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Decoupled-DFIG fault ride-through strategy for enhanced stability performance
during grid faults

Abstract

This paper proposes a decoupled fault ride-through strategy for a doubly fed induction generator (DFIG) to
enhance network stability during grid disturbances. The decoupled operation proposes that a DFIG
operates as an induction generator (IG) with the converter unit acting as a reactive power source during a
fault condition. The transition power characteristics of the DFIG have been analyzed to derive the
capability of the proposed strategy under various system conditions. The optimal crowbar resistance is
obtained to exploit the maximum power capability from the DFIG during decoupled operation. The
methods have been established to ensure proper coordination between the IG mode and reactive power
compensation from the grid-side converter during decoupled operation. The viability and benefits of the
proposed strategy are demonstrated using different testnetwork structures and different wind penetration
levels. Control performance has been benchmarked against existing grid code standards and commercial
wind generator systems, based on the optimal network support required (i.e., voltage or frequency) by the
system operator from a wind farm installed at a particular location.
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Decoupled-DFIG Fault Ride-Through Strategy for
Enhanced Stability Performance during Grid Faults

Lasantha Meegahapola, Student Member, IEEE, Tim Littler, Member, IEEE and Damian Flynn, Member, IEEE

Abstract—This paper proposes a decoupled fault ride-through
(FRT) strategy for a doubly-fed induction generator (DFIG) to
enhance network stability during grid disturbances. The
decoupled operation proposes that a DFIG operates as an
induction generator (IG) with the converter unit acting as a
reactive power source during a fault condition. The transition
power characteristics of the DFIG have been analyzed to derive
the capability of the proposed strategy under various system
conditions. The optimal crowbar resistance is obtained to exploit
the maximum power capability from the DFIG during decoupled
operation. The methods have been established to ensure proper
coordination between the IG mode and reactive power
compensation from the grid-side converter (GSC) during
decoupled operation. The viability and benefits of the proposed
strategy are demonstrated using different test network structures
and different wind penetration levels. Control performance has
been benchmarked against existing grid code standards and
commercial wind generator systems, based on the optimal
network support required (i.e. voltage or frequency) by the
system operator from a wind farm installed at a particular
location.

Index Terms—DFIG, decoupled operation, coordinated control,
crowbar protection, inertial response, reactive power
compensation, transition dynamics, voltage stability.

1. INTRODUCTION

T present the wind energy industry is experiencing strong

growth with an average annual expansion of 25%, such
that at the end of 2009 the worldwide installed wind energy
capacity was 158.5 GW [1]. This rapid development in wind
energy integration has replaced a significant proportion of
conventional synchronous generation capacity, with power
systems slowly drifting from large-scale synchronous
generation to localized and distributed generation. It is likely
that power electronics based variable-speed wind generation
technologies (i.e. doubly-fed induction generator (DFIG),
direct-drive synchronous generator (DDSG)) will dominate
the wind generation industry, while replacing conventional
generation capacity.

Power electronics based wind generators are robust in
normal operation due to their superior controllability over
active and reactive power and they require less reactive power
during system disturbances [2]-[3]. However, they are
insensitive to system frequency variations (zero inertial
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response), since their mechanical dynamics are decoupled
from the electrical dynamics through power -electronics
converter systems. In addition, voltage support capabilities
during network disturbances have been identified as an
important issue for local networks, since most wind farms are
installed at distributed locations.

Island systems and network areas with high wind penetration
(especially with power electronics based wind generation)
may possess insufficient inertia to support network frequency.
Utilities are, therefore, recommended to specifically design
grid code standards demanding inertial response capabilities
from wind farms for areas with high wind penetration [4].
Artificial inertial response and frequency support strategies are
proposed in the literature [5]-[13] for power electronics based
wind farms. These studies have proposed individual wind
turbine [8-10] and centralized control strategies [12-13] to
support system frequency during generator outages. However,
their capability during grid faults is uncertain due to the
converter ride-through capability during severe disturbances,
as inertial response capabilities are mostly assessed as a result
of generator outage events in a network.

Power utilities have compiled low-voltage ride-through
(LVRT) grid code standards for wind farms, demanding
additional services for network reliability and security
enhancement. LVRT grid code standards specify a minimum
voltage profile that a wind farm should be able to ride-through
[14]-[16]. Consequently, wind farms are required to stay
connected beyond the defined voltage profile stipulated in
published grid codes. Although DFIGs are fully grid-code
compliant, there exists the potential for a significant reduction
in power output due to low network voltage during grid
disturbances. Therefore, an inertial response and frequency
support capability of the DFIGs during fault ride-through
(FRT) operation becomes increasingly important when a fault
occurs in close proximity to significant wind resources,
especially in island systems, since the resulting active power
reduction (due to generator disconnection and LVRT with
non-optimum crowbar resistance) of wind generators may
surpass the available reserve capability of the system [17-18].
Consequently, system security may be threatened due to a fall
in system frequency below the load shedding threshold.

In the published literature, various FRT strategies are
presented to ensure the continuous operation of DFIG wind
turbines during transient disturbances. In most of these studies
a crowbar circuit [19]-[20] is suggested to protect the
converter system from a rotor current transient/DC link
transient. Conventional crowbar protection may cause a
detrimental impact on system stability during FRT operation,
therefore active crowbar methods [21]-[22] and chopper
circuits [23]-[24] have been proposed to improve the FRT of
the DFIG. Although DC chopper circuits can minimize the
impact from a DC-link transient, crowbar firing due to rotor
current transients is inevitable during severe voltage dips [24],



since it is caused by an electromagnetic phenomenon in the
generator. An expensive solution would be to increase the
converter rating [25] of the DFIG. In references [26]-[27] the
authors have enhanced the FRT operation by reconfiguring the
grid-side converter (GSC) as a reactive power source to
support the local voltage. In addition, strategies have been
proposed based on additional converter components and grid
devices [28]-[29] to improve the FRT capability of the DFIG.
However, any such strategies should be financially viable for
distributed generation.

A decoupled-DFIG strategy presented in this paper provides
a timely contribution to stability enhancement of a power
system during high wind penetration in terms of improved
active power (while operating as an induction generator (IG))
and reactive power (GSC as a static-synchronous compensator
(STATCOM)) during FRT operation while harnessing the
natural inertia of the IG to support the system frequency
following FRT operation. Initial studies [30]-[31] have
illustrated the viability of using a decoupled operation strategy
during network disturbances, but limited attention has been
placed on operating constraints and limiting factors of
decoupled operation. This paper characterizes the decoupled
operation, and illustrates the stability improvement using test
network structures at different wind penetration levels. The
DIgSILENT power factory was used as the simulation tool, in
which DFIGs are modeled using DIgSILENT’s dynamic
simulation language (DSL) [32].

II. DECOUPLED OPERATION STRATEGY

A. Decoupled Operation

The DFIG is comprised of a wound rotor induction generator
(WRIG) with a rotor coupled back to back converter system.
The rotor-side converter (RSC) is connected to the GSC using
a DC link. During grid disturbances, due to the magnetic
coupling between the stator and the rotor a high rotor current
transient is excited. Hence, to avoid damage to the converter,
the RSC is short circuited using a resistor bank, which is
commonly known as the crowbar protection. The crowbar
effectively decouples the back to back converter unit from the
WRIG, and enables the DFIG to operate as an IG. Transition
from a DFIG to an IG provides a mechanism to exploit the
inertial response capabilities as an induction generator.

Wind turbine

Controller | |

—

Fig. 1. Schematic diagram of decoupled operation strategy.

Normally, the crowbar resistance is fixed. However, within
this study it is investigated whether an optimum crowbar
resistance can improve the active power performance during
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the fault period, while exploiting the inertial response
capabilities during the post-fault period. This is achieved by a
dynamic crowbar, while coordinating the reactive power
support from the GSC (STATCOM mode) to balance the
reactive power demand of the IG. In practice, the dynamic
crowbar can be implemented using an IGBT pulse resistor
control of the rectifier circuit (see Fig. 1) or a resistor bank
with discrete steps. Determination of the optimal crowbar
resistance is exemplified in Section II1.

B. Transition Power Characteristics of a DFIG

The rated active power of a DFIG is based on the aggregate
of the stator power output and rotor power output at rated
speed. The rated speed of a DFIG is typically 1.2 times the
synchronous speed. Therefore, a DFIG is designed to accept
the maximum mechanical power input at rated speed.
Equation (1) represents the total power output of a DFIG [2].

B, =(1=5)F O]

where P, P, and s denote the total active power of the DFIG,
the active power output of the stator and the DFIG slip,
respectively. If losses are neglected, the maximum active
power output of a DFIG is equal to the maximum mechanical
power input ( P"*), and if the rated speed of the machine is

1.2 pu, the maximum stator power output (P™*) can be

derived as follows.

Pmax
max __ = mech

’ 1.2

Therefore, according to (2) a 5 MW DFIG has a maximum
stator active power output of 4.17 MW at rated speed. At sub-
synchronous speed a DFIG maintains the rated stator power
output at the expense of GSC active power absorption.
Although the stator power output of a DFIG is limited (at rated
speed) by the relation given by (2), the WRIG MVA rating is
based on the maximum mechanical power input at rated speed,
machine efficiency () and the rated power factor (PF,y.s)
according to equation (3).

2

max
mech

ﬂ'(PF;ated)

Therefore, according to (3), a 5 MW DFIG operating at 0.86
power factor and 99% efficiency has a WRIG MVA rating of
5.9 MVA. The efficiency and power factor are based on
induction generator parameters. Theoretically the stator can
generate 5.9 MW active power output (with zero reactive
power) in IG mode. However, this capability is limited due to
the reactive power absorption of the machine during IG mode.
The reactive power consumption depends on the IG
parameters and operating conditions prevailing during the
fault condition (i.e. speed and voltage drop). During normal
operation a DFIG follows the power-speed characteristics
shown by the solid line of Fig. 2. However, during decoupled
operation, a DFIG follows a different power characteristic (see
Fig. 2) dependent on the severity of the voltage drop at the
DFIG terminals and the crowbar resistance. During the
transition (from DFIG to IG) the machine loses rotor current
control of the RSC which detrimentally affects power
generation below synchronous speed.

(€)
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Fig. 2. Active power capability chart of decoupled strategy.

In all cases a 5 MW DFIG was modeled as a two mass
model (with both turbine and generator inertia) [33] with
aerodynamic and drive-train system components. Fig. 3
illustrates the average active power generation / consumption
curves obtained for a 5 MW DFIG connected to the New
England 39 bus test system (bus 12) for different voltage dips
(0.25 s) at the point of common coupling (PCC) and crowbar
resistances during decoupled operation.
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Fig. 3. Active power variation (a) 0.5 pu crowbar resistance (b) 0.5 pu voltage
dip at PCC.

The DFIG follows different active power characteristics
based on the voltage drop and crowbar resistance, with the
active power variation following a linear relationship with
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rotor speed (see Fig. 3). The transition from generation to
motoring mode has occurred between 0.9 pu to 1 pu. For the
extreme depressed voltage conditions the DFIG remained
within the generation region due to insufficient stator
excitation flux in the air-gap for current reversal in the stator
circuit.

Furthermore, a low crowbar resistance offers high power
generation/consumption during the IG mode. Although high
crowbar resistance helps to rapidly dampen the rotor current
transient [34]-[35] it may also reduce the active power
performance of the DFIG. Hence, with these considerations it
is advisable to use the decoupled operation strategy above the
synchronous speed operation with optimal crowbar resistance.
Fig. 4 illustrates the reactive power variation of a 5 MW DFIG
obtained for the same system conditions as Fig. 3.
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Fig. 4. Reactive power variation (a) 0.5 pu crowbar resistance (b) 0.5 pu
voltage dip at PCC.

A strong correlation can be observed between the active and
reactive power variation during decoupled operation. For a
small voltage drop and low crowbar resistance the IG absorbs
high reactive power while generating or consuming high
active power. The GSC reactive power capability is limited by
the converter rating. In this study the converter was rated at
50% of the active power rating.

C. Optimum Operating Region

As illustrated in Fig. 2 decoupled operation is more
beneficial at synchronous and sub-synchronous operating
speeds. During sub-synchronous operation, since the machine
slip is positive, a motoring torque is produced (see Fig. 3).
Thereafter, the machine starts to absorb active power from the
grid. For a DFIG, this motoring torque is reversed by
switching the phase angle of the converter voltage [36], and
hence sufficient generating flux can be imposed in the air-gap



to reverse the direction of the stator current. Therefore, ride-
though is permissible with maximum crowbar resistance for
wind farms which are operating below synchronous speed
while minimizing the active and reactive power consumption
by the IG, and delivering reactive power through the GSC.
The decoupled strategy is more feasible for PCC voltages
above 0.1 pu during a fault condition. However, it can be
extended to obtain an inertial response due to the rapid
improvement of the PCC voltage following fault clearance.

III. MODELING ASPECTS OF DECOUPLED STRATEGY

A. Optimal Crowbar Resistance

The main function of the dynamic crowbar is to provide
optimal active power performance and inertial response while
adhering to DFIG protection requirements. The optimal
crowbar resistance is constrained by the machine rating (MVA
rating), rotor current transient and DC-link transient following
crowbar deactivation. Based on the steady-state IG model
[37], the active and reactive power of the IG can be expressed
as follows:

P, =3V;Z,/Z+Z,,) 4)
0,=3V;2,(Z+Z;)

where P,, Q. V,, Z, and Z,, represent the active power
generation, reactive power generation, terminal voltage, real
component of the equivalent impedance of the IG and the
imaginary component of the equivalent impedance of the IG
respectively. By assuming that the crowbar resistance (R.,) is
much higher than the rotor and stator resistance, (crowbar
resistance is in series with the rotor resistance), and the
magnetizing reactance (X,,) is higher than the rotor reactance
(X,), the real and imaginary components of the equivalent
impedance can be approximated as follows:

Z,=(R,/)X. (R, /s)+X])
Zim :X5+(Rcr/s)2Xm /((er/s)2+Xri)

)

where s is the machine slip. The active power generation and
reactive power absorption should not exceed the generator
rating (S) during decoupled operation.

s=y(B)+(©,) (©)

From (4) and (5), equation (6) can be simplified as:

S=3V2INZ}+Z})

S=32(R, /) + XDA(R, /) X})

By further simplifications, the crowbar resistance can be
approximated as:

R, =|s|X,, /J(K*-1); K=8X, 13V} (7

In order to avoid zero values for R, at, or near, synchronous
speed (1 pu) the minimum slip is assumed to be 0.01. Further,
it is essential to ensure that there is adequate rotor current
damping during decoupled operation in order to alleviate the
post-clearance rotor current transient. Fig. 5 illustrates the
effect of insufficient rotor current damping, and the resulting
post-fault rotor current transients due to insufficient crowbar
resistance. In both instances the crowbar protection was
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activated, since the rotor current transient has exceeded the
allowable maximum limit for the rotor current (4.7 kA). The
crowbar resistance was deliberately chosen to achieve
maximum active power performance. As a result, insufficient
damping is obtained when the voltage drop is 0.5 pu, while a
large post-fault rotor current transient is seen when the voltage
drop is 0.75 pu.

Fig. 5. Rotor current (a) Insufficient damping (0.5 pu voltage drop) (b) High
post-fault rotor current transient (0.75 pu voltage drop).

This illustrates the fact that when selecting the optimum
crowbar resistance for enhanced active power capability it is
essential to consider the converter safety factors. In this
situation, considering the rotor current dependent factors (i.e.
pre-fault rotor speed, the severity of the voltage drop and the
DFIG parameters) [38]-[39], a minimum crowbar resistance of
0.02 pu is required to adequately dampen the rotor current
transient. Therefore, the calculated crowbar resistance was
further improved during high voltage dips (0.75 pu). In
addition, the crowbar resistance was lowered to obtain an
improved inertial response (by relaxing the IG rating in
equation (7)) capability during low voltage dips (0.25 pu). The
optimal crowbar resistance variation for a 5 MW DFIG after
being subjected to the above constraints is shown in Fig. 6.
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Fig. 6. Optimal crowbar resistance.

In practice, such a scheme can be implemented using a
lookup table with discrete steps, which can determine the
optimal resistance required for a particular operating speed
and expected voltage drop at each wind farm during a fault
condition. The expected voltage drop can be determined based
on the network strength at the installed location of the wind
farm, noting that for a feasible transmission system fault the
resulting voltage drop is likely to encompass wind intensive
areas in the system.

B. GSC Modeling as a STATCOM

The grid-side converter (GSC) is reconfigured as a reactive
power source (as a STATCOM) during decoupled operation to
support the reactive power demand of the induction generator



and support local voltage during grid disturbances. The
reactive power reference is generated considering a voltage
measurement taken at the PCC (V) of the DFIG. The GSC
reactive power support is only activated below a specified
voltage value (0.8 pu) at the PCC, since a voltage drop below
0.8 pu may restrict the reactive power capability of the voltage
control scheme implemented using RSC (typical voltage
control scheme of the DFIG) or surpass the IG reactive power
requirement during decoupled operation. Therefore, the GSC
reactive power control scheme is only activated as an
enhanced voltage support scheme during FRT operation. Fig.
7 illustrates a functional block diagram of the GSC control
scheme implemented with the decoupled control strategy.

Reference selection
AC voltage
measurement - T T T T ===
{PCC) r ’
AC ™y
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Fig. 7. GSC control strategy.

In STATCOM mode, the GSC prioritizes reactive power
control through the GSC once the terminal voltage drops
below a preset voltage. Fig. 8 illustrates the GSC response
during a 0.25 s, 0.5 pu voltage drop.
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5
According to Fig. 8, the GSC starts to inject reactive power
soon after a fault is initiated in the network. The DC link
transient is also slightly reduced, due to the reactive power
prioritization of the GSC. The summarized results for sub- and
super- synchronous modes of operation are shown in Table 1.

TABLE I

STATCOM OPERATION OF GSC UNDER DIFFERENT OPERATING MODES

Sub-sync. Sync. speed | Super-sync.

(0.8 pu) (1 pu) (1.2 pu)

Avg. reactive power
during fault (MVAr) 1.43 1.44 1.41
Avg. active power before
fault (MW) -0.44 -0.02 0.40
Avg. active power output
after fault (MW) -0.01 0.07 0.57
Avg. DC link voltage-
STATCOM mode (pu) 112 1.09 1.04
Avg. DC link voltage- L15 L12 1.08
normal mode (pu)

The STATCOM capability was slightly reduced during the
sub- and super- synchronous modes of operation due to the
active power transfer. Furthermore, the STATCOM operation
has reduced the DFIG rotor acceleration following a transient
event, due to the improvement in wind farm voltage. In
addition, the DC link transient has also reduced with the
STATCOM mode (see Table I) for all three operating modes
of the DFIG. The STATCOM operating time can be varied
based on the voltage set-point, and can be used under general
network conditions to support the local voltage.

C. Inertial Response during Extended Operation

During the recovery period, the DFIG will deliver less active
power than the available aerodynamic power from the wind
due to the reduction in aerodynamic power extraction.
However, an extended crowbar period with optimal crowbar
resistance enables a DFIG to exploit the inertial response
capability while operating as an IG. Fig. 9 illustrates the active
power generation for both normal DFIG operation (0.25 s
crowbar period) and extended operation (5 s) following a 0.25
s, 0.25 pu voltage drop at the PCC. The crowbar operating
times have been chosen to illustrate the comparison between
normal operation (limited to a fault duration of 0.25 s) and
extended operation (5 s) which, for example, also complies
with the Hydro-Québec short-term frequency support grid
code requirement for wind farms [40].
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Fig. 9. Active power variation of DFIG for decoupled operation under
different crowbar periods.



It can be seen from Fig. 9 that there is a considerable
difference between the active power responses for the two
operating times as an induction generator, as the extended
crowbar period enables the inertial capability of the machine
to be exploited following fault clearance.

When the fault is cleared the DFIG takes a significant time
to restore the active power output, due to the reduction in
power coefficient (C,) during a transient grid fault. It can be
seen from Fig. 10-(a) that the aecrodynamic power coefficient
has reduced from point A to point B due to the increase in the
tip-speed ratio. In addition, the tip-speed ratio varies between
point B and C due to the oscillation in acceleration torque
caused by the finite shaft stiffness and damping component of
the drive-train system.

[ [
_ Cp™ =059 )™ =0.59
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3 3
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Tip spee‘ﬁ' ratio (A) Tip spee‘ﬁ ratio (A)

Fig. 10. Variation of C, with tip-speed ratio during a grid fault (a) Operation
below rated speed (b) Operation at rated speed.

When the generator operates at rated speed, due to the
acceleration during the fault period the generator exceeds the
rated speed and ultimately the pitch angle controller must
increase the pitch angle, reducing the wind power extraction.
Therefore, as shown in Fig. 10—(b), the power coefficient vs.
tip-speed ratio curve will transition from curve Cl1 to curve
C2, which will cause a perceptible reduction in aerodynamic
power extraction. It is, therefore, more beneficial to operate
the DFIG in IG mode for an extended period following fault
clearance.
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Fig. 11. Speed variation of the DFIG under two different crowbar periods.

As illustrated in Fig. 11, the DFIG decelerates during the
extended crowbar period due to the inertial response provided
during the post-fault period. However, the extended IG mode
may reduce the power coefficient (C,) if it decelerates
significantly below the operating speed prior to the
disturbance. Therefore, it is recommended to limit the
extended IG mode based on a minimum speed threshold.
Moreover, it is recommended that the distributed recovery
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strategy outlined in [12] be implemented for a smooth
transition (IG to DFIG) following inertial power release.

D. Coordinated Control

When a DFIG initiates the IG mode, it absorbs a
considerable amount of reactive power from the system. In
contrast the GSC injects reactive power to the system in order
to support the local voltage. Therefore, the IG mode should be
coordinated with the STATCOM mode, especially during the
extended operation. The operating time as a STATCOM can
be set according to the target voltage required at the PCC
following fault clearance. The respective operating time as a
STATCOM for different target voltage values at the PCC are
shown in Table II.

TABLE II
GSC OPERATING TIME AS A STATCOM
Voltage set point (pu) 0.75 0.85 0.95 1
STATCOM time (s) 0.25 0.30 0.87 >5

The main objective behind coordinated control is to
harmonize reactive power absorption during the IG mode by
coordinating with the GSC. Therefore, it is essential to operate
the GSC in STATCOM mode beyond the operating time of
the IG mode. The IG mode can be extended beyond the fault
duration until necessary inertial support is met, but
coordinated control should ensure necessary reactive power
support during such operation. Fig. 12 illustrates reactive
power coordination between the IG mode and STATCOM
mode.
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Fig. 12. The reactive power response of decoupled operation.

According to Fig. 12, the GSC compensates the reactive
power absorption up to 2.45 MVAr, with an additional 0.35
MVAr absorbed from the grid. Although, the GSC reactive
power capability is limited by the converter rating, certain grid
codes require 100% reactive power capability (in comparison
to generator rating) from wind farms during grid faults (if
necessary) [16]. Hence, an improved reactive power capability
can be provided under such circumstances due to the increased
size of the GSC rating. The 1G-mode operation beyond the
reactive power capability of the GSC requires additional
reactive power support from the local network (since the IG
reactive power requirement exceeds the GSC reactive power
capability), and hence the voltage stability of the wind farm
location (distribution or transmission level) needs to be
assessed during such circumstances. These issues will be
further discussed in the case study section.



E. Effect on Drive-Train Dynamics

Since a DFIG is a variable speed machine, wind speed
variations are commonly reflected in the shaft speed variation,
and hence the shaft torque is normally maintained constant
under variable wind conditions. During transient grid faults,
due to the reduction in electromagnetic torque, the DFIG
drive-train system undergoes mechanical stress, reflected
particularly in the high-speed shaft. Therefore, it is essential to
consider any effects on the drive-train with the decoupled
operation strategy.
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Fig. 13. DFIG high-speed shaft torque oscillations during decoupled operation
(a) Sub-synchronous speed (0.8 pu) (b) Synchronous speed (c) Super-
synchronous speed (1.2 pu).

It can be seen from Fig. 13 that the extended crowbar period
dampens the shaft oscillations and drive-train stress in the
high-speed shaft of the DFIG. The extended crowbar period
enables the machine to operate as a conventional induction
generator, and consequently the inherent damping capability
of an IG can be used to dampen the oscillations following fault
clearance. However, during sub-synchronous and super-
synchronous operation the drive-train torque has stabilized at a
different level, since the wvariable-speed constant torque
control is no longer active during decoupled operation.

IV. CASE STUDY

A case study was developed to assess the operational
feasibility and system benefits of the decoupled strategy at
high wind penetration, including the importance of wind farm
location (at either distribution level or transmission level).
Previous studies have indicated stability issues dependent on
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wind farm location [41]. In addition, this study demonstrates
the benefits and drawbacks of operating for extended crowbar
periods. The ultimate rationale for the network operator to
prioritize the inertial response and reactive power injection of
the decoupled strategy has also been analyzed and is included
in subsequent sections.

A. Performance with High Wind Penetration

Two penetration levels with wind farms attached to the
transmission network have been considered. The wind farms
were attached to buses 6, 10, 12 and 13 (see Appendix) of the
New England 39 bus system [42]. In the first case 100 MW
(20 x 5 MW) capacity was installed at the above nodes,
amounting to 6.5% wind penetration in the network. This level
was then increased to 200 MW (40 x 5 MW), yielding 13%
wind penetration. At each penetration level two operating
times for the IG mode (0.25 s and 5 s) were considered. It was
further assumed that the DFIGs were operating at full output
(5 MW), and that the base system frequency was 50 Hz. The
voltage and system frequency of the network were monitored
after being subjected to a 0.25 s three-phase short circuit fault
(fault impedance: 0.2 Q) at bus 11.
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Fig. 14. System performance for different wind scenarios (a) Frequency
variation (b) Voltage variation at bus 11.

It is apparent from Fig. 14 that at high wind penetration the
frequency response has deteriorated, due to the reduction in
synchronous generation present. For example, when the
frequency nadir falls from 49.85 Hz to 49.79 Hz, the wind
penetration had increased from 6.5% to 13%. When decoupled



operation was extended beyond the fault duration (5 s) a
significant improvement in frequency stability was apparent.

As an example, at 6.5% wind penetration the frequency
nadir improved from 49.85 Hz to 49.88 Hz, while at 13%
penetration the nadir improved from 49.79 Hz to 49.84 Hz.
The summarized results are shown in Table III. It can be seen
that it takes 530 ms to recover the voltage to 0.95 pu at 6.5%
wind penetration with a 5 s crowbar operating time, which
represents a 59% increase in the voltage recovery period.
Therefore, an additional inertial response can be gained by
extending the decoupled operation beyond the fault period, but
at the expense of voltage recovery.

TABLE III
STABILITY PERFORMANCE WITH DECOUPLED STRATEGY
Frequency Voltage recovery time
nadir (Hz) until 0.95 pu (ms)
6.5% wind with 0.25 s crowbar 49.85 340
6.5% wind with 5 s crowbar 49.88 530
13% wind with 0.25 s crowbar 49.79 450
13% wind with 5 s crowbar 49.84 750

B. Impact of Wind Farm Location

A comparative analysis has been conducted on wind farm
installation for a radial distributor (see Appendix) connected
to the New England 39 bus system versus wind farms
connected to high voltage nodes of the system. A schematic
diagram of the distribution system model [43] for bus 12 of
the New England system is illustrated in Fig. 15.

New England 39 Bus
system-Bus 12
-—
b c d e f g
9.0mMw | 65MW 5.2 MW l 4.5 MW la.s MW 3.6 MW
3.6 MvArY 24mvarY | 21mvarY  1emvar YiamvarY | 1amvarY

Fig. 15. Distribution feeder model.

The following scenarios were analyzed in this study:

e Scenario 1: 200 MW wind connected to transmission
network with 0.25 s crowbar time

e Scenario 2: 200 MW wind connected to transmission
network with 5 s crowbar time

e Scenario 3: 150 MW wind connected to transmission
network and 50 MW wind connected to distribution feeder
with 0.25 s crowbar time

e Scenario 4: 150 MW wind connected to transmission
network and 50 MW wind connected to distribution feeder
with 5 s crowbar time

A 0.25 s, three-phase short circuit fault (0.2 Q fault
impedance) was initiated at bus 11 (New England 39 system)
and the voltage was measured at each node of the distribution
feeder, 5 s after fault inception. The plot of recovery voltages
along the distribution feeder is shown in Fig. 16. The recovery
voltages reduce from bus a to bus g (see Fig. 16) as expected,
since a node closer to the transmission network gains
enhanced system support during the post-fault period. With
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the wind farms installed at the transmission level a greater
reduction in voltage profile was apparent when the IG mode
was extended beyond the fault period (see Fig. 16). As an
example, with 50 MW of wind generation installed at the
distribution feeder bus g the voltage was reduced by 0.1 pu
when the DFIG wind farms are operated for extended periods

(cases 3 and 4).
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Fig. 16. Recovery voltage variation along the distribution feeder.

A significant improvement can be observed by operating the
crowbar only during the fault period, and the GSC STATCOM
capability can then be effectively utilized to improve the
distribution feeder voltage profile. In this case it has been
shown that a 10.8% improvement in feeder voltage profile is
possible by limiting the decoupled operation for the fault
period. The system frequency variations of the network for the
above scenarios are shown in Fig. 17.
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Fig. 17. Frequency variation with different scenarios.

The frequency nadir has improved from 49.88 Hz to 49.90
Hz (see Fig. 17) when operating for an extended period during
decoupled operation, but this has reduced slightly when a 50
MW wind farm was moved to the distribution feeder.
Therefore, it is apparent that the inertial response advantage
will lessen for high penetration of wind connected at the
distribution level during the extended IG mode. It is
appropriate to limit the decoupled operation for the duration of
a fault for wind farms installed at distributed locations, while
obtaining extended reactive power support from the GSC.

V. DISCUSSION

Commercially available DFIGs can reach synchronous speed
between 40-50% of their rated power output and 7-8 ms’



wind speed [1-2]. Hence, an individual DFIG is more likely to
be operating beyond synchronous speed (optimum operating
region) when the aggregated wind power output is high.
Beneficially, the proposed DFIG decoupled strategy is seen
(Section IV.A) to be most effective at high wind penetration
levels, which are the very conditions when the impact of a
network fault would be most severe. Therefore, if DFIG
performance causes operational concerns (under fault
conditions) such that wind curtailment may be required [17],
then as an alternative, wind farm requirements should evolve
over time, following current practice [18].

The emulated inertial response capability provided by
certain wind farm manufacturers has not been illustrated
following transient faults in close proximity to the wind farms
[44]. In terms of low voltage dips (>0.25 pu) which do not
render converter ride-though problems, it is essential to
incorporate emulated inertial response strategies to support the
system frequency during the event. As an example, the 4P,
discharge strategy [12] can be implemented under such
circumstances, though inertial power release is limited by the
DFIG rated power output (5 MW). The proposed decoupled
strategy can also be implemented to provide inertial support
under such circumstances, since the available inertial power
release is much higher than for the emulated strategies, as the
overall inertial power release is constrained to the WRIG
rating (5.9 MVA).

According to the EirGrid (transmission system operator,
Republic of Ireland) grid code, when the voltage, measured at
the HV terminals of the grid-connected transformer, falls
below 0.15 pu (see Fig. 14-(b)) wind farms are allowed to
disconnect from the grid [15]. Simulation studies show
(similar to Fig. 3) that the decoupled strategy is feasible for
faults which result in the retained voltage reducing to 0.1 pu
(for 0.25 s), which is below the stipulated voltage profile from
the EirGrid grid code standard, and could enable the FRT
capability of the system to be improved. In terms of extended
operation, the proposed strategy has rendered a voltage profile
above the stipulated EirGrid LVRT grid code standard [15],
even under the worst case scenario (see Fig. 14). Hence, the
wind farms should stay connected while providing extended
inertial support for the system. Wind-hydro dominant systems
can also benefit from the proposed strategy since frequency
support problems are much more prominent in such systems,
as outlined in [11]. As an example, wind farms in the Hydro-
Québec system already requires to provide frequency support
during large disturbances (>0.5 Hz) for short duration (<10 s)
[40], while this strategy has illustrated frequency support
capability for 5 s following a network fault.

VI. CONCLUSIONS

A novel decoupled-DFIG FRT strategy has been presented
which can improve both the active and reactive power
capability during FRT operation and provides a natural inertial
response, constrained to the IG rating and other protection
requirements, during grid disturbances. The optimum regions
and capability chart have been defined considering the
transition power characteristics. The optimal crowbar
resistance was obtained by considering the machine rating and
the protection requirements of the DFIG. The optimal crowbar
resistance delivers enhanced active power support during fault
operation and inertial support during extended operation. It
has been shown that by proper coordination between the 1G

9
and STATCOM modes that a DFIG can deliver enhanced
active power and voltage support during grid faults. Moreover,
it has been shown that the turbine drive-train stress can also be
reduced by extended decoupled operation.

The results obtained from the exemplars indicate that the
proposed decoupled strategy is effective during high wind
penetration, while complying with existing grid code
standards. Furthermore, it has also been shown that the
optimum network support required is dependent upon the
wind farm location. A system operator has, therefore, the
ultimate choice in prioritizing the network support required
from a wind farm installed at a particular location.
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APPENDIX

5 MW DFIG parameters: rated stator voltage: 3.3 kV; rated
rotor voltage: 1939 V; rated mechanical power: 5000 kW,
rated speed: 1800 rpm; rated frequency: 50 Hz; no. pole pairs:
2; stator resistance: 0.00298 pu; stator reactance: 0.125 pu;
rotor reactance: 0.05 pu; rotor resistance: 0.004 pu;
magnetising reactance: 2.5 pu; generator inertia: 101.72 kgm?;
turbine inertia: 6,100,000 kgmz; shaft stiffness: 83,000,000
Nm/rad.

New England 39 bus system

Impedances of the distribution feeder

Z,=0.4860+2.0885 j Z, =0.5624 +2.5318]
Z,,=0.4999 +2.2505j Z,= 0.3124 +1.4066 j
Z,=02499 +1.1252j Z, = 0.1875 +0.8439 |
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