First, transient response characteristics of GSC and rotor side convertor
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(RSC) control systems after a symmetric voltage dip are analyzed based on the transfer functions of the
control system. The relation equations among GSC current, DC bus voltage, RSC current, and stator
flux linkage are constructed. The coupling mechanisms of the key internal electrical quantities in
the converters are thus revealed. Second, the analytical expressions of RSC current, DC bus voltage,
and GSC current are deduced based on the above equations. Specifically, a more accurate calculation
model of RSC short-circuit current with no sudden changes in the initial time of failure is constructed,
considering sampling delay of the control system and small inertial PWM. A detailed calculation
model of GSC transient current is established with a consideration of DC bus voltage fluctuation.
It was found that there is a high proportion of second harmonic current in the GSC transient fault
current, which may result in a false operation of the secondary harmonic restraint relay for transformer
protection. Third, the nonlinear characteristics of steady-state fault current of DFIG-WT considering
limitations of rotor current are analyzed, and an estimation formula for the maximum steady-state
SCC is put forward and verified by simulation. Finally, the accuracy of the theoretical analysis and
mathematical models is verified by simulation tests and low-voltage ride-through (LVRT) field test
data of a real DFIG. Proportions of GSC current and the second harmonic component in short-circuit
total current of DFIG-WT under different fault situations are analyzed.

2. Transient Mathematical Models of DFIG

The electrical parts of DFIG mainly include the induction generator, rotor-side converter, and
grid-side converter. RSC and GSC are connected through the DC capacitor [17]. The mathematical
models and control strategies of these three parts are briefly introduced in the following section.

2.1. Induction Generator Model

Motor convention is applied on the stator and rotor sides of the induction generator. The magnetic
saturation effect is neglected. The mathematical model of the generator in the synchronous reference
frame is: 

us = Rsis + jψs + pψs/ω1

ur = Rrir + jsψr + pψr/ω1

ψs = Lsis + Lmir

ψr = Lrir + Lmis

(1)

2.2. RSC Control with Consideration of the Limiting Reference Current

Double closed-loop vector control based on stator voltage orientation was applied on RSC,
with the inner loop as the current loop and the outer loop as the power loop. The control mechanism
diagram is shown in Appendix A. The reference value of the inner current controller under normal
operation control is: {

i∗rd0 = min(2LsP∗s0/3LmUs0, Ird-max)

i∗rq0 = max(−Us0
Lm
− 2LsQ∗s0

3LmUs0
,−
√

I2
r-max − i∗2rd,opt)

(2)

where Ird-max is the active current-limiting value and Ir-max is the rotor current-limiting value.
When a three-phase short-circuit fault occurs at the terminal of a wind turbine, the outer power

loop of RSC will be open and the reference current of the inner current loop will be given directly
in order to quickly respond to the terminal voltage dip and fulfill the grid codes, which require
wind turbines to have LVRT capability and provide reactive power to support grid voltage recovery.
Considering the current limits of RSC, the reference value of the inner current loop during low-voltage
circumstances is: {

i∗rd1 = min(2LsP∗s0/(3LmUs1),
√

I2
r-max − i∗2rq,lvrt, Ird-max)

i∗rq1 = max(−Us1/Lm − Kd(0.9−Us1)Ls/Lm,−Ir-max)
(3)
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where Kd is the reactive current coefficient, usually Kd ≥ 1.5.

2.3. GSC Control Mechanism

The double closed-loop vector control method based on stator voltage orientation is also applied
to GSC control. The inner loop is the current loop, and the outer loop is the DC voltage loop and
reactive power loop. The control mechanism diagram is shown in Appendix A.

Viewed from the GSC side, the current from the RSC side can be regarded as an equivalent load.
Thus, the DC bus voltage equation is:

C
dUdc

dt
= iL − ig-dc =

Pload − Pg

Udc
(4)

3. Converter Transient Response Characteristics of DFIG-WT

3.1. GSC Transient Response Characteristics

In GSC control, the d-axis is responsible for maintaining the stability of DC bus voltage and the
q-axis is responsible for adjusting the power factor of the wind turbine generator, which is generally
operated at a unit power factor. The dq-axis control structure is symmetric, so we just take the d-axis
control as an example. According to the control diagram of GSC, the d-axis control framework of the
inner current loop and DC voltage loop is shown in Figure 1.
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gain and integral gain of the proportional and integral (PI) regulator in the DC voltage loop, 
respectively; m is the modulation ratio of PWM; iL0 is the DC-side pre-fault current of RSC; and ΔiL 
represents the changes of RSC current on the DC side. 

The current loop has to track the reference current quickly, and it is often designed according to 
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Figure 1. Current regulating loop and voltage regulating loop of the grid-side converter (GSC):
(a) current regulating loop; (b) voltage regulating loop.

In the figure, KiP-g and KiI-g are the proportional gain and integral gain of the inner current
controller, respectively; Tsg is the switching period of PWM; KPWM is the PWM equivalent gain of
the bridge circuit, KPWM = 0.8165; τv is the period of voltage sampling time; KvP and KvI are the
proportional gain and integral gain of the proportional and integral (PI) regulator in the DC voltage
loop, respectively; m is the modulation ratio of PWM; iL0 is the DC-side pre-fault current of RSC;
and ∆iL represents the changes of RSC current on the DC side.

The current loop has to track the reference current quickly, and it is often designed according to a
typical first-order system [23,24]. Then, KiP-g and KiI-g can be adjusted as:

KiP-g =
Rτig

3TsgKPWM
, KiI-g =

KiP-g

τig
=

R
3TsgKPWM

(5)

where τig = L/(ω1R).
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According to Equation (5) and Figure 1, the current loop of GSC is equivalent to the first-order
inertial element and the transfer function is:

Wci-g(s) =
igd(s)
i∗gd(s)

≈ 1
1 + s/ωig

(6)

where ωig is the bandwidth angular velocity of the inner current loop: ωig = 1/(3Tsg).
The outer voltage loop of GSC focuses on disturbance resistance. The PI parameter of the outer

voltage loop of GSC is designed according to a typical second-order system:

KvP =
2(ωcv + 1)C
3mω1ωcvTev

, KvI =
KvP

ωcvTev
=

2(ωcv + 1)C
3mω1ω2

cvT2
ev

(7)

where ωcv is the middle frequency bandwidth of the outer voltage loop and Tev is the equivalent time
constant of outer voltage loop: Tev = τv + 3Ts.

GSC current is determined by its reference value, which is related to DC bus voltage in the outer
voltage loop. According to Figure 1 and Equation (6), the d-axis component of GSC current is:

igd(s) = (KvP +
KvI

s
)

∆Udc
Tevs + 1

+ igd0 (8)

where ∆Udc is the difference between DC bus voltage and its reference value and igd0 is the initial value
of the d-axis component of the GSC pre-fault current. GSC active power is about slip times of stator
active power, that is, Pg0 ≈ −sPs0. Therefore, igd0 ≈ −sPs0/Us0.

