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Abstract— Power generation and grid stability have become
key issues in the last decade. The high penetration of large
capacity wind generation into the electric power grid has led to
serious concerns about their influence on the dynamic behavior
of power systems. The Low-Voltage Ride-Through (LVRT)
capability of wind turbines during grid faults is one of the core
requirements to ensure stability in the power grid during
transient conditions. The doubly-fed induction generators
(DFIGs) offer several advantages when utilized in wind turbines,
but discussions about their LVRT capabilities are limited. This
paper presents a comprehensive study of the LVRT of grid-
connected DFIG-based wind turbines. It provides a detailed
investigation of the transient characteristics and the dynamic
behavior of DFIGs during symmetrical and asymmetrical grid
voltage sags. A detailed theoretical study supported by computer
simulations is provided. This paper also provides a new rotor-
side control scheme for DFIG-based wind turbines to enhance its
LVRT capability during severe grid voltage sags. The proposed
control strategy focuses on mitigating the rotor-side voltage and
current shock during abnormal grid conditions, without any
additional cost or reliability issues. As a result, the DFIG
performance is improved and utility company standards are
fulfilled. Computer simulations are used to verify the expanded
ride-through capability of the novel strategy and its effective
performance compared to the conventional control schemes.

Index Terms— Wind power generation, Doubly-fed induction
generator (DFIG), Grid fault, Low-Voltage Ride-Through
(LVRT), Power converters.

I. INTRODUCTION

In recent years, there has been a huge increase in global
demand for energy as a result of not only industrial
development, but also population growth. Consequently, the
rise in consumption of traditional fossil fuels has led to many
serious problems such as energy shortages, pollution, global
warming, the shortfall of traditional fossil energy sources, and
energy insecurity. These factors are driving the development
of renewable energy technologies, which are considered an
essential part of a well-balanced energy portfolio [1]-[4].
Wind power is thought to be the most promising near-term
alternative energy. As renewable energy sources grow in

popularity, wind power is currently one of the fastest growing
renewable sources of electrical energy [3], [4]. More than 54
GW of wind power was installed in 2016, and it is expected to
be higher in 2017 [1], [2].

With the increased presence of wind energy in the power
system over the last decade, a serious concern about its
influence on the dynamic behavior of the electric power
network has arisen [4]-[6]. Therefore, it becomes essential that
grid-connected wind turbines behave similarly to conventional
power plants and support the power network during normal
and abnormal grid conditions. This has required many
countries to develop specific grid codes for operation and grid
integration of wind turbines. Among these grid codes, two
main issues are of special concern for engineers in the area of
power and energy: a) active and reactive power control in
normal conditions, and b) Low-Voltage Ride-Through
(LVRT) capability during grid faults, or more succinctly, Fault
Ride-Through (FRT) capability [4], [6].

In addition to the progress made in the creation of adequate
grid codes for the proper utilization of wind energy, a
significant improvement has been achieved in the design and
implementation of robust energy conversion systems that
efficiently transform wind energy. The Doubly-Fed Induction
Generator (DFIG)-based wind turbine has become one of the
most favorable choices in wind power generation. This is due
to the prominent advantages that it has compared to the other
energy conversion systems that are currently available in the
market. However, the dynamic response of the DFIG to grid
voltage transients is the most serious problem [7]-[9].

DFIG-based wind turbines are sensitive to voltage sags
during grid faults. This is due to the partial-scale back-back
power converters that connect the rotor of the generator to the
power grid. Faults in the power system, even far away from
the location of the turbine, can cause an abrupt drop of the grid
voltage which leads to an over-voltage in the DC bus and an
over-current in the rotor circuit of the generator [10]-[13].
Without any protection scheme, this can lead to power
converter damage. Moreover, it may also increase the speed of
the turbine above the rated limits if not properly designed,

0093-9994 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTA.2018.2835401, IEEE

Transactions on Industry Applications

which will threaten the safe operation of the turbine [10]-[16].
Therefore, the LVRT ability of DFIG-based wind turbines
during grid faults are intensively investigated in order to
provide proper solutions that can protect the turbine during
abnormal conditions on the grid.

