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ABSTRACT Short-circuit calculations for wind farms are crucial for determining equipment ratings and
providing basic information for protection coordination. In this paper, a practical calculation method of
short-circuit currents (SCCs) is proposed for doubly fed induction generator (DFIG)-based wind farms. The
improved calculation method of the SCCs in single DFIG is developed based on electromagnetic transient
analysis. Combined with the traditional method of calculating the SCCs of the power system, an equivalent
model of the DFIG-based wind farm used for SCCs is studied. The equivalent model and expressions for
SCCs are later validated through PSCAD/EMTDC-based simulation results, and a comparison with the
national standard calculation method is analyzed. The results show that the calculation method proposed
in this paper has better accuracy and practicability, which are important elements in the electrical design of
DFIG-based wind farms.

INDEX TERMS Wind farm, doubly-fed induction generator (DFIG), short-circuit current, symmetrical fault.

I. INTRODUCTION
Wind, as a clean and economically feasible source of
electrical energy, has recently been gaining special atten-
tion [1], [2]. In China, a large number of doubly-fed induc-
tion generators (DFIGs) connect to the grid in the form of
clusters, resulting in a threat to the safe and stable operation of
the grid [3], [4]. Short-circuit current calculationmethods for
power systems with wind turbines are very important because
they are the key to analyzing the influence of wind turbine
access to grids and developing new protection principles.
Usually, chopper and crowbar protection are used in DFIGs
to improve their capabilities for low voltage ride through
(LVRT) [5], [6], but the fault characteristics of DFIGs with
the crowbar protection are hence changed [7], and the topol-
ogy becomes more complex especially when crowbar protec-
tion in several DFIGs are activated simultaneously [8]. Even
though the power system with a DFIG-based wind farm is
complicated, it is still necessary to study an accurate and
simplified calculation method for SCCs.

In previous studies, some transient fault models and
calculation methods for DFIGs have been reported, such
as [9]–[11]. However, works on single wind turbine systems

are currently insufficient for describing the characteristics
of large numbers of units, especially taking into account
increasing wind power integration capacity. A novel model-
ing technique for a Type 3 wind farm based on the general-
ized averaging theory is proposed in [12]. A comprehensive
modeling and stability analysis framework of a weak grid that
interfaces an LCC-HVDC station and a DFIG-based wind
farm is developed in [13]. An impedance protection circuit
configuration to enhance the ride-through of DFIGs based
wind turbines during faults is proposed in [14]. A method for
calculating the SCC of DFIG-based wind farms considering
the influence of inverter control is provided in [15]. And
based on the improved LVRT control, the nonlinear dynamic
model of wind farms under symmetric and asymmetric faults
is studied in [16]. In addition, based on the analysis of DFIGs’
transient characteristics, the equivalent model of doubly-fed
wind plants is discussed in [17] and [18]. However, most
of the methods need many parameters and the calculation
process is relatively complex, so that these methods cannot
be applied to the practical calculation directly. Therefore,
the studies on the SCCs calculation for DFIG-based wind
farms for engineering applications are beginning to receive
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attention from researchers. Compared with [19], this paper
has a new approach. The relationship between theoretical
parameters and easy-to-obtain parameters is analyzed in
detail, and the calculationmethod of SCC instantaneous value
under theoretical analysis and improved algorithm is given.
Moreover, the practical calculation formula of SCC in wind
farms is given.

The main scope of this study is to find a SCCs calculation
method for DFIG-based wind farms, which could be applied
to engineering practice well. Thus, in this paper, based on
the EMT analysis, the influence of crowbar on SCCs of
DFIG is firstly analyzed. Then an improved method suit-
able for an engineering application is proposed according to
the relationship between unknown parameters and ready-to-
use parameters. Moreover, considering transfer impedance of
collector lines, the equivalent impedance model of DFIGs
under different connection types is established and a calcu-
lation method for SCCs in DFIG-based wind farms is also
carried out. Finally, the accuracy of the proposed practical
method is verified by the comparison with the simulation
results from PSCAD/EMTDC (Power Systems Computer
Aided Design/ Electromagnetic Transients including DC).
In addition, a comparison between the proposed practical
method and the national standard [20] calculation method in
China is analyzed in this paper.

II. ANALYSIS OF SCCS FOR DFIG CONSIDERING
CROWBAR PROTECTION
There are some differences between general induction gener-
ators (IGs) andDFIGswith crowbar protection. For the power
system with DFIGs, the SCC calculation method for IGs may
not work well. In this section, based on the EMT analysis of
DFIGs with crowbar protection, a SCC calculation method
for DFIGs is analyzed, which is called theoretical analysis.

Figure 1 shows a simple doubly-fed wind turbine system.
The DFIG has been interconnected with the grid in which
the stator of the generator is directly connected with the grid
whereas, the rotor get connected through a Back-to-Back
converter arrangement as shown in Figure 1. The converters
are known as the rotor side converter (RSC) and the grid
side converter (GSC) and these two are connected cascaded
through a DC-link capacitor placed between them. The GSC
controls the DC-link voltage independent of the rotor power
and the RSC controls the rotor currents [6]. During severe
fault conditions, in order to ensure the safety of the DFIG,
the crowbar protection will be activated to short circuit the
rotor windings and divert the surge current from the rotor-side
converter (RSC) [10].

In this paper, the transient process is mainly considered
to be caused by the instant symmetrical short-circuit fault,
which usually brings the most serious impacts to the power
grid than other faults. It is considered that the overall DFIG
system is at a stage where the control system is not in opera-
tion, or is working, but has not reached a steady state. Also,
the wind speed and the speed of the generator are assumed to
be the same as pre-fault [21]. The EMT equations of DFIG in

FIGURE 1. Diagram of simple doubly-fed wind turbine system.

a synchronously rotating reference frame are given by

us = Rsis + jωsψs + dψ s/dt (1)

ur = Rr ir + jωpψ r + dψ r/dt (2)

ψ s = Lsis + Lmir (3)

ψ r = Lmis + Lr ir (4)

where u, i,R,L,ψ are the voltage and current, resistance,
inductance, and flux, respectively; and the subscripts s and r
represent the stator winding and rotor winding, respectively.
Ls = Lsσ − Lm and Lr = Lrσ − Lm, where Lsσ and Lrσ are
the stator leakage inductance and rotor leakage inductance,
respectively. Lm is the magnetizing inductance, ωp is the slip
angular velocity, and ωs is the synchronous speed.
Then, according to Equations (3) and (4), the SCC of stator

and rotor can be expressed as

is = −krψ r/L
′
s + ψ s/L

′
s (5)

ir = −ksψ s/L
′
r + ψ r/L

′
r (6)

where L ′s and L ′r represent the transient inductance of
stator winding and rotor winding, respectively. L ′s = Lsσ +
LrσLm/ (Lrσ + Lm), and L ′r = Lrσ + LsσLm/ (Lsσ + Lm). ks
and kr denote the inductance coupling coefficient of stator
and rotor, respectively. ks = Lm/Ls, and kr = Lm/Lr.

When a serious symmetrical fault occurs, in order to
avoid converter being damaged by a too-large rotor current,
the RSC is quickly locked by the control system, and crowbar
resistance is connected [22], [23]. During symmetrical faults,
the maximum value of SCC usually appears in the process
between the crowbar insertion and RSC re-starting [3], so the
SCC calculation in this paper is mainly analyzed based on
this process. Meanwhile, in this process, the power electronic
control system has seldom effects on the maximum values
of SCC because the RSC is quickly locked. Therefore, the
influence of control system is not considered in this paper.

To make the analysis easily, we assume the symmetrical
short circuit occurs at t = t0, and the crowbar is inserted at
t = t+0 . Then, a transient equivalent circuit can be established,
which is shown in Figure 2.

According to the stator equivalent impedance presented
in [24] and using the Thevenin’s theorem, the equivalent
impedance of the stator side considering crowbar protection
can be deduced as Equation (7).

Zs ≈ jωsLsσ + [(RCB + jωsLrσ )//jωsLm] = RCB + jωsL ′s
(7)

where RCB is the crowbar resistance.
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FIGURE 2. The equivalent circuit of a DFIG with the element of crowbar
resistance for transient analysis.

Assuming the stator voltage falls to Us1, the voltage drop
factor of stator side is defined as per Equation (8)

Kd = (Us0 − Us1) /Us0 (8)

where Us0 is the voltage of stator side before symmetrical
short-circuit occurs.