According to Equation (8), in order to calculate GSC current, it is necessary to obtain the DC bus
voltage expression first. It can be seen from Figure 1b that the DC bus post-fault voltage is related to
Udc*, iL0, and ∆iL. DC bus voltage is maintained as constant under the collaborative effect of Udc* and
iL0 under normal operating conditions. Under fault conditions, the fluctuation of DC bus voltage ∆Udc
is mainly influenced by ∆iL. According to Figure 1b, the transfer function from ∆iL to DC bus voltage
Udc is:

Wcv(s) =
Udc(s)
∆iL(s)

≈ − 1
C

s
(s− λ1)(s− λ1)

(9)

where λ1,2 is the characteristic roots of Equation (9):

λ1,2 = υ± γ = − 1 + ωcv

4ωcvTev
± 1

4ωcvTev

√
(ωcv + 1)(ωcv − 7) (10)

It is worth noting that ∆iL is the DC-side current of RSC. The transfer relationship between
DC-side current and AC-side current of RSC is:

iL = Saira + Sbirb + Scirc (11)

Since the switching frequency is significantly higher than the grid fundamental frequency and
transient analysis mainly focuses on fundamental frequency, the higher harmonic components
can be neglected and only low-frequency components of the switch function are considered.
Fourier decomposition of the switch function Sabc of RSC is carried out as:

Sa ≈ 0.5m cos(ωrt− δr) + 0.5
Sb ≈ 0.5m cos(ωrt− δr − 120

◦
) + 0.5

Sc ≈ 0.5m cos(ωrt− δr + 120
◦
) + 0.5

(12)

where δr is the fundamental wave initial phase angle of the switch function.
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Based on Equations (11) and (12) and the transfer of RSC current from the stationary reference
frame to the synchronous reference frame, the DC-side current of RSC can be expressed as:

iL =
[

Sa Sb Sc

]
C2s/3s

[
ird
irq

]
= 0.75m

(
ird cos δr − irq sin δr

)
(13)

Equation (13) reflects that the DC-side current of RSC can be calculated according to the AC-side
current. In fact, the AC-side current of RSC is equal to the rotor current and is related to the transient
response of the inner current loop of RSC.

After the occurrence of the three-phase short-circuit fault on the terminal of the wind turbine,
GSC is mainly responsible for maintaining the stability of DC bus voltage. Meanwhile, GSC is also
able to generate a small amount of reactive power independently to support the grid voltage [25].
To realize the goal of fast regulation, the outer loop of reactive power is open and the reference value
of the inner current loop is given directly after the fault. Referring to Equation (6) and considering fast
adjustment of the inner current loop, the q-axis component of GSC current can be regarded as equal to
the reference value.

3.2. RSC Transient Response Characteristics

According to the above analysis, in order to calculate the DC bus voltage and GSC current, it is
necessary to obtain the RSC current, which is determined by the inner current loop of RSC. The dq-axis
structure is symmetric. The control framework of the d-axis is shown in Figure 2.

Energies 2018, 11, x FOR PEER REVIEW  6 of 24 

 

Based on Equations (11) and (12) and the transfer of RSC current from the stationary reference 
frame to the synchronous reference frame, the DC-side current of RSC can be expressed as: 

[ ] ( )2 /3 0.75 cos sinrd
L a b c s s rd r rq r

rq

i
i S S S C m i δ i δ

i
 

= = − 
 

 (13) 

Equation (13) reflects that the DC-side current of RSC can be calculated according to the AC-side 
current. In fact, the AC-side current of RSC is equal to the rotor current and is related to the transient 
response of the inner current loop of RSC. 

After the occurrence of the three-phase short-circuit fault on the terminal of the wind turbine, 
GSC is mainly responsible for maintaining the stability of DC bus voltage. Meanwhile, GSC is also 
able to generate a small amount of reactive power independently to support the grid voltage [25]. To 
realize the goal of fast regulation, the outer loop of reactive power is open and the reference value of 
the inner current loop is given directly after the fault. Referring to Equation (6) and considering fast 
adjustment of the inner current loop, the q-axis component of GSC current can be regarded as equal 
to the reference value. 

3.2. RSC Transient Response Characteristics 

According to the above analysis, in order to calculate the DC bus voltage and GSC current, it is 
necessary to obtain the RSC current, which is determined by the inner current loop of RSC. The dq-
axis structure is symmetric. The control framework of the d-axis is shown in Figure 2.  

*
rdi

rdu′
iI-R

iP-R s
KK +PWM

sr1.5 1
K
T s +

1

1 r r

ω
ω R σL s+

m
rd sd

1 s

Le pψ
ω L

=r rq m sq( )s L i L i+

r rq m sq( )s L i L i+

rdi

 
Figure 2. Control framework of inner current loop of RSC. 

In Figure 2, KiP-R and KiI-R are the proportional gain and integral gain of the PI controller of the 
inner current controller, respectively; Tsr is the switch period of PWM; and erd is the d-axis component 
of voltage disturbance. 

It can be seen from Figure 2 that changes of reference current ir* and voltage disturbance erd will 
cause transient responses of RSC. When calculating the transient current of RSC, reference [17] 
neglected the sampling delay of the converter and small inertial characteristics of PWM, causing the 
calculated rotor short-circuit current to change suddenly at the moment the fault occurred. In the 
following section, one more accurate expression of rotor transient current is deduced based on the 
detailed model of RSC, since rotor current is vital to stator current and GSC current. 

Similar to the current loop of GSC, the current loop of RSC can be regarded as a first-order 
inertial element. The closed-loop transfer function of RSC is: 

- *

1( )
1 /

r
ci r

cir

W s
s ω

= ≈
+

i
i

 (14) 

where ciω  is the bandwidth angular frequency of the inner current loop: 1/ (3 )ci srω T= .  
As stated in Section 3.2, when the terminal voltage drops to lower than 90% Un, the DFIG-WT 

will switch to LVRT control and the rotor current reference value will change from a normal operation 
state (Equation (2)) to an LVRT state (Equation (3)). The rotor transient current caused by sudden 
changes of the reference value is: 

* *
-Δ ( ) Δ Δ ciω t
r ref r rt e−= −i i i  (15) 

where ∆ir* = ir1* − ir0, ir1* is the post-fault reference rotor current and ir0 is the pre-fault rotor current.  

Figure 2. Control framework of inner current loop of RSC.

In Figure 2, KiP-R and KiI-R are the proportional gain and integral gain of the PI controller of the
inner current controller, respectively; Tsr is the switch period of PWM; and erd is the d-axis component
of voltage disturbance.