The objective of this paper is to provide a comprehensive
and simplified study of the dynamic behavior of grid-
connected DFIG-based wind turbines under LVRT conditions.
Detailed analysis of the LVRT of DFIGs, including the
voltage sag profile, transient characteristics and the behavior
of the DFIG at the moments of voltage sag, as well as the
subsequent voltage recovery, is investigated. A simplified
dynamic model of the DFIG is used to investigate the
performance of the wind energy generation system under the
influence of symmetrical and asymmetrical grid faults.

This paper also provides a detailed description of the most
cited and commonly used LVRT solutions by improving the
Rotor-Side Converter (RSC) control strategies (active
methods). It describes the basic operation principle,
advantages and disadvantages of each proposed solution.

In the end, a new rotor-side control scheme for DFIG-based
wind turbines is developed to enhance its LVRT capability
during severe grid voltage sags. The proposed control strategy
focuses on mitigating the rotor-side voltage and current shock
during abnormal grid conditions, without any additional cost
or reliability issues. As a result, the DFIG performance is
improved and the utility company standards are fulfilled.
Computer simulations are used to verify the expanded ride-
through capability of the novel strategy and its effective
performance compared to the conventional control schemes.

The paper is organized as follows: Section II provides a
detailed description of the DFIG-based wind power generation
system. This includes the DFIG’s dynamic model and a
comprehensive analysis of its complicated dynamic behavior
during different types of grid faults. Section III describes the
LVRT grid code of DFIGs. This includes the LVRT
characteristic and major LVRT technologies. It also
summarizes the most cited and commonly used LVRT
solutions for DFIG by improving the RSC control strategies.
Section IV develops a new rotor-side control scheme for
DFIGs to enhance their LVRT capability during severe grid
voltage sags. Conclusions are presented in section V.

II. DFIG-BASED WIND POWER GENERATION SYSTEM

At present, commercial wind turbines mix and match a
variety of innovative concepts with proven technologies for
both generators and power electronics. Different wind turbine
configurations can be obtained by combining an induction or
synchronous generator with fully or partially rated power
converters [10], [17], [18]. The state-of-the-art variable speed
wind turbine generators are categorized by two major types:
Permanent Magnet Synchronous Generators (PMSGs)-based
wind turbines with fully rated power converters and DFIG-
based wind turbines with partially rated power converters, as
shown in Fig. 1 and Fig. 2, respectively.

The DFIG is a perfect solution for systems with limited
variable-speed range, e.g. £30% of the synchronous speed.
The reason is that the power electronic converter has to handle
a fraction (20-30%) of the total generated power compared to

the direct drive PMSG-based wind turbines. As a result, the
equipment cost and operational losses of the power converter
can be significantly reduced compared to a system where the
converter has to handle the total generated power [8], [17].
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Fig. 1. Wind turbine configuration of the PMSG-based wind turbine with fully
rated back-back converters.
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Fig. 2. Wind turbine configuration of the DFIG-based wind turbine with
partially rated back-back power converters and a gearbox.

The back-to-back power converter in the DFIG system
consists of two converters, i.e., a Rotor-Side Converter (RSC)
and a Grid-Side Converter (GSC), which are connected back-
to-back by a dc-link. Between the two converters, a dc-link
capacitor is placed as energy storage in order to limit voltage
variations (or ripple) in the dc-link voltage. With the RSC, it is
possible to control the torque, the speed of DFIG as well as the
active and reactive powers at the stator terminals. The main
objective for the GSC is to keep the dc-link voltage constant.
It can also be used to control the reactive power flowing from
or to the power grid [8], [17]-[21].