According to the magnetic flux linkage conservation law
and the EMT Equations (1), (2), (7), and (8), the expression
of the magnetic chain at the stator side and rotor side after
the fault can be derivate, which are as shown in Equations (9)
and (10):

ψ s = (1− Kd)Us0ejωst/(jωs)+ KdUs0e−t/τs/(jωs) (9)

ψ r = Lr(Us0 − ZsIs0)ejωste−t/τr/(jωsLm) (10)

where Is0 is the current of stator side before symmetrical
short-circuit occurs, τs and τr represent the transient time
constant of stator and rotor, respectively. τs = L ′s/Rs, and
τr = L ′r/Rr .

Inserting Equations (9) and (10) into Equation (5), based on
the coordinate system transformation method, the expression
of the A-phase SCC of a DFIG in a fixed reference frame can
be estimated by Equation (11).

isa =
(1− Kd)Us0

ωsL ′s
cos(ωst + α)+

KdUs0

ωsL ′s
e−

t
τs cosα

−
1
ωsL ′s

[Us0 − (RCB + jωsL ′s)Is0] cos(ωst + α)e
−

t
τ ′r

(11)

where α is the voltage initial phase angle.
According to the description of the maximum short circuit

current in [4], when α = 0 and t = T/2, the effective value of
Equation (11) (i.e., the effective value of periodic component
of SCC) is expressed as

IG ≈
Us0 −

√
ω2
sL ′2s + R

2
CBIs0

√
2ωsL ′s

−
(1− Kd)Us0
√
2ωsL ′s

(12)

Due to several unknown parameters (e.g., ωs, L ′s, RCB, Us0,
and Is0), Equation (12) cannot be applied to the practi-
cal calculation directly. Meanwhile, in Chinese standard
GB/T15544.1 (‘‘three-phase AC system SCC calculation’’,
see [20]), an engineering calculation method for SCC is
proposed based on the ready-to-use from the generator man-
ufacturer, but its accuracy is not satisfied. Hence, in the fol-
lowing Section, an improved calculation method is proposed

based on Equation (12) for SCCs, by using the ready-to-use
parameters which are adopted in the Chinese national stan-
dard GB/T15544.1. In other words, the proposed practical
method takes advantage of method based on Equation (12)
and the method offered by the Chinese national standard
GB/T15544.1.

III. AN IMPROVED CALCULATION METHOD FOR SCCS OF
DFIGS CONSIDERING CROWBAR PROTECTION
To offer the improved method with high accuracy and only
using ready-to-use parameters, it is necessary to get the
relationship between the unknown and ready-to-use param-
eters. In this Section, based on the locked rotor test principle
and the DC test principle [25], the unknown parameters in
Equation (12) are expressed by the ready-to-use parameters
provided by generator manufacturers.

In the case of blocking, the excitation branch in the
equivalent circuit of a DFIG can be ignored, because |Rr +
jωsLrσ | � |jωsLm| [25]. Furthermore, the input impedance
of each phase can be expressed as follows [25]:

Zbr = Rs + Rr + jωs(Lsσ + Lrσ ) = Req + jωsLeq (13)

where Req = Rs + Rr and Leq = Lsσ + Lrσ .
According to the locked rotor test principle in [25], Req,

Zbr, and ωsLeq are as follows:

Req = Pbr/I2br (14)

Zbr = Ubr/Ibr (15)

ωsLeq = (Z2
br − R

2
eq)

1/2 (16)

where Pbr is the input power of the single phase. Ubr is the
input phase voltage, and Ibr is the input current.
For DFIGswith themegawatt capacity, the values ofRs and

Rr are far lower than those of jωsLsσ and jωsLrσ , and have
seldom impact on the calculations. Thus, Rs and Rr can be
estimated by Equation (17)

Rs = Rr = Req/2 = Pbr/(2I2br) = PrM/(6I2LR) (17)

where PrM is the motor-rated power, and PrM = 3Pbr. ILR is
the locked-rotor current, and ILR = Ibr.
According to the test and analysis of large and medium

asynchronous motor in [26],ωsLsσ andωsLrσ can be deduced
as

ωsLsσ ≈ ωsLrσ ≈ ωsLeq/2 = (3U2
rMI

2
LR − P

2
rM)1/2/6I2LR

(18)

where UrM is the motor-rated voltage, and UrM =
√
3 Ubr.

Furthermore, due to Lrσ � Lm, the L ′s and L ′r can be
estimated using Equation (19)

L ′s ≈ Lsσ + Lrσ ≈ L ′r. (19)

Incorporating Equations (18) and (19) into Equations (11)
and (12), the new value expressions of SCC are shown as
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follows

isa ≈
3I2LR(1− Kd)UrM√
3U2

rMI
2
LR − P

2
rM

cos(ωst + α)

+
3I2LRKdUrM√
3U2

rMI
2
LR − P

2
rM

e−
t
τs cosα −

3I2LR√
3U2

rMI
2
LR − P

2
rM

× [UrM − (RCB + j

√
3U2

rMI
2
LR − P

2
rM

3I2LR
)IrM]

× cos(ωst + α)e
−

t
τ ′r (20)

IG =
3UrMI2LR −

√
3U2

rMI
2
LR − P

2
rM + 9I4LRR

2
CBIrM√

6U2
rMI

2
LR − 2P2rM

−
3I2LR(1− Kd)UrM√
6U2

rMI
2
LR − 2P2rM

(21)

where UrM, IrM, ILR, and PrM are easy to be obtained from
the generator manufacturers. The crowbar resistance RCB
may not be offered by the manufacturer, but is also can be
calculated by a scheme in [27].

The SCC curves calculated by the three ways (i.e., simu-
lation, theoretical analysis and improved method) are shown
in Figure 3. The red curve in Figure 3 is the PSCAD-based
simulation results. The blue curve in Figure 3 is calculated
by Equation (11), corresponds to theoretical analysis. The
black curve in Figure 3 is calculated by Equation (20), cor-
responds to improved method. The comparisons the SCC
maximum value and its appearance time in the three methods
are shown in Tables 1 and 2, respectively. In the comparisons,
the relative error e% is adopted to describe the accuracy of
the method, and e% = (IEquation − Isimulation)/ × 100%,
where IEquation denotes the SCC results from the methods
(i.e., theoretical analysis and improved method) to be studied
and Isimulation denotes the SCC results from the simulation in
PSCAD/EMTDC.

FIGURE 3. The simulation result of the short circuit current.

At the same time, the accuracy of the Equations (12)
and (21) is verified by comparing the simulation results of
PSCAD/EMTDC, which are as shown in Table 3.

The results in Tables 1, 2 and 3 show that the calculated
error between simulation and theoretical method is small,
which ensure the accuracy of calculation method. And the
calculated error between simulation and improved method

TABLE 1. Time comparison of the maximum of the SCC.

TABLE 2. Comparison of the maximum value of the SCC.

TABLE 3. The Results of the SCC.

is bigger but is acceptable. Thus, the effectiveness and fea-
sibility of the theoretical method and improved method are
verified.

IV. PRACTICAL CALCULATION METHOD FOR SCCS IN
DFIG-BASED WIND FARMS
As the DFIG-based wind farms usually consists of multiple
small capacity units, when a symmetrical fault occurs at the
point of common coupling (PCC), the calculation efficiency
will be affected when estimating the SCC contributed by each
DFIG. Therefore, the cluster may be equivalent to a voltage
source for research [28].

In Figure 4, a simple DFIG-based wind farm is shown.
In this paper, the number of the DFIGs cluster is defined
as n, in which two kinds of connection way for the cluster
are considered. Meanwhile, they are grouped according to
the connection type categories. In the system, the groups from

FIGURE 4. Main wiring diagram of the system.
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the first group to mth group are chain-connected clusters,
and the groups from m+ 1th group to nth group are parallel-
connected clusters.

According to the definition of the initial symmetrical SCC
(i.e., the effective value of a periodic component of the SCC)
and the peak short-circuit current (PSCC) [20], the expression
are as follows

I ′′k = I ′′k∗ · Sd/(
√
3 Ud) = (1/Zk∗) · Sd/(

√
3 Ud) (22)

ish =
√
2I ′′k · (1+ e−0.01/Ta ) (23)

whereUd and Sd are reference voltage and reference capac-
ity, respectively. I ′′k∗ is the per-unit value of SCC. Zk∗ is the
short-circuit total impedance (p.u.). Ta is the attenuation time
constant of the DC component of SCC, Ta = X6/ωR6 ,
X6 and R6 are the short-circuit reactance and short-circuit
resistance, respectively, from the point of the fault to the
power source.

Introducing I ′′k = IG into Equation (22), the equivalent
impedance of DFIG can be estimated as follows:

ZM∗ =

√
6U2

rM I
2
LR − 2P2rM

3KdUrM I2LR −
√
3U2

rM I
2
LR − P

2
rM + 9I4LRR

2
CBIrM

·
Sd
√
3 Ud

(24)

where ZM∗ is the per-unit value of the impedance of DFIG,
and the subscript ∗ represents the per-unit value.

The equivalent impedance of other elements in the
DFIG-based wind farm can also be calculated using the tradi-
tional method in [29]. In the traditional practical calculation
method for SCC, the principle of the series and parallel circuit
is usually used to simplify the grid topology. However, as the
particularity of the chain-connection of the DFIGs is different
from the ordinary synchronous generator, with the method of
the single weighted and equivalent power loss [30], a sim-
plified equivalent model is completed, which is as shown
in Figure 5. The short-circuit impedance calculated by the
proposed practical method is larger than that obtained by
traditional series and the parallel method (a detailed analysis
can be found in Appendix B).

FIGURE 5. Diagram of the system after independent group equivalence.

FIGURE 6. The diagram of the system after all groups equivalents.

In the chain cluster (i.e., i = 1 ∼ m), the expression of the
equivalent impedance is as follows:

Zi∗ =

 nP∑
j=1

n2ij
(
ZijM∗ + ZijP∗

)
+

nP∑
j=1

 j∑
k ′=1

nik ′

2

ZijL∗


/

 nP∑
j=1

nij

2

(25)

In the parallel cluster (i.e., i = m+ 1 ∼ n), the expression of
the equivalent impedance is given as follows:

Zi∗=

 nP∑
j=1

n2ij
(
ZijM∗ + ZijP∗ + ZijL∗

) /
 nP∑
j=1

nij

2

+ZiL∗

(26)

where Zi∗ is the per-unit value of the impedance of ith

DFIG, which is also as shown in Figure 4. The subscript i
represents the serial number of a group. nP is the number of
DFIGs in the ith group. ZijP∗ is the impedance of transformer.
ZijL∗ is the line impedance. nij (nik ′ ) represents the ratio of
the DFIG rated current to the DFIG reference current of the
jth (k

′th) DFIG in the ith chain; ZiL∗ is the line impedance
between the bus bar of the ith group and the PCC.

As shown in Figure 5, the equivalent connection is similar
to the parallel connection, so the expression of the equivalent
short-circuit impedance of the whole DFIG clusters system
can be reduced as:

Zk∗ = ZS∗ =

(
n∑
i=1

n2i Zi∗

)
/

(
n∑
i=1

ni

)2

(27)

where ZS∗ is the short circuit total impedance (p.u.), and
ni is the ratio of the rated current to reference current of the
cluster in the ith group.
The equivalent circuit of DFIG-based wind farm is as

shown in Figure 6.
Finally, based on Equations (22), (23) and (27), the SCC

and the PSCC of the DFIG-based wind farm can be estimated,
which provide the critical information for selecting the appro-
priate electrical equipment.

V. SIMULATION AND RESULT ANALYSIS
A simple network as Figure 7 shown is built in
PSCAD/EMTDC which is the commercial math software
produced by the 211 Commerce Drive company inWinnipeg,
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FIGURE 7. Diagram of the simulation system.

FIGURE 8. The simulation result of the short-circuit current.

TABLE 4. Results of the short-circuit current calculation.

Manitoba, Canada to verify the proposed short-circuit cur-
rents calculation method for the DFIG-based wind farms.
It is characterized by the detailed data and high reliability
of the simulation results. Therefore, the error of simulation
results is not discussed in this paper. In order to simulate
fault currents under a fault, the wind speed is set as 8 m/s,
the grid equivalent impedance is 1.2 p.u., and the symmetrical
short-circuit at PCC (35 kV) occurs at 1.2 s. The DFIG
parameters are given in Appendix A.

In this case, the SCCs are calculated by using the national
standard based method in [24], the proposed practical method
and the PSCAD-based simulation, respectively. The SCCs
from a DFIG-based wind farm are as shown in Figure 8.
Three peak values calculated by three methods are 0.6927kA,
0.8478kA and 1.3067kA, respectively. It can be seen that
results from the proposed practical method is closer to those
from the simulation method in PSCADwhich are regarded as
the true values. Meanwhile, in the same case of a symmetrical
short-circuit fault, the SCCs contributed by DFIG-based wind
farm are calculated using three methods to further verify
the accuracy of the proposed practical method, which are as
shown in Table 4.

After analyzing the results of the calculations in Table 4,
three points are given as follows:

a) Compared with the simulation results of SCC, the error
of the practical SCC calculation method proposed in
this paper is only 8.4%, which means the accuracy of
the proposed practical method is high. Meanwhile, com-
pared with the error of the national standard method
(i.e., 15.6%), the method proposed in this paper signifi-
cantly improves the calculation accuracy.

b) Compared with the error of the national standard method
(i.e., 88.64%), the error of the short-circuit impulse
current calculated by this method is about 22.39%.
In other words, the error caused by the proposed prac-
tical method represents only about one-quarter of the
error in the national standard based method. Therefore,
the computational accuracy of the proposed practical
method is better than that of the national standard based
method.

c) Both the proposed practical method and the national stan-
dard based method resulted in values larger than those
obtained in the simulation results. This is because the
process is simplified in terms of computational efficiency
and some errors are brought in the engineering calculation
method. Even though the results from the proposed practi-
cal method are bigger than the true values, it does not a bad
thing. Security is the most important characteristic of the
power system. If the results of engineering method will
be larger than the simulation results, the corresponding
selected electrical equipment is safer.

VI. CONCLUSIONS
In this paper, an improved SCC calculationmethod for DFIG-
based wind farms is proposed. Firstly, a SCC calculation
method of a single DFIG is analyzed by studying the DFIG
electromagnetic transient process. Secondly, an improved
SCC calculation method which can be applied to engineering
practice is proposed by studying the relationship between
unknown and ready-to-use parameters in the nameplate.
Thirdly, with the influence of the complex cluster topology
and the different connection types of DFIGs, a practical SCC
calculationmethod of theDFIG-basedwind farm is proposed.
Finally, a validation study is performed using a simple net-
work with a detailed PSCAD-based simulation model for
the DFIGs. The simulation results confirm the accuracy and
practicability of the presented method.

Due to its practicability and higher accuracy, the presented
method provides the more reliable information for selecting
appropriate electrical equipment. Also, this paper provides
a new method and insight for improving the engineering
standards for short circuit current calculation of DFIG-based
wind farms.

APPENDIX
A. DFIG PARAMETERS
UrM = 0.69 kV, PrM = 1 MW, Lsσ = 0.1 pu, Lrσ =

0.11 pu, Lm = 4.5 pu, Rs = 0.0054 pu, Rr = 0.006 pu,
RCB = 0.03 pu, ILR/IrM = 6.14, cosϕ = 0.85.
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B. A DETAILED ANALYSIS
The following simple chain structure is illustrated as an
example

The result of the traditional practical calculation method is
as follows:

Zeq(a) = (Z1 + Z2)//Z3 + Z4

=
Z3(Z1 + Z2)
Z1 + Z2 + Z3

+ Z4

The results of the method in this paper are:

Zeq(b) =
(Z1 + Z3)+ (Z2 + 22 · Z4)

(1+ 1)2

=
Z1 + Z3 + Z2 + 4Z4

4
and,

Zeq(b) − Zeq(a)

=
Z1 + Z3 + Z2 + 4Z4

4
−

Z3(Z1 + Z2)
Z1 + Z2 + Z3

− Z4

=
(Z1 + Z3 − Z2)2

4(Z1 + Z3 + Z2)
> 0

⇒ Zeq(b) > Zeq(a)

Therefore, the short circuit impedance calculated by this
method is larger than that obtained using the traditional calcu-
lation method. Using Equation (21), we can see that the short
circuit current calculated in this paper is smaller than that
found with the traditional calculation method, and is closer
to the actual value.
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