It can be seen from Figure 2 that changes of reference current ir* and voltage disturbance erd
will cause transient responses of RSC. When calculating the transient current of RSC, reference [17]
neglected the sampling delay of the converter and small inertial characteristics of PWM, causing the
calculated rotor short-circuit current to change suddenly at the moment the fault occurred. In the
following section, one more accurate expression of rotor transient current is deduced based on the
detailed model of RSC, since rotor current is vital to stator current and GSC current.

Similar to the current loop of GSC, the current loop of RSC can be regarded as a first-order inertial
element. The closed-loop transfer function of RSC is:

Wci-r(s) =
ir

i∗r
≈ 1

1 + s/ωci
(14)

where ωci is the bandwidth angular frequency of the inner current loop: ωci = 1/(3Tsr).
As stated in Section 3.2, when the terminal voltage drops to lower than 90% Un, the DFIG-WT will

switch to LVRT control and the rotor current reference value will change from a normal operation state
(Equation (2)) to an LVRT state (Equation (3)). The rotor transient current caused by sudden changes
of the reference value is:

∆ir-re f (t) = ∆i∗r − ∆i∗r e−ωcit (15)

where ∆ir* = ir1* − ir0, ir1* is the post-fault reference rotor current and ir0 is the pre-fault rotor current.
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On the other hand, considering the sampling delay of the converter and small inertia of PWM,
the closed-loop transfer function from voltage disturbance to transient current of rotor is:

Wce(s) = ir(s)/er(s) = −
2ω2

ci
KiPKPWM

s[s/(2ωci) + 1]

(s + 1/τi)[(s + ωci)
2 + (ωci)

2]
(16)

According to the conservation principle of flux linkages, the stator flux linkage after the occurrence
of the three-phase short-circuit fault is [26]:

ψs = ψs f + ψsn = −jus1 − j(us0 − us1)e−t/τs e−jω1t (17)

where τs is the stator attenuation time constant: τs = (σLs)/ω1Rs.
According to Equation (17), the frequency domain expression of voltage disturbance is:

er(s) = j(us0 − us1)
Lm

Ls

1/τs + jω1

s + 1/τs + jω1
(18)

Substituting Equation (18) into Equation (16), the transient current of the rotor caused by voltage
disturbance is:

∆ir-er(t) = ∆ir1e−jω1te−t/τs + ∆ir2e−t/τi + [∆ir3 cos(ωcit) + ∆ir4 sin(ωcit)]e−ωcit (19)

where ∆ir1,2,3,4 represents coefficients of attenuation components of the rotor current. The detailed
coefficient expressions are shown in Appendix B. These coefficients are related to voltage drop
amplitude and parameters of the generator and converter, and meet with ∆ir1 + ∆ir2 + ∆ir3 = 0,
thus assuring ∆ir-er(0) = 0 at the initial fault stage.

According to Equations (17) and (19), the time domain expression of the rotor current is:

ir = ir0 + ∆ir = i∗r0 + ∆ir
∗ − ∆ir

∗e−ωcit + ∆ir-er (20)

In this section, the equations between different electrical quantities, such as GSC current, DC bus
voltage, and AC-side and DC-side currents of RSC, are deduced based on control mechanisms of
GSC and RSC. Moreover, the coupling relationships and variation laws of the DC capacitor and key
electrical quantities of GSC and RSC are revealed.

4. Transient Short-Circuit Current Calculation Model of DFIG-WT

4.1. DC Bus Voltage

DC bus voltage has to be calculated first to obtain the GSC current. According to the transfer
function in the DC voltage loop and DC-side current of RSC, the expression of DC bus voltage
fluctuation ∆Udc can be deduced according to Equations (9), (13), and (19):

∆Udc(t) = Udc1 cos(ω1t− β1)e−t/τs + Udc2e−t/τi + Udc6eλ1t + Udc7eλ2t + [Udc3 cos(ωcit + β2) + Udc4 sin(ωcit + β2) + Udc5]e−ωcit (21)

where Udc1, Udc2, Udc3, Udc4, Udc5, Udc6, and Udc7 are coefficients of different components.
Detailed expressions are shown in Appendix B.

It can be seen from Equation (4) that the fluctuating DC bus voltage is caused by an active power
imbalance between the converters at the two sides. The fundamental frequency attenuation component
in RSC current may cause a fundamental frequency attenuation component in Udc. This implies
that Udc1 corresponds to the fundamental frequency attenuation component ∆ir1 in the rotor current.
Similarly, Udc2, Udc5, Udc6, and Udc7 correspond to ∆ir2, ∆ir3, ∆ir4, and ∆ir*, respectively. Udc3 and Udc4

represent transient response characteristics of the DC voltage loop and their amplitudes are related to
all of the transient components in the rotor current.
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Equation (21) shows that the DC bus voltage contains complicated frequency components.
To elaborate proportions of frequency components in ∆Udc and their relationships with rotor current,
a group of data concerning coefficient amplitudes and time constants of the damping components
of rotor current and DC bus voltage is given in Table 1. The parameters used in the calculation are
from the simulation case. The voltage at the generator terminal dropped to 70% Un. Before the fault,
the DFIG-WT was operated at a rated active power and with a unit power factor.

Table 1. Coefficient amplitudes and time constants of attenuation components in ir and ∆Udc.

ir Coefficient Amplitude/p.u. ∆Udc Coefficient Amplitude/p.u. Attenuation Time Constant

∆ir1 0.7026 Udc1 0.1351 τs 0.0306
∆ir2 0.0316 Udc2 0.0009 τi 0.0575
∆ir3 0.2112 Udc3 0.0312 1/ωci 0.0019
∆ir4 0.2275 Udc4 0.0410 1/ωci 0.0019
∆ir* 0.3332 Udc5 0.0369 1/ωci 0.0019

Udc6 0.0505 −1/λ1 0.0079
Udc7 0.0579 −1/λ2 0.004

The following conclusions can be drawn from Table 1:

(1) Fundamental frequency attenuation components ∆ir1 and Udc1 account for the highest proportion
in rotor current and DC bus voltage, respectively.

(2) DC attenuation components ∆ir2 and Udc2 account for the lowest proportion.
(3) In rotor current, oscillating attenuation components ∆ir3 and ∆ir4, of which both frequencies and

time constants are ωci, will cause the homogeneous components Udc3 and Udc4 in DC bus voltage.
Due to the high switching frequency of RSC, Udc3 and Udc4 attenuate very quickly. They will
attenuate to lower than 10% of their amplitude by about 4 ms.