DC-link over-voltages may arise as a result of wind turbine
response to unbalanced grid faults or load shedding situations
[10], [12]-[14]. In this case, the direction of the power flow is
reversed and the current flows to the dc-link. Therefore, the
DC-link voltage must be limited to its rated value. This can be
achieved by using a DC-side crowbar circuit that consists of a
chopper and a resistor connected across the DC-link of the
converters, as shown in Fig. 2. This configuration can limit the
DC bus voltage from exceeding the safe operating range by
short-circuiting the dc-link through the chopper resistors.

A. Dynamic Modeling of DFIG

The operating principle of the variable speed DFIG can be
conveniently analyzed by the classical rotating field theory
with the well-known Park and Clarke transformations [21],
[22]. Since the DFIG can be regarded as a traditional induction
generator with non-zero rotor voltage, its dynamic equivalent
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circuit in the dg-synchronous reference frame can be modeled
as shown in Fig. 3.
L[.\' R.\'

Ws /Lq.\' L[r R,- ((U.\"(Ur);vqr

W Ads Ly

L[.\' R s

Fig. 3. Equivalent circuit of the DFIG in the dg-synchronous reference frame

The full-order dynamic model of DFIG in the synchronous
rotating reference frame can be described as given [21]-[23]:

dAgs

Tolgs + —— —
stds dt

Vas
Vgs = Tslgs + —

Var = Ylagr +——
d:r - ((1.)5 - wr)ﬂfdr (D
Aas = Lgigs + Liplar
ﬂqs = Lsiqs + Lmiqr
Aar = Lylar + Liplas
Aqr = L‘riq'r + Lmiqs

Li=Li+ L,

L, =L, +L,

qr = Trigr +

[T [T

where the subscripts “s” and “r” represent the stator and
rotor sides, rs; and r, are resistances of the stator and rotor
windings, L, is the magnetizing inductance, L;; and L, are the
stator and rotor leakage inductances, A and A, are the stator
and rotor magnetic flux linkages, v, and i, are the stator
voltage and current, v, and i, are the rotor voltage and current,
w, is the electrical angular velocity of the synchronous
reference frame, and w;, is the electrical angular velocity of the
rotor.

It is shown in [23] that several simplifications can be made
to the system given in (1) since the DFIG-based wind turbine
is considered to be part of an electrical system that includes
other components such as the power converters and electrical
networks.

The objective of the following analysis is to find a direct
relationship between the stator and rotor voltages, currents and
flux linkages. It will be assumed that the RSC acts as a current
source where the objective of the DFIG is to supply a certain
power to the grid by controlling the injected rotor currents.

First, the stator flux-oriented synchronous reference frame,
where the g-axis is aligned to the positive-sequence stator
flux, is applied to the DFIG full-order model given in (1).

Neglecting the stator resistance, the rotor voltage equations
can be expressed as [24]:

d
Var = (r‘r + ol _) lgr — (w5 — w‘r)UL‘riqr

.
+— (Was)
Ls ds
, dy.
Vgr = (05 — )0 Lyigy + (rr + oL, —) lgr
m
+ L_ (vqs - wrlds)
N
2
where 0 = 1 — LLm . The previous equations can also be
written in a matrix format as:
d
e R e
Vorl ~ d [i ]
T N (ws - w)oL, (rr + oL, E) r o))

Lm Vs
+ L_s [vqs - wrlds]

Equation (4) holds for both steady-state and dynamic
conditions. It provides a direct relationship between the
instantaneous values of the stator and rotor dg-voltages to the
dg rotor currents. The stator flux is normally estimated by
integrating the stator voltage. During steady-state conditions,

with neglecting 7. and L, and approximating LL—"‘ ~ 1, the RSC

AC-side output voltage is approximately sV; (referred to the
rotor side), where s is the slip and I} is the magnitude of the
steady-state stator voltage. Since the slip of the DFIG is
normally limited between —0.3 and 0.3, then according to
equation (4), the RSC needs to be able to output at least 30%
of the stator voltage and thereby provide a minimum of 30%
of the generator ratings. A specified safety margin is normally
required.

