Wind Power Plant Short Circuit
Current Contribution for
Different Fault and Wind Turbine
Topologies
Preprint
V. Gevorgian and E. Muljadi

National Renewable Energy Laboratory
To be presented at The 9th Annual International Workshop on
Large-Scale Integration of Wind Power into Power Systems as well
as on Transmission Networks for Offshore Wind Power Plants,
Québec, Canada
October 18-19, 2010

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy
Efficiency & Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.

Conference Paper
NREL/CP-5500-49113
October 2010
Contract No. DE-AC36-08GO28308

NOTICE
The submitted manuscript has been offered by an employee of the Alliance for Sustainable Energy, LLC
(Alliance), a contractor of the US Government under Contract No. DE-AC36-08GO28308. Accordingly, the US
Government and Alliance retain a nonexclusive royalty-free license to publish or reproduce the published form of
this contribution, or allow others to do so, for US Government purposes.
This report was prepared as an account of work sponsored by an agency of the United States government.
Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of
any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation,
or favoring by the United States government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States government or any agency thereof.
Available electronically at http://www.osti.gov/bridge
Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:
U.S. Department of Energy
Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831-0062
phone: 865.576.8401
fax: 865.576.5728
email: mailto:reports@adonis.osti.gov
Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/help/ordermethods.aspx

Cover Photos: (left to right) PIX 16416, PIX 17423, PIX 16560, PIX 17613, PIX 17436, PIX 17721
Printed on paper containing at least 50% wastepaper, including 10% post consumer waste.

Wind Power Plant Short-Circuit Current
Contribution for Different Fault and Wind Turbine
Topologies
Vahan Gevorgian, Member, IEEE

Abstract--An important aspect of wind power plant (WPP)
impact studies is to evaluate the short-circuit (SC) current
contribution of the plant into the transmission network under
various fault conditions such as single, two, and three-phase
faults in different network locations. This task can be
challenging to protection engineers due to the topology
differences between different types of wind turbine generators
(WTGs) and conventional generating units. This paper
presents simulation results for SC current contribution for
WTGs obtained through transient simulation. The obtained
waveforms are analyzed to explain the behavior, such as peak
values and rate of decay, of the WTG.
The effect of turbine and substation transformer winding and
grounding configuration on positive, negative, and zerosequence current and voltage magnitudes is demonstrated.
The behavior of fault currents is illustrated by the output of
simulations in positive, negative and zero sequence
components.
We show that the response of the WPP to faults will vary
based on the type of the installed WTGs. The SC current will
be determined by the generator’s physical characteristics and
system transformers configurations. For some wind turbine
types, the SC current will also depend on power converter’s
control algorithms, which are usually considered proprietary
information by the wind turbine manufacturers.

Eduard Muljadi, Fellow, IEEE

the behavior of SC current contributions for different types
of WTGs.
A. Operation of Wind Turbine Generator
The generator at each turbine should be protected
individually and independently because of the WPP
diversity. In practice, this is an advantage of a WPP
compared to a conventional power plant. During a
disturbance, the electrical characteristic at each terminal of
the turbine is different from the other WTGs, and only the
most affected WTGs will be disconnected from the grid.
For general faults (distance faults at the transmission), only
5%-15% of the turbines are disconnected from the grid [3].
This is partially because WPPs are required to have zero
voltage ride-through capability. Thus, the loss of generation
is not as severe as in a power plant with large generators.
At the turbine level, the WTG generates at low voltage
levels (480 V-690 V). Type 1 and Type 2 WTG are
typically compensated by switched capacitor banks to
generate at a unity power factor. Type 3 and Type 4
generators are operated to generate a constant voltage at a
designated bus, or they may be operated at a constant power
factor or constant reactive power. The generator is
connected to a pad-mounted transformer to step up the
voltage to 34.5 kV.

Index Terms—Wind Power Plant, Short Circuit Current,
Voltage Fault.

B. Wind Power Plant Equivalent
The collector system consists of miles of line feeders
connecting the high side of the pad-mounted transformer to
the substation. Usually, the wind turbines are divided into
groups of turbines connected in a daisy chain fashion using
underground cables. They are then connected to the
substation by either underground cables or overhead lines at
34.5 kV. Since it is not practical to model hundreds of
turbines in a power flow calculation or in a dynamic
simulation, it is common to find the equivalent of the
turbines as either a single equivalent turbine representation
or as a multiple turbine representation [4],[5].

I. NOMENCLATURE
WPP – wind power plant
WTG – wind turbine generator
SC – short circuit
SCC – short circuit current
II. INTRODUCTION
Recently, the energy and environmental crises have become
one of the biggest issues around the world. In response to
energy needs and environmental concerns, renewable
technologies are considered the future energy technologies
of choice [1], [2]. Renewable energy is harvested from
nature, and it is clean and free. However, it is widely
accepted that renewable energy is not the panacea that
comes without challenges. With the federal government’s
aggressive goal of achieving 20% wind energy penetration
by 2030, it is necessary to understand the challenges that
must be overcome when using renewable energy.
In the years to come, there will be more and more WPPs
connected to the grid. In high penetration scenarios, the
WPP’s operation should be very well planned. The power
system switchgear and power system protection for WPPs
should be carefully designed to be compatible with the
operation of conventional synchronous generators
connected to the same grid. This paper attempts to illustrate

C. Organization of the Paper
The organization of this paper is as follows: in section
III, the SCC characteristics of different WTG types will be
summarized and discussed. In section IV, the aggregated
SCC contribution of a WPP and the impact of the wind
plant configuration will be presented. Finally, in section V,
the conclusion will summarize the paper findings.
III. OVERVIEW OF SHORT CIRCUIT CURRENT FAULT
CURRENT FOR DIFFERENT WIND TURBINE TOPOLOGIES
A utility-sized wind turbine is larger than non-grid wind
turbine applications. In the early days, the turbines were
sized from 10 kW – 100 kW. Nowadays, wind turbines are
sized above 1000 kW (1 MW).
1

A. Three-Phase Symmetrical Fault on R-L Circuits
SC faults can occur in various locations of the power
system in a number of different ways including line-toground and line-to-line faults. For simplicity purposes, we’ll
consider a symmetrical three-phase fault since it is the easiest
to analyze. A simple equivalent diagram of a power system
under such fault conditions is shown in Fig. 1.

all generators, making the above described analysis
extremely complicated. So, some sort of simplification is
needed for the fault current calculation in such a case.
B. Short Circuit Current from a Type 1 WTG
The first generation of utility-sized WTGs were a fixed
speed turbine with a squirrel-cage induction generator
(SCIG) and is called a Type I generator in wind-related
applications. The SCIG generates electricity when it is
driven above synchronous speed. The difference between
the synchronous speed and the operating speed of the
induction generator is measured by its slip (in per unit or in
percent). A negative slip indicates that the wind turbine
operates in generating mode. Normal operating slips for an
induction generator are between 0% and -1%. The
simplified single-phase equivalent circuit of a squirrel-cage
induction machine is shown in Fig. 2 [6].

Fig. 1: Equivalent diagram of symmetrical fault
The fault in Fig. 1 is represented by a shorting switch.
Immediately after the fault, the SCC contribution from the
generator can be found using the following equation.
𝑑𝑖
𝑢𝑔 = 𝐿 + 𝑖𝑅 (1)
𝑑𝑡
Where 𝑢𝑔 is the instantaneous voltage on the generator
terminals, and 𝑅 and 𝐿 are line resistance and inductance.
Solving equation (1) for current
𝑖=

𝑉𝑔
𝑋
sin �𝜔𝑡 + 𝛼 − atan � ��
𝑍
𝑅
𝑅
𝑋
− 𝑡 𝑉𝑔
− 𝑒 𝐿 � sin �𝛼 − atan � ���
𝑍
𝑅

Fig. 2: Equivalent circuit of a Type 1 generator
The circuit in Fig. 2 is referred to the stator where RS
and Rr are stator and rotor resistances, 𝐿𝑆𝜎 and 𝐿𝑟𝜎 are
stator and rotor leakage inductances, Lm is magnetizing
reactance, and S is rotor slip. The example single-line
connection diagram of a Type I generator is shown in Fig.
3. In the case of voltage fault, the inertia of the wind rotor
drives the generator after the voltage drops at the generator
terminals. The rotor flux may not change instantaneously
right after the voltage drop due to fault. Therefore, voltage
is produced at the generator terminals causing fault current
flow into the fault until the rotor flux decays to zero. This
process takes a few electrical cycles. The fault current
produced by an induction generator must be considered
when selecting the rating for circuit breakers and fuses. The
fault current is limited by generator impedance (and can be
calculated from parameters in Fig. 2) and impedance of the
system from the SC to the generator terminals.

(2)

Where 𝑉𝑔 is peak generator voltage, 𝑍 = √𝑅2 + 𝑋 2 - line
impedance, and 𝛼 is the voltage phase. The solution (2)
has two components; the first component is stationary and
varies sinusoidally with time. It represents the steady SCC.
The second component decays exponentially with a time
𝑅
constant equal to . It represents the DC component of the
𝐿
current. The steady state simmetrical fault current 𝐼𝑠𝑐 from
the generator can be calulcated from the first component
of equation (2).
𝑉𝑔 /√2
(3)
𝐼𝑠𝑐 =
√𝑅2 + 𝑋 2
Obviously, the steady state fault current depends on
impedance of the line. The closer the fault occurrence
location to generator terminals, the larger the SCC
contributed to the fault. The peak magnitude of the
transient component in equation (2) depends on line
impedance as well, but it also depends on impedance angle
𝑋

φ = atan � � at the point of the fault. The DC term does
𝑅
not exist if = φ , and will have its maximum initial value
𝑉𝑔
𝜋
of where 𝛼 − φ = ± . So, depending on the time when
𝑍
2
the fault occurs and the circuit characteristics, the transient
current waveform will be different. This means that in
three-phase systems the phase transient currents will have
different peaks due to a 1200 shift in voltages.
In large power systems with many generators and
transmission lines, the actual fault current at any location
in the grid will be the sum of collective contributions from

Fig. 3: Type 1 WTG
The initial value of fault current fed in by the induction
generator is close to the locked rotor inrush current.
Assuming a three-phase symmetrical fault, an analytical
solution can be found to estimate the current contribution
of the generator. According to [7], the SCC of an induction
generator can be calculated as
2

𝑖(𝑡) =

𝑡

− ′
√2𝑉𝑆
[𝑒 𝑇𝑆 sin(𝛼)
𝑋𝑆′

− (1 − 𝜎)𝑒

−

𝑡
𝑇′𝑟

from the rated slip, the losses in rotor resistance can be
minimized. An equivalent electrical diagram of a variable
slip induction generator is shown in Fig. 5, with a variable
external resistor Rext.

sin(𝜔𝑡 + 𝛼)] (4)

Where 𝛿 is the voltage phase angle for a given phase, 𝜎
is the leackage fator, 𝑋𝑆′ = 𝜔𝐿′𝑆 is stator transient
reactance, and 𝑇𝑆′ and 𝑇𝑟′ are stator and rotor time constants
for damping of the DC component in stator and rotor
windings. The transient stator and rotor inductances 𝐿′𝑆 and
𝐿′𝑆 can be determined as
𝐿′𝑆 = 𝐿𝑆𝜎 +
𝑇𝑆′ =

𝐿′𝑆

𝑅𝑆

;

𝜎 =1−

𝐿𝑟𝜎 𝐿𝑚

𝐿𝑟𝜎 +𝐿𝑚
𝐿′
𝑇𝑟′ = 𝑟
𝑅

𝐿2𝑚

𝐿𝑆 𝐿𝑟

𝑟

(7)

; 𝐿′𝑟 = 𝐿𝑟𝜎 +
(6)

𝐿𝑆𝜎 𝐿𝑚

𝐿𝑆𝜎 +𝐿𝑚

Fig. 5: Equivalent circuit for a Type 2 generator

(5)

𝐿𝑆 = 𝐿𝑆𝜎 + 𝐿𝑚 ; 𝐿𝑟 = 𝐿𝑟𝜎 + 𝐿𝑚 (8)

The current calculated from equation (4) is shown in
Fig. 4 using parameters for a typical 2-MW induction
generator when 𝛼 = 300 + 𝜋/2 and pre fault voltage
𝑉𝑆 = 0.7 𝑝𝑢. As can be seen from Fig. 4, the current
reaches the maximum value at 𝑡 = 𝑇/2 (first half a
period). Therefore, it may be a good approximation to
calculate the maximum (peak) current by substituting
𝑡 = 𝑇/2 into (4). The resulting equation for peak current
will be
𝑖𝑚𝑎𝑥 =

√2𝑉𝑆
𝑋𝑆′

[𝑒

−

𝑇
2𝑇′𝑆

+ (1 − 𝜎)𝑒

−

𝑇
2𝑇′𝑟

Fig. 6: Connection diagram for a Type 2 WTG
The connection diagram example for this type of
generator is shown in Fig. 6. In case of three-phase
symmetrical fault, the same equations as for a Type I
generator are applied. The only difference will be for rotor
time constant 𝑇𝑟′ that needs to account for additional
external resistance 𝑅𝑒𝑥𝑡 . The modified rotor time constant
can be calculated as

] (9)

It was demonstrated experimentally in [8] that equation
(9) gives satisfactory accuracy for peak current
assessment. The resulting current is shown in Fig. 4.

′
𝑇𝑟.𝑒𝑥𝑡
=

𝐿′𝑟

𝑅𝑟 +𝑅𝑒𝑥𝑡

(10)

Where 𝑅𝑒𝑥𝑡 is the value of external resistance that
happens to be in the circuit at the time of a fault. The effect
of such additional resistance on SCC is shown in Fig. 7 for
the case where 𝑅𝑒𝑥𝑡 = 𝑅𝑟 = 0.005𝑝𝑢. So, adding the
external resistors doubles the overall rotor resistance. The
modified equation for maximum current can then be written
as [7]
𝑖𝑚𝑎𝑥 =

Fig. 4: Short circuit current from a Type I WTG
C. Short Circuit Current from Type 2 WTG
The variable slip generator is essentially a wound-rotor
induction generator with a variable resistor connected in
series to the rotor winding (Type 2 generator). This external
resistor is controlled by a high-frequency switch. Below rated
power, the resistor control is inactive, so the system operates
as a conventional induction generator. Above rated power,
the resistor control allows the slip to vary, so variable speed
operation is possible for a speed range of about 10% [9]. If
the blade pitch angle is kept constant at zero degrees, the
rotor speed, and thus the slip, will vary with wind speed.
However, operation at higher slips generates a lot of loss
because of the rotor resistance. Thus, the heat loss can be
excessive. On the other hand, if the blade pitch angle is
controlled to keep the rotor speeds within a small deviation

√2𝑉𝑆

2
�𝑋𝑆′2 +𝑅𝑒𝑥𝑡

[𝑒

∆𝑇

− ′
𝑇

𝑆

+ (1 − 𝜎)𝑒

∆𝑇

− ′
𝑇

𝑟.𝑒𝑥𝑡

]

(11)

Fig. 7: Effect of external resistance for a Type 2 WTG
Where ∆𝑇 is the time after a fault when current reaches
its first peak. In this case, this additional resistance
decreases the overall AC component in current, but does
not much affect the first peak value of the current since the
increase in resistance is relatively small. The same
conclusion can be made by analyzing equations (4) and
3

(9), where the additional external resistance has an effect
on a second term that represents the AC component of the
current.

𝑖𝑚𝑎𝑥 ≈

1.8𝑉𝑆

2
�𝑋𝑆′2 +𝑅𝐶𝐵

(14)

Calculated SCCs for a DFIG for two different crowbar
resistance values are shown in Fig. 10. In this case 𝑅𝐶𝐵2 >
𝑅𝐶𝐵1 ≫ 𝑅𝑟 . The red plot represents zero crowbar resistance
when 𝑅𝑟 = 0.005𝑝𝑢. The blue and green plots represent
cases when 𝑅𝐶𝐵 = 0.05𝑝𝑢 and 𝑅𝐶𝐵 = 0.1𝑝𝑢 respectively.
As can be seen in Fig. 10, larger crowbar resistance will
lead to a lower peak current and smaller AC component.
The maximum value of crowbar resistance 𝑅𝐶𝐵.𝑚𝑎𝑥 can be
found from equation (14) if maximum allowable rotor
voltage is specified.

D. Short Circuit Current from a Type 3 WTG
A Type 3 WTG is implemented by a doubly fed
induction generator (DGIF). It is a variable speed WTG
where the rotor speed is allowed to vary within a slip
range of ±0.3. Thus, the power converter can be sized to
about 30% of rated power. The equivalent electrical
diagram of a DFIG generator is shown in Fig. 8. It is
similar to one for a regular induction generator except for
additional rotor voltage 𝑉𝑟 , representing voltage produced
by a power converter. The typical connection diagram for
a DFIG (Type 3) WTG is shown in Fig. 9. A crowbar
system is usually used for protecting the power electronics
converter from overvoltage and thermal breakdown during
SC faults. Additional dynamic braking on the dc bus is
also used to limit the dc bus voltage.

Fig. 10: Effect of crowbar on max DFIG current
E. Short Circuit Currents from a Type 4 WTG
An example of a Type 4 direct drive WTG with
permanent magnet synchronous generator (PMSG) is
shown in Fig. 11. This is a variable-speed wind turbine
generator implemented with full power conversion. Recent
advances and lower cost of power electronics make it
feasible to build variable-speed wind turbines with power
converters with the same rating as the turbines. The full
power conversion allows separation between the WTG and
the grid, thus, the mechanical dynamic can be buffered from
entering the grid and the transient dynamic on the grid can
be buffered from entering the wind turbine dynamic. Thus,
while the grid is at 60 Hz, the stator winding of the
generator may operate at variable frequencies. The
temporary imbalance between aerodynamic power and
generated power during a transient is handled by the pitch
control, dynamic brake, and power converter control.
The SCC contribution for a three-phase fault is limited to
its rated current or a little above its rated current. It is
common to design a power converter for a Type 4 wind
turbine with an overload capability of 10% above rated.
Note that in any fault condition, the generator stays
connected to the power converter and is isolated from the
faulted lines on the grid. Thus, although there is a fault on
the grid, the generator output current is controlled to stay
within the current limit (e.g., 1.1 p.u.). However, keep in
mind that with a fault on the grid, the output power
delivered to the grid is less than rated power. Although the
currents can be made to balance, due to reduced voltage
and/or unbalanced voltage, only a reduced output power can
be delivered.
Therefore, the wind turbine must be
controlled to reduce the aerodynamic input accordingly
(pitch control and converter control). Any difference in the
power converter (i.e., between output power to the grid and
input power from the generator) will rise or drop the DC

Fig. 8: Equivalent diagram of a DFIG

Fig. 9: Connection diagram for a Type 3 WTG
During faults, the rotor windings are essentially short
circuited by an equivalent crowbar resistance 𝑅𝐶𝐵 .
According to [7], the transient time constant for a DFIG
generator will be
′
𝑇𝑟.𝐶𝐵
=

𝐿′𝑟

𝑅𝑟 +𝑅𝐶𝐵

(12)

And, the maximum SCC of a DFIG will be
𝑖𝑚𝑎𝑥 =

√2𝑉𝑆

2
�𝑋𝑆′2 +𝑅𝐶𝐵

[𝑒

∆𝑇

− ′
𝑇

𝑆

+ (1 − 𝜎)𝑒
(13)

∆𝑇

− ′
𝑇

𝑟.𝐶𝐵

]

′
is small and the time of the first
If 𝑅𝐶𝐵 ≫ 𝑅𝑟 , then 𝑇𝑟.𝐶𝐵
peak ∆𝑇 → 0. In such a case, [7] proposes a simplified
equation for DFIG maximum SCC

4

The current in equation (15) has both AC and DC
components. The maximum current will vary depending on
phase angle 𝛼 as shown in Fig. 14 for a typical megawatt
size SG. Although machine reactances are not true
constants and depend on saturation of the magnetic circuit,
their values are usually within certain predictable limits.

bus voltage.

Fig. 11: PMSG direct drive WTG diagram
F. Short Circuit Current from WTG with Synchronous
Generator Directly Connected to Grid
The latest advances in hydro-dynamic torque converter
technology allowed development of variable-speed wind
turbines with synchronous generators (SG) directly
connected to grid. The torque converter allows decoupling
of the variable speed mechanical output of a turbine
gearbox from the generator shaft. As a result, the
synchronous generator rotates at constant speed, so no
power electronics converter is needed. The SC analysis for
such WTGs then becomes an SC analysis of a regular
synchronous generator that has been studied extensively in
the literature. A simplified equivalent electrical diagram of
a synchronous generator is shown in Fig. 12, where 𝐿𝑎𝜎 is
the armature leakage reactance, 𝐿𝑎𝑟 is the armature reaction,
and 𝐸𝑓 is the generator EMF at no load. A more detailed
diagram for a two-axis representation is available from
multiple sources and is not considered in this report. A
configuration diagram example of a WTG with a directly
connected SG is shown in Fig. 13.

Fig. 14: SG short circuit current for two different angles
G. Standard Practices for Short Circuit Level
Calculation
A procedure for fault current calculation based on an
equivalent voltage source at the fault point is used in the
IEC 60909 standards [11]. The Thevenin theorem is
applied to the unloaded networks with a corrected source
voltage. The voltage correction factor for voltages is used
to account for the variations of the actual voltage from
nominal value. In the case of a symmetrical fault, the IEC
60909 method suggests calculating initial symmetrical
SCC as
𝐼𝑘′′ =

𝑐𝑉𝑛

√3 𝑍𝑘

(17)

Where c is a voltage scaling factor, 𝑉𝑛 is the nominal lineto-line voltage at the point of fault, and 𝑍𝑘 is the Thevenin
impedance of the grid. The standard suggests using values
c=1.05 for MV/HV networks and c=1.10 for LV networks.
The peak SCC is then calculated as
𝐼𝑃 = 𝑘√2𝐼𝑘′′ (18)

Fig. 12: Equivalent diagram of a SG

Where the factor k is given as a function of R/X and can be
calculated as
𝑅

𝑘 = 1.02 + 0.98𝑒 −3𝑋 (19)

The factor k takes into account the transient component
of SCC and allows estimating the highest possible
instantaneous value of the SCC. The equation (19) is valid
for a case of a single-fed far-from-generator fault. The
standard proposes different equations for k factor
calculations for different types of circuits. The IEC method
for SCC calculations is applied to both 50-Hz and 60-Hz
systems.

Fig. 13: WTG with a directly connected SG.
In the case of a three-phase symmetric short-circuit, the
analytical solution for current contribution of the
synchronous generator according to [10] can be written as
𝑖(𝑡) = 𝑉𝑆 �

𝛼) −

𝑉𝑆
2

��

1

𝑋𝑑
1

𝑋𝑑′′

+�

+

1

𝑋𝑑′

1

𝑋𝑞′′

−

1

𝑋𝑑

�𝑒

𝑡

− ′
𝑇

𝑑

� cos (𝛼) + �

+�
1

𝑋𝑑′′

1

𝑋𝑑′′

−

−

1

𝑋𝑞′′

1

𝑋𝑑′

�𝑒

𝑡

− ′′
𝑇
𝑑

� cos(𝜔𝑡 −

� cos (𝜔𝑡 − 𝛼)� 𝑒

−

𝑡
𝑇𝑎

H. Asymmetrical Faults
Balanced three-phase faults can be analyzed using an
equivalent single-phase electrical circuit similar to the one
shown in Fig. 1. For example, a comparison for SCC from a
Type I wind turbine is calculated using Equation 4 and a
three-phase PSCAD model is shown in Fig. 15. For a
symmetrical fault, Equation 4 gives good approximation for
peak current and decay time.

(15)

Where 𝑋𝑑 , 𝑋𝑑′ , 𝑋𝑑′′ is the d-axis synchronous, transient,
and sub-transient reactance; 𝑋𝑞′′ is the q-axis sub-transient
reactance; 𝑇𝑑′ , 𝑇𝑑′′ are the transient and sub-transient time
constants; 𝑇𝑎 is the armature time constant; 𝛼 is the angle
between phase A, and d-axis at the beginning of the SC.
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transformers, and reactive power compensation are present
in this representation.

Fig. 15: Comparison of SCC for Type 1 WTG
Fig. 16: A single-machine equivalent power flow
representation

Single or two-phase faults can be analyzed using
symmetrical components to reduce the complexity of the
calculations. The symmetrical components method splits
the unbalanced three-phase system into three balanced
components: positive, negative, and zero sequence. The
symmetrical components method and its applications to
power system fault analysis have been described in detail in
the technical literature. It is important to note that this
method is based on steady-state analysis and does not
consider transient effects in power systems. In a case with
power systems with high wind penetrations, such approach
may be used with Type I wind turbines. It may become
inaccurate for Type II, III, and IV wind turbines since it
does not account for damping and transient effects in such
non-linear elements of wind turbines as slip control systems
or power converters.
Based on the above consideration, it was decided to
conduct detailed time domain modeling of various types of
wind farms operating with a power system under different
fault conditions. Such time domain transient analysis allows
capturing peak values of fault currents and accompanied
voltage surges at different locations throughout the
network. Results from such a simulation will be more
realistic than results obtained from steady-state circuit
analysis. The programming environment used for power
system time-domain simulation is PSCAD (also known as
PSCAD/EMTDC), developed by the Manitoba HVDC
research Centre. PSCAD has been adopted worldwide by
utilities, manufacturers, and research institutions, so it
became an industry standard for electromagnetic transient
simulations in power systems.

By considering a single turbine representation, all the
WTGs in the WPP are assumed to be operating at the same
operating condition, thus, a study of the worst case
scenario is obtained. Power factor correction capacitors are
necessary for Type 1 and Type 2 WTGs. And in some
cases (e.g., weak grid condition or variation of the power
factor or voltage control at the POI), it may be necessary
to install additional plant-level reactive compensation
implemented by a Static VAR Compensator (SVC),
STATCOM (Static
Compensation), Mechanically
Switched Capacitor (MSC), or a combination of them.
Under normal conditions, the Type 3 and Type 4 WTGs
have the capability to vary the reactive and real power
instantaneously and independently. Plant-level reactive
compensation may be omitted for these WTG types.
B. Transformer Configuration within a WPP
The WPP will have two different types of transformer.
The first one is the substation transformer. The substation
transformer interfaces between the WPP and utility. It steps
up the voltage of the collector system (e.g., 34.5 kV) to a
transmission level voltage (e.g., 230 kV). The size of the
substation transformer is the same size as the wind plant
output in MVA. However, it is common to use several
transformers (for redundancy, reliability, and economic
consideration). Many WPPs use a three winding
transformer as the substation transformer Yg /Δ/Yg. Note
that the subscript g is used to indicate solid ground
connection at the star point of the transformer. The second
one is the pad-mounted transformer. It is installed at each
turbine to step up the voltage from generation voltage (e.g.,
690 V) to the medium voltage used in the collector system
(e.g., 34.5 kV). In many wind plants, the Yg/Δ connection is
used for the pad-mounted transformer. With this
connection, the zero sequence contribution from the power
plant is blocked. Only positive and negative sequence
components can flow to the fault along the transmission
line. As shown in Fig. 16, a WPP can be represented by the
wind turbine, the pad-mounted transformer, the collector
system, the substation transformer, and the interconnecting
transmission line [13] [14] .
Most WPPs consist of uniform turbines from a single
turbine manufacturer. Thus, a single turbine representation
should be sufficient to represent the WPP. In some cases, a
WPP may need to be represented by multiple turbines to

IV. MODELING RESULTS
A. Power System Model
The power system model used for wind farm SC
behavior simulation was adopted from a modeling guide
developed by the Western Electricity Coordinating
Council (WECC) Wind Generator Modeling and
Validation Work Group (WGMG) [12]. The WGMG
recommends the use of a single-machine equivalent
representation of multiple wind turbines operating in a
single wind farm. Based on industry experience, this
representation is also considered adequate for positivesequence transient stability simulations. The WECC single
machine equivalent power flow representation is shown in
Fig. 16. The interconnection transmission lines,
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capture the unique characteristics of the turbine generators
within the WPP.
The SC behavior of a WPP is affected by the type of
generator, type of faults, configuration of the transformer,
and other components such as reactive power compensation
and cable capacitance. Other factors that may impact the SC
behavior include unbalanced impedance within the WPP,
unbalanced switching (stuck breaker), non-linear behavior
of the transformer magnetic saturation, harmonics within
the plant, and many other factors.

sequence components during transients, as well as the DC
and non-fundamental components of voltage and current.
As an illustration, a different transformer configuration
and grounding will be studied in this section to illustrate the
path of ground current. As an example, Fig. 17a shows SCC
for a wind plant with a Type 1 turbine. The substation
transformer is connected as Y-Δ (230 kV-Yg / 34.5 kV-Δ).
The pad-mounted transformer is connected as Y-Y (34.5
kV-Yg / 0.690 kV-Yg). A single-line–to-ground-fault occurs
at the high side of the substation transformer. The line
currents and the sequence currents are shown at the
transmission line (i.e., the contribution from the wind plant
only) and at the turbine side. As might be expected from the
transformer configuration (YgΔ), there is no zero sequence
current contribution from the WTG side.
In Fig. 17b, the substation transformer is reconfigured to
Y-Y (230 kV Y-grounded / 34.5 kV Y-grounded). Shown
in Fig. 18 is the simplified equivalent circuit of the power
system derived from Fig. 16 to illustrate the SC paths. The
positive, negative, and zero sequence diagrams are
connected in series for a single-line-to-ground-fault. The
switch indicates the difference between YgYg versus Yg∆
configurations at the substation transformer.

Fig. 17: SCC for a single line-to-ground in a Type 1
WPP

Figure 18: The equivalent circuit for a single line-toground fault

The symmetrical component is often used in calculating
the unbalanced condition in a power system network. In a
normal balanced condition, only the positive sequence
component of voltage and current are found within the
network. In an unbalanced condition, the negative and the
zero sequence components of voltage and current can be
found in the power system network. Using the symmetrical
component, we can perform fault analysis and predict the
SCCs and the bus voltages from a steady-state power
system network. However, the steady state calculation
considers only the fundamental component of voltage and
current. Thus, the DC offset, the non-fundamental
component occurring during the transient, are not
accessible.
The simulation performed in this paper uses a three-phase
network [13][14]. The WPP is subject to different SC
conditions at the transmission lines. The power system
configuration within the WPP will have an impact on
operation. Depending on the system configuration, the
simulation will capture the positive, negative, and zero

The collector system and the transmission line are
actually represented by the pi circuit to represent the
inductance and capacitance of the lines. It is not shown in
Fig. 18 to simplify the drawing. Note that the flow of
sequence currents (positive, negative, and zero sequence)
are affected by two sources (i.e., the network bus and the
wind turbine equivalent within the wind plant).
The modeling results for a Type 1 wind power plant are
consolidated in Fig. 19 and Fig. 20. These figures show
peak transient and sequence component values for current I3
(as shown in Fig. 16) for different sub-station and padmounted transformer configurations after a single line-toground fault (phase A is faulted). As can be seen in Fig. 19,
the highest transient current in phase A corresponds to the
case when the substation transformer is configured as Y-Y
(230 kV Y-grounded / 34.5 kV Y-grounded) and the padmounted transformer is configured as Y-Δ (34.5 kV-Yg /
0.690 kV- Δ). Both negative I3- and zero I30 sequence
components are also highest in this case (Fig. 20). The zero
7

sequence components are completely eliminated when the
substation transformer’s 34.5-kV winding is configured as
Δ or ungrounded Y. However, the positive and negative
sequence current contribution always exists for all
configurations, as seen in Fig. 20.

Fig. 19: Peak transient currents for different transformer
configurations
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Fig. 20: Peak sequence currents for different transformer
configurations.
V. CONCLUSIONS AND FUTURE PLANS
This paper describes a simple approach to compute and
understand the behavior of the SCC for different types of
WTGs. Five different types of WTGs were investigated.
The method describes and approximates the peak and the
settling time of the SCCs. From the comparisons made
between the detailed high level model and the simple SC
representation, the simple method can predict and
approximate the SCCs with good accuracy.
Another part of the paper describes the short circuit
behavior of Type 1 wind plant for different transformer
configurations. The effect of the transformer configuration
impedes or passes the zero sequence current from the wind
plant, while the positive and negative sequence portions are
not impeded.
Future plans include conducting similar type of SCC
modeling for other types of WPP.
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