(4) Udc6 and Udc7 in DC bus voltage are related to the characteristic roots of the transfer function
of the DC voltage loop. According to Equation (10), the characteristic roots are related to the
intermediate frequency bandwidth of the DC voltage loop. When ωcv < 7, the characteristic roots
of the transfer function are a pair of conjugate complexes. Under this circumstance, Udc6 and
Udc7 are oscillating attenuation components. The oscillation period is the imaginary part of
the characteristic roots, and the attenuation time constant is the reciprocal of the real part of
the characteristic roots. When ωcv ≥ 7, the characteristic roots are two different (or same) real
numbers. In this case, Udc6 and Udc7 are DC attenuation amplitudes, and the attenuation time
constant is the reciprocal of the characteristic roots.

4.2. GSC Current

Equation (21) is transferred into the frequency domain and then substituted into Equation (8).
The expression of GSC current in the synchronous reference frame is:

ig = −sisd f + ji∗gq +
Udc1KvI

r [Ig1 cos(ωt) + Ig2 sin(ωt)]e−t/τs + Udc2τi
τi−τv

(KvP − τiKvI)e−t/τi + Udc5
1−ωciτv

(KvP − 1
ωci

KvI)e−ωcit

+ Udc6
1+λ1τv

(KvP + 1
λ1

KvI)eλ1t + Udc7
1+λ2τv

(KvP + 1
λ2

KvI)eλ2t + KvI [Ig3 sin(ωcit) + Ig4 cos(ωcit)]e−ωcit + Ig5(KvP − τvKvI)e−t/τv
(22)

where Ig1, Ig2, Ig3, Ig4, and Ig5 are coefficients for different components. Specific expressions are shown
in Appendix B.

Comparing Equations (21) and (22), GSC current in the synchronous reference frame contains
frequency components corresponding to the transient attenuation components in Udc and additionally
generates a DC attenuation component with time constant τv due to the inner current loop. According
to Table 1, Udc2 has a small amplitude, and Udc3, Udc4, and Udc5 attenuate quickly. Therefore, it is
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applicable to neglect the above parameters to obtain a simplified expression of GSC current. Transferred
into the stationary reference frame, the a-phase expression of GSC current is:

iga ≈ −sisd f cos(ωt)− i∗gq sin(ωt) + [Ig5(KvP − τvKvI)e−t/τv + Udc6
1+λ1τv

(KvP + 1
λ1

KvI)eλ1t

+ Udc7
1+λ2τv

(KvP + 1
λ2

KvI)eλ2t] cos(ωt) + Udc1KvI
2r [Ig1 cos(2ωt) + Ig2 sin(2ωt)]e−t/τs + Udc1KvI

2r Ig1e−t/τs
(23)

Equation (23) demonstrates that GSC current in the stationary reference frame contains a
steady-state fundamental component, a fundamental component attenuating at different time constants,
a DC attenuation component, and a second harmonic frequency attenuation component. Among them,
the amplitude of the second harmonic frequency attenuation component is proportional to the
fundamental attenuation component in DC bus voltage. According to Table 1, it can be deduced
that the second harmonic frequency attenuation component accounts for a large proportion of GSC
transient current and takes four to six periods to damp to 0. This second component will influence
the second harmonic restraint of transformer protection, which will be further discussed in the
simulation section.

4.3. Stator Current and DFIG-WT Total Current

According to Equations (1), (17), and (20), the time domain expression of stator current in the
synchronous reference frame is:

is = Les{−i∗r − jUs1/Lm − (∆ir1 + j∆Us/Lm)e−jω1te−t/τs − ∆ir2e−t/τi − [∆ir3 cos(ωcit) + ∆ir4 sin(ωcit) + ∆i∗r ]e−ωcit} (24)

where Les = Lm/Ls.
Transferring Equation (24) to the stationary reference frame, the a-phase stator current

expression is:

isa = Re
{
−Lesi∗r ejω1t − jLesUs1/Lmejω1t − Les(∆ir1 + j∆Us/Lm)e−t/τs

−Les∆ir2ejω1te−t/τi − Les[∆ir3 cos(ωcit) + ∆ir4 sin(ωcit) + ∆i∗r ]ejω1te−ωcit
} (25)

Equation (25) reveals that the a-phase stator short-circuit current contains a steady-state
fundamental component, a fundamental attenuation component, a DC attenuation component, and an
oscillating attenuation component with ωci as the period and time constant. It can be concluded
from Table 1 that the transient attenuation component of the stator current mainly contains a DC
attenuation component, while fundamental attenuation and ωci relevant components account for a
small proportion and attenuate quickly.

With the above analysis and deduction, a short-circuit total current calculation model of DFIG-WT
can finally be built as the sum of GSC current and stator current according to Equations (22) and (24):

iT = is + ig (26)

To demonstrate the transient short-circuit current calculation model of DFIG-WT effectively,
a simplified diagram of the relations among key electrical quantities based on the structure of DFIG-WT
is shown in Figure 3a, and a detailed flow chart of the entire derivation process is presented in Figure 3b.
In the figure, the symbol in bold represents complex vectors in the two phase synchronous rotation
coordinate system, and the normal form represents the d (or q)-axis component.

According to Figure 3, the construction process of the transient short circuit current calculation
model of DFIG-WT is summarized as follows:

At first, the terminal voltage of DFIG-WT drops to us1, causing a fundamental frequency
attenuation component (ψsn) that appears in the stator flux, and at the same time, making changes to
the reference value of RSC current (ir*). The fundamental frequency attenuation component in the
stator flux creates a voltage disturbance quantity (er) in the current inner loop of RSC, which causes
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transient fluctuation of the rotor current (∆ir-er), and change of the reference value of RSC current
will also cause a transient component in the rotor current. The above two transient components,
together with the steady-state component determined by the reference value of the rotor current,
constitute the post-fault rotor current. At last, the calculation model of stator short circuit current can
be built according to the rotor current and stator flux.

Meanwhile, the rotor current is converted to the DC side of converters as load current (iL) of the
GSC. According to the control diagram of the voltage outer loop of the GSC, changes of load current
(∆iL) will cause a fluctuation component (∆Udc) in DC bus voltage, causing further fluctuation of the
d-axis component of GSC current. The q-axis component of GSC current is generally 0 or very small,
which can be considered as equal to its reference value. Finally, the transient short circuit current
calculation model of DFIG-WT is the sum of the stator current and GSC current.

According to the above analysis and the flow chart, the generating mechanism and evolution law
of transient fluctuations of critical electrical quantities of the DFIG-WT are revealed clearly.Energies 2018, 11, x FOR PEER REVIEW  10 of 24 
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4.4. Analysis of Steady-State Current of DFIG-WT Considering Current Limits

With a detailed short-circuit current calculation model, quantitative analysis can be carried out to
further reveal the fault characteristics of DFIG-WT. Among all the frequency components of the SCC,
fundamental components are the most important to protection settings. As shown in Equations (22)
and (24), fundamental components of total SCC are mainly composed of steady-state components,
while the transient fundamental components attenuate rapidly. Therefore, a detailed analysis of the
steady-state current of DFIG-WT was carried out considering the current limit.

According to Equations (22) and (24), the complex of the steady-state component is:

iT f = −ωr
Lm

Ls
i∗rd1 − j(

Us1

Ls
+

Lm

Ls
i∗rq1 + i∗gq) (27)

According to Equation (4) and considering the limit of the converter, the q-axis component of the
rotor reference current linearly increases as the voltage drop deepens, while the d-axis component
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is double-limited by the maximum load current and the maximum rotor current. With parameters
from the simulation case, three-dimensional diagrams and contour maps concerning the d-axis rotor
reference current and the amplitude of the steady-state short-circuit current of DFIG-WT (ITf) are
shown in Figure 4. The x-axis is the amplitude of post-fault voltage Us1 and the y-axis is the pre-fault
stator active power Ps0.
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Figure 4. Characteristics of steady-state components of DFIG-WT fault current.

It can be seen from Figure 4 that, due to the influence of current-limiting of the converter,
the steady-state short-circuit current of DFIG-WT exhibits nonlinearity when the terminal post-fault
voltages and pre-fault power change. It is worth noticing that the deeper the voltage sag is, the larger
the steady-state short-circuit current will be. The DFIG steady-state short-circuit current reaches its
maximum value when the terminal voltage drops to Us-max and the pre-fault power is full.

According to the contour map of Figure 4, the maximum steady-state short-circuit current of the
DFIG appears on the isobaric line between region B and region C of the d-axis rotor reference current.
Us-max can be deduced from the boundary of region B and region C:

Us-max =
0.9Kd −

√
I2
r-max − I2

rd-max

Kd − 1/Lm
(28)

As can be seen from the above equation, Us-max only relates to the RSC reference current limit
and reactive current coefficient.

Combining Equations (27) and (28) and ignoring the term 1/Lm in the denominator of Equation
(28), the estimation formula for the maximum steady-state short-circuit current of DFIG IT-max under
different voltage drops and pre-fault conditions is simplified and obtained as:

IT-max ≈

√
I2
r-max + [(ωrmax

Lm

Ls
)

2
− 1]I2

rd-max (29)
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where ωrmax is the maximum rotor speed frequency in per-unit value, usually about 1.2–1.3.
Parameters in the simulation case are used to verify the accuracy of Equation (29). When the DFIG

steady-state short-circuit current reaches its maximum, Us-max is about 0.55 p.u. and calculated IT-max

is 1.2263 p.u. Compared with the simulation result, the error of the maximum steady-state short-circuit
current estimation formula is:

ε =
1.2263− 1.1821

1.1821
× 100% ≈ 3.74% (30)

The estimated value is slightly larger than the actual value, and the error comes from ignoring
the term 1/Lm, which results in the Us-max calculated value decreasing and the short-circuit current
reactive current increasing, leading to an increase in the IT-max calculated value. However, due to the
excitation inductance, 1/Lm is generally large, and the error caused by ignoring this item is small.

According to Equation (30), because of convertor current limiting, the steady-state short-circuit
current provided by the DFIG-WT is relatively small and has nonlinear relationships with
terminal voltage and pre-fault power. This is quite different from the synchronous generators,
whose short-circuit current calculation model is a constant internal voltage behind a linear transient
impedance, which could bring new problems to the traditional relay setting calculation.

5. Simulation Analysis and Verification

To verify the accuracy of the constructed short-circuit current calculation model and the transient
response characteristics of converters during a fault, a simulation system of DFIG-WT with an LVRT
control strategy was built in the MATLAB/Simulink simulation platform based on the demo for
detailed DFIG-WT. The simulation system is shown in Figure 5. Major parameters of the system are
listed in Table 2.
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Table 2. Parameters of the DFIG-WT simulation model.

Parameter Value Parameter Value

Rated capacity 1.5 MW Switching frequency of RSC 1.6 kHz
Rated voltage of stator 690 V Proportionality coefficient of inner current loop 0.578

Stator resistance 0.023 p.u. Integral coefficient of inner current loop 10.58
Rotor resistance 0.016 p.u. Switching frequency of GSC 2.7 kHz

Stator inductance 3.08 p.u. Proportionality coefficient of DC voltage loop 6.17
Rotor inductance 3.06 p.u. Integral coefficient of DC voltage loop 400

Rated DC bus voltage 1150 V Reactive current coefficient Kd 1.5
Active current-limiting of rotor 0.9 p.u. Maximum current-limiting value of rotor 1.15 p.u.

DC bus capacitor 0.0032 p.u. Modulation coefficient of PWM 0.95

5.1. Contrast Verification of Key Electrical Quantities of Generator and Converter

In this simulation case, DFIG-WT operates at a supersynchronous state with a unit power factor
when a three-phase-to-ground fault through transition resistance Zf occurs on Bus 3 at 0.113 s,
making the voltage at the generator terminal drop to 0.65 p.u. Before the fault, the stator active
power is about 0.82 p.u. and GSC active power is about 0.18 p.u. The slip ratio is about −0.21.



Energies 2018, 11, 2471 13 of 23

5.1.1. Verification of DC Bus Voltage

The postfault DC bus voltage was calculated according to Equation (21) and compared with
the simulation waveform under the fault condition. According to Equation (4) and the analysis
in Section 3.1, when the voltage at the generator terminal drops suddenly, there will be transient
fluctuation in Udc, which is caused by the power imbalance of the converters at the two sides. As shown
in Figure 6a, the calculated waveform coincides with the simulated waveform, verifying the accuracy
of Equation (21).
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Figure 6. Comparison of DC bus voltage and decomposition of frequency components: (a) comparison
between simulated and calculated waveform; (b) decomposition of frequency components.

The decomposition of transient attenuation components in Udc, which are calculated from
Equation (21), is shown in Figure 6b. Different frequency components are represented by different
colors and their relevant coefficients. As shown in Figure 6b, the fundamental component takes the
dominant role among all attenuation components of Udc. The remaining components attenuate to 0 in
less than one period and their amplitudes are smaller than the fundamental component.

5.1.2. Verification of GSC Current

A-phase GSC current is calculated according to Equation (23) and is compared with the simulated
waveform, as shown in Figure 7a. Under the simulation condition, the peak value of the GSC A-phase
short-circuit current is about 0.39 p.u., and generally damps to the steady-state value of 0.16 p.u. in
about four periods. The theoretical calculation accurately coincides with simulation results.
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Figure 7. GSC short-circuit current and its frequency spectral analysis: (a) comparison between
simulated and calculated waveform; (b) frequency spectral analysis.

It can be observed from Figure 7a that there are evident harmonic components in the first three
cycles. The frequency spectral analysis result of the first cycle of simulated A-phase GSC current is
shown in Figure 7b. The total harmonic distortion (THD) of the current of the selected window is
about 55.88%, and the second harmonic content is about 54.2%. According to the theoretical analysis
in Section 4, the fundamental attenuation component, which accounts for a high proportion in DC bus
voltage, will induce the second harmonic frequency component in the GSC current. The simulation
results coincide with the theoretical analysis.
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The characteristics of the second harmonic component in the GSC current are studied further
under supersynchronous and subsynchronous conditions. The second harmonic frequency component
in GSC is positively related to the voltage dip level according to Equation (23), meaning that a
lower residual voltage will cause a higher proportion of the second harmonic component in the
short-circuit current. When the terminal voltage drops to 40% Un, the proportions of the second
harmonic component in the short-circuit current of DFIG-WT and GSC are as shown in Figure 8.
Moreover, the proportion gets higher under subsynchronous conditions, with up to 68.4% in GSC
current and 26.6% in DFIG-WT current.
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Figure 8. Proportions of the second harmonic component in short-circuit current of DFIG-WT and
GSC: (a) supersynchronous, s = −0.2; (b) subsynchronous, s = 0.2.

Since the method of second harmonic restraint is widely used in transformer protection to
overcome maloperation caused by a magnetizing inrush current, and the threshold for second harmonic
content is usually set at 15–20%, the high proportion of the second harmonic component generated by
DFIG-WT may cause the transformer protection failure to operate.

5.1.3. Verification of Rotor Current

A-phase rotor current was calculated according to Equation (20) and transferred to the rotor
coordinate system. A comparison between the calculated waveform and simulated waveform is shown
in Figure 9a. According to Equation (19) and Table 1, the fundamental component ∆ir1 is the key
attenuation component of rotor short-circuit current in the synchronous reference frame, while in
the rotor coordinate system, its frequency is (1 − s) times the rotor fundamental frequency. In this
simulation case, with a slip ratio of −0.21, the frequency of ∆ir1 is about 72 Hz and it attenuates to 0
by about 0.064 s.
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Figure 9. Rotor short-circuit current and its frequency spectral analysis: (a) comparison between
simulated and calculated waveform; (b) frequency spectral analysis.

Frequency spectral analysis results of the first cycle of simulated rotor current are shown in
Figure 9b. It can be seen from Figure 9b that among different harmonic components, the sixth harmonic
accounts for the largest proportion, which is 72 Hz, with a fundamental of 12 Hz. Its proportion relative
to the fundamental wave is 17.6%. Besides, as discussed in Section 3.2, there is no sudden change
of rotor current at the moment the fault happens because the calculation considers the sampling
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delay and PWM small inertial characteristics. Theoretical analysis coincides with simulation results,
which verifies the accuracy of the theory.

5.1.4. Verification of Stator Current

A comparison between the A-phase stator current calculated by Equation (25) and the simulated
waveform is shown in Figure 10. When the voltage at the generator terminal drops to 0.65 p.u., the peak
value of A-phase stator short-circuit current is about 1.37 p.u. and the steady-state value is about
0.81 p.u. According to Equation (25) and as shown in Figure 10b, DC is the main transient attenuation
component of the stator short-circuit current.
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Figure 10. Stator short-circuit current and its frequency spectral analysis: (a) comparison between
simulated and calculated waveform; (b) frequency spectral analysis.

Compared with Figure 7, the short-circuit current of GSC is about 20% of the stator short-circuit
current in a steady state, while the peak value of GSC SCC is about 28.5% of the stator SCC. In [15–17],
the GSC current is neglected and the stator current is used to replace the short-circuit total current of
DFIG-WT, which will surely result in a large calculation error.

5.2. Contrast Verification of DFIG-WT Transient Characteristics under Different Situations

For a more comprehensive analysis and verification of the theoretical analysis, 15 groups of
experiments were carried out under different operating conditions and voltage drops. A comparison
between simulated results and calculated results of key characteristic parameters of the short-circuit
current is shown in Figure 11, with solid lines representing simulation results and dotted lines
representing calculated results.

In the experiments, three typical working conditions of DFIG-WT were chosen: supersynchronous
(s = −0.2), synchronous (s = 0.01), and subsynchronous (s = 0.2). The voltage at the generator terminal
dropped to 0.35 p.u., 0.47 p.u., 0.6 p.u., 0.75 p.u., and 0.9 p.u., respectively. Key characteristic parameters
include peak values of DFIG-SCC and stator SCC, and steady-state values of DFIG-SCC and GSC-SCC.

The diagrams in the first row of Figure 11 show variations of the four key characteristic parameters
with different residual voltages and operating conditions. Under the supersynchronous condition,
the peak value of total current is higher than that of stator current. However, the opposite phenomenon
is observed under the subsynchronous condition, while under the synchronous condition, these two
parameters are almost equal to each other. This is because GSC current has the same direction as stator
current under the supersynchronous condition, the opposite direction under the subsynchronous
condition, and almost 0 under the synchronous condition.

The diagrams in the second row of Figure 11 show steady-state value proportions of GSC-SCC of
DFIG-SCC. Under the subsynchronous condition, the proportion of GSC current is higher than that in
other conditions, reaching 35% at the most.

Among the comparisons in all cases, the maximum calculation error is about 6.8%, as shown in
Figure 11, which occurred at the peak value of DFIG-SCC when s = −0.2 and the voltage dropped to
0.35 p.u.
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Figure 11. Contrast verification of key characteristic parameters of short-circuit current under different
conditions, as well as proportions of steady-state GSC-SCC.

6. Verification with LVRT Test Data

According to the grid criteria for wind power [27], the LVRT test must be conducted with all
kinds of wind turbines before they have access to the grid, which provides reference data for studying
the fault characteristics of wind turbine generators. The LVRT test schematic diagram is shown
in Figure 12a. A movable vehicle-mounted container structure is adopted by LVRT test devices,
including a voltage sag generator and remote console cabinet, as shown in Figure 12b. The terminal
voltage of tested wind turbines is remotely controlled by adjusting the voltage division ratio of
the current, limiting reactance, and short-circuit reactance. The three-phase voltage and current at
the terminal of tested wind turbines are saved by a Dewetron DEWE-5000 high-precision recorder
(DEWETRON, Grambach, Austria).
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Figure 12. (a) LVRT test schematic diagram, (b) picture of the LVRT field test devices.

In the following section, a group of field test data are analyzed and compared with the proposed
analytic expressions. Parameters of the tested DFIG-WT are listed in Table 3. In the test, the terminal
voltage dropped to about 0.23 p.u. under subsynchronous (P = 0.28 p.u., s = 0.2) and supersynchronous
(P = 0.97 p.u., s = –0.2) conditions.
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Table 3. Parameters of the tested DFIG-WT.

Parameter Value Parameter Value

Rated capacity 1.5 MW Leakage inductance of rotor 0.0162 Ω
Rated voltage of stator 690 V Exciting inductance 1.123 Ω
Rated voltage of rotor 1800 V Switching frequency of converter 2.5 kHz

Stator resistance 0.0023 Ω Current-limiting value of rotor 1.5 p.u.
Rotor resistance 0.0024 Ω Reactive current coefficient 1.8

Leakage inductance of stator 0.0184 Ω Rated voltage of DC bus 1150 V
Proportionality coefficient of

inner current loop 0.6 Proportionality coefficient of DC
voltage loop 10

Integral coefficient of inner
current loop 15 Integral coefficient of DC voltage loop 500

DC bus capacitor 0.001 F Modulation coefficient of PWM 0.95

Active and reactive power generated by wind turbines under two test conditions are shown in
Figure 13. As the grid codes require, wind power generators should output reactive power during
the LVRT process to support grid voltage recovery. It can be concluded from Equation (3) that active
power during the LVRT process under different operating conditions should be the same with the
same voltage dip level. As shown in Figure 13, the reactive power is about 0.3 p.u. under both test
conditions during the LVRT process as the residual voltages are the same. Reactive power output is
the primary concern for DFIG-WT control, limiting the active power output capacity. The active power
in the supersynchronous condition (about 0.21 p.u.) is slightly larger than that in the subsynchronous
condition (about 0.14 p.u.). This is because GSC outputs active power under the supersynchronous
condition and absorbs active power under the subsynchronous condition.
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Parameters of the tested DFIG-WT are substituted into Equations (21), (24), and (26) to obtain
the calculated waveforms of the DFIG-SCC under different conditions. A comparison between the
actual waveforms and calculated waveforms is shown in Figure 14. Transient characteristics and the
attenuation law of the calculated waveform and simulated waveform are consistent. However, the first
three circles do not match well. This is because the controller may not be able to perform as ideally as
the simulated model under severe fault conditions. Moreover, the steady-state short-circuit current
agrees precisely.
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where -Tf fullI  and -Tf lowI  are amplitudes of short-circuit currents of DFIG-WT under full and sub 
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Figure 14. Comparison between recorded data and calculated data under two operating conditions:
(a) supersynchronous condition; (b) subsynchronous condition.

According to the test data, the steady-state value of the short-circuit current is 1.642 p.u. under
the supersynchronous condition and 1.507 p.u. under the subsynchronous condition. Parameters of
DFIG-WT are transferred into per-unit values and substituted into Equation (3). The reference values
of rotor current are gained as: i∗rq,lvrt = −[1.8× (0.9− 0.23)]× 3.5961

3.5381 −
0.23

3.5961 = −1.2908

i∗rd,lvrt =
√

1.52 − i∗2rq,lvrt = 0.7641
(31)

The reference values of rotor current are substituted into Equation (26). The steady-state
short-circuit current under the two conditions is calculated as:

IT f - f ull =
∣∣∣−1.2× 3.5381

3.5961 × i∗rd,lvrt − j( 0.23
3.5961 − i∗rq,lvrt)

∣∣∣
= |−0.9021− j1.3339| = 1.6103

IT f -low =
∣∣∣−0.8× 3.5381

3.5961 × i∗rd,lvrt − j( 0.23
3.5961 − i∗rq,lvrt)

∣∣∣
= |−0.6041− j1.3339| = 1.4632

(32)

where IT f− f ull and IT f−low are amplitudes of short-circuit currents of DFIG-WT under full and sub
synchronous conditions, respectively. Their relative errors with test data are 1.9% and 2.9%, respectively,
verifying the accuracy of the proposed analytical expression.

The second harmonic contents of the first cycle in the three-phase short-circuit current under
two conditions are shown in Table 4. According to Table 4, the following conclusions can be drawn
as follows:

(1) According to theoretical derivation and Equation (23), the deeper the voltage drops, the higher
the second harmonic content will be. It can be seen from Table 4 that when the terminal voltage
drops to 0.23 p.u., the second harmonic content in the three-phase short circuit current can reach
up to 51.74%, far exceeding the transformer’s second harmonic setting value (15–20%).

(2) Under the same voltage drop level, the second harmonic content is higher under the
sub-synchronous condition than the super-synchronous condition. This is because the secondary
harmonics are mainly generated by GSC, and the proportion of GSC current to the total current is
higher under the sub-synchronous condition, which is consistent with the result in Figure 8.

(3) Then second harmonic content in the three-phase current is different, and this phenomenon can
be explained by the mechanism of second harmonic generation. According to the theoretical
derivation and the flow chart in Figure 4, the second harmonic component in three phase short
circuit currents is originally caused by the DC component in stator flux, which is generated due
to the conservation law of flux linkage and its amplitude is determined by the instantaneous
value of stator flux at the time the fault occurs. Therefore, the DC attenuation components in the
three phases are not equal, so that the second harmonic content in three phases is also different.
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(4) The phase with the highest second harmonic content is related to the time of failure due to the
same reason at the point (3). In Table 4, the highest second harmonic content is in phase C when
the fault occurred at 2.27 s under the super synchronous condition, and it is phase A when
the fault occurred at 2.08 s under the sub synchronous condition. As shown in Figure 8, in the
simulation study, the fault occurs at the same time in both cases, and the phase with the highest
second harmonic content is phase B.

Table 4. Second harmonic contents of three-phase short-circuit current under two conditions.

Operating Condition A-Phase B-Phase C-Phase

Super-synchronous 32.68% 25.16% 43.40%
Subs-synchronous 49.45% 34.58% 51.74%

7. Conclusions

In this paper, transient characteristics of DFIG-WT short-circuit current under converter
control are analyzed and a detailed analytical calculation model of short-circuit total current of
DFIG-WT, including GSC current and stator current, is deduced. Based on the established model,
the characteristics of steady-state fault current of DFIG-WT are further studied. The accuracy of the
theoretical analysis and mathematical deduction is verified by comparing simulation test and LVRT
field test data. The main work of this paper can be summarized and conclusions can be drawn as
follows:

(1) Equations for GSC current, DC bus voltage, and rotor current are constructed. The disturbance
evolution mechanism in converters and the coupling relationships of the electrical quantities are
thus revealed.

(2) The transient analytical models of GSC current, DC bus voltage, stator current, and rotor current
are constructed. With the transient analytical model, short-circuit current frequency components,
key influencing factors, and attenuation characteristics are quantized.

(3) The amplitude of steady-state short-circuit current of DFIG-WT varies with the post-fault
terminal voltage and pre-fault power nonlinearly, considering the multi-limitation of rotor current.
Estimation formulas for the maximum steady-state SCC of DFIG-WT and the corresponding
voltage are put forward and verified by simulation.

(4) It is proved by theoretical analysis and simulation that the proportion of short-circuit current of
GSC is related to the pre-fault operation state. The proportion of GSC current is higher under
subsynchronous conditions. The accurate calculation of the total short-circuit current of DFIG-WT
should take the influence of GSC current into account, or it will generate up to 30% error.

(5) Reasons for high second harmonic contents contained in the transient short-circuit current of GSC
are disclosed. It is concluded that the second harmonic content is positively related to the voltage
dip level, and the second harmonic component might have an adverse impact on transformer
differential current protection.

The results and conclusions in this paper could provide theoretical references for short-circuit
current calculation of power systems with DFIG-WTs connected to the grid, as well as optimizing
settings and redesigns for relevant protection, such as transformer protection with second harmonic
restraint. Moreover, from the aspect of control strategies of convertors, if the fluctuation of DC bus
voltage could be suppressed, the second harmonic content contained in the short-circuit current should
also be decreased.
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Nomenclature

us, ur Stator and rotor voltage vectors Ls, Lr Stator and rotor self-inductances
is, ir Stator and rotor current vectors Rs, Rr Stator and rotor resistances
ψs, ψr Stator and rotor flux vectors Lm Mutual inductance
ig GSC current vector C Capacitance of the capacitor
iT Total current vector of DFIG-WT L, R Filter inductance and resistance
Udc DC bus voltage Pg Active power of the GSC
iL, ig-dc DC-side currents of RSC and GSC ira,b,c AC-side three-phase rotor currents
Pload DC-side active power of the RSC * Superscript donating reference value
ω1 Synchronous angular frequency s Slip of DFIG

Us0, Us1
Amplitudes of pre-fault and post-fault stator
voltages

P*s0, Q*s0
Reference values of pre-fault stator
active and reactive powers

p Differential operator Sabc Switch function of the converter

d, q
Subscripts donating d-axis component and
q-axis component

f, n
Subscripts donating forced
component and natural component

Note: a symbol in bold form denotes a complex vector.

Appendix A
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Appendix B

1. Coefficients of rotor current in Equation (19):

∆ir1 = k0
2ωcik4 + k2
k1k4 − k2k3

(
1
τs

+ jω1)

∆ir2 = −k0
k1 + 2ωcik3
k1k4 − k2k3

1
τi
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∆ir3 = k0[2ωci(
k1 + 2ωcik3
k1k4 − k2k3

− 2ωcik4 + k2
k1k4 − k2k3

)− k5]

∆ir4 = k0k5

where
k0 = −j(

1
ω1τs

+ j)
Lm

sLs

∆Us

3TsKp_iKpwm

k1 =
1
τi
[(ωci −

1
τs
− jω1)

2
+ ω2

ci]

k2 = (
1
τs

+ jω1)[(
1
τi
−ωci)

2
+ ω2

ci]

k3 = −ω2
ci − [ωci − (

1
τs

+ jω1)]
2

k4 = −ω2
ci − (ωci −

1
τi
)

2

k5 =
(2ωci − 1

τi
)(k1 + 2ωcik3)− [2ωci − ( 1

τs
+ jω1)](k2 + 2ωcik4)

k1k4 − k2k3

2. Coefficients of DC bus voltage in Equation (21):

Udc1 = −0.75m|∆ir1|
ω1a
Cn

Udc2 = 0.75m
ω1
C
|∆ir2| cos(α2 + δ)

1/τi

(R + 1/τi)
2 −M2

Udc3 = −0.75m
ω1
C
|∆ir3| cos(α3 + δ)

√
2ωci
x

Udc4 = −0.75m
ω1
C
|∆ir4| cos(α4 + δ)

√
2ωci
x

Udc5 = −0.75m
ω1
C
|∆i∗r | cos(α5 + δ)[

ωci

(R + ωci)
2 −M2

]

Udc6 = 1
2M [Udc1

n
a

λ1 cos(α1+δ−θ4)√
(λ1+1/τs)

2+ω2
+ Udc2

(R+1/τi)
2−M2

1/τi

λ1
λ1+1/τi

+Udc3
x√
2ωci

λ1+ωci

(λ1+ωci)
2+(ωci)

2 + Udc4
x√
2

λ1

(λ1+ωci)
2+(ωci)

2 + Udc5
(R+ωci)

2−M2

λ1+ωci
]

Udc7 = − 1
2M [Udc1

n
a

λ2 cos(α1+δ−θ5)√
(λ2+1/τs)

2+ω2
+ Udc2

(R+1/τi)
2−M2

1/τi

λ2
λ2+1/τi

+Udc3
x√
2ωci

λ2+ωci
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2 + Udc4
x√
2

λ2

(λ2+ωci)
2+(ωci)

2 + Udc5
(R+ωci)

2−M2

λ2+ωci
]

where λ1,2 = R±M,

α1 = a tan
Re[∆ir1]

Im[∆ir1]
, α2 = a tan

Re[∆ir2]

Im[∆ir2]
, α3 = a tan

Re[∆ir3]

Im[∆ir3]
, α4 = a tan

Re[∆ir4]

Im[∆ir4]
, α5 = a tan

Re[∆i∗r ]
Im[∆i∗r ]

aejθ1 = 1/τs + jω

nejθ2 = (R + 1/τs)
2 −ω2 + M2 + 2jω(R + 1/τs)

xejθ3 = (R + 1/3Ts + j/3Ts)
2 + M2

θ4 = a tan
ω1

λ1 + 1/τs

θ5 = a tan
ω1

λ2 + 1/τs

β1 = α1 + δ + θ1 − θ2
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β2 = θ3 −
π

4

3. Coefficient of GSC current in Equation (22):

Ig1 = (ωcv −
1

a2τvτs
) cos β1 −

ω

a2τv
sin β1

Ig2 = (ωcv −
1

a2τvτs
) sin β1 +

ω

a2τv
cos β1

Ig3 = Udc3(cos β2 −
cos β2 − sin β2

2ωci
2τv

)−Udc4(sin β2 −
sin β2 − cos β2

2ωci
2τv

)

Ig4 = Udc3(sin β2 −
sin β2 + cos β2

2ωci
2τv

)−Udc4(cos β2 −
cos β2 + sin β2

2ωci
2τv

)

Ig5 = −Udc1
τv

[
cos β1(1/τv−1/τs)−ω sin β1

(1/τv−1/τs)
2+ω2

] + Udc2τi
τv−τi

− Udc3
τv

[
(1/τv−ωci) cos β2+ωci sin β2

(1/τv−ωci)
2+ωci

2
]

−Udc4
τv

[
(1/τv−ωci) sin β2−ωci cos β2

(1/τv−ωci)
2+ωci

2
] + Udc5

ωciτv−1 + Udc6
−λ1τv−1 + Udc7

−λ2τv−1
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