If a sudden voltage sag happens at the stator terminals, the
necessary rotor terminal voltage could be directly determined
from (4) such that the rotor current will not be affected and
remains unchanged. However, since the RSC rating is limited
and cannot generate the necessary rotor voltage, a large
transient in the rotor current will appear during grid voltage
sags.

Considering that the DFIG fifth-order model, given by (1),
is linear, and applying the Laplace transform, the dg-stator
currents in the synchronous reference frame can be expressed
as [23]-[25]:

1 ) L
lgs = F+vqs - L_mldr (5)
Ss?+ 25+ w? s
S
. 1 s+ 1/1'5 Lm .
lgs = L_—vqs - L_lqr (6)
N

552+2Tls+a)52
N

where 7, is the stator time constant. Equations (5) and (6)
directly relate the stator current to the stator voltage, clamped
by the grid voltage, and the rotor current, controlled by the
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RSC. During a voltage sag, when the rotor current is kept
constant, stator current starts to oscillate with stator frequency
(ws) and oscillation damping depends on the stator time
constant (75). During asymmetrical faults, a negative sequence
will appear and also force oscillations but with a frequency
equal to wy) [11], [23], [25], [26].

It is also demonstrated in [26] that the direct relationship
between stator flux linkage, stator voltage and rotor current,
using the stator voltage-oriented synchronous reference frame
(vgs = 0 and vy = vy;), can be derived as:

s+ 1z, Ln/7s(s +1/2)
Aas = 1 Vas — 1 tar — (7)
s24+2=s+ w? s24+2=s+ w?
TS TS

—Wg Lm/TS(S + 1/‘[5) .
/1qs = Vas — Lgr (8)
2 1 2 2 1 2
§4+2—5+ wf 54+ 2=5+ wé
TS TS

Equations (7) and (8) show that stator flux linkage depends
on stator voltage and rotor current, explaining the behavior of
the DFIG during grid faults. If a voltage sag happens at the
stator terminals and rotor current is kept constant, the stator
flux starts to oscillate with the stator frequency (wg) and the
oscillation damping depends on the stator time constant (z;).
During asymmetrical faults, a negative sequence will appear
and also force oscillations but with a frequency equal to (2wy)
[23], [26], [27].

B. Transient Analysis of the DFIG Magnetic Flux during
Grid Faults

Symmetrical Faults

At steady state, the stator flux is a vector that rotates at
synchronous speed with respect to stator and has a constant
amplitude proportional to the grid voltage [11]-[15]. Reactive
current excites the magnetic field, which sets up the air gap
flux required for the reactive power flow between the stator
and the rotor as well as active power flow between the
mechanical and electrical ports. Any voltage sag at the stator
terminals causes fluctuations in the stator flux. This leads to a
large transient current in the rotor circuit [13], [27]-[29].

Fig. 4 illustrates the dynamic behavior of the stator flux
during a three-phase partial voltage sag. During normal
operating conditions, the flux vector rotates along the outer
red circle that is labeled as AC flux pre-fault trajectory.
Assuming that a three-phase grid voltage sag happens at the
moment corresponding to point A, the stator flux vector is
unable to maintain the same magnitude as the magnitude prior
to the fault, because the magnetic field cannot be changed
instantaneously. As a result, the flux vector is split into two
components: the frozen DC flux component OO’, and the AC
synchronous rotating component AO’. Just after the fault, the
origin of the synchronously rotating flux vector offsets the old
one by a DC flux vector OO’, which has a passive nature and
decays gradually along the green line. Lastly at Point B, the
transient caused by the voltage sag ends with the AC flux
vector rotating along the smaller inner red circle.

s
Pre-fault A

— Voltage vector
—» AC flux vector

' — DC flux vector

> DC flux trajectory

d = Fault transient
7/ AC flux after-fault Y
] trajectory Ny
AC flux pre-fault
trajectory

Fault stablé
e
-

Fig. 4. Stator flux (4,) trajectory during three-phase to ground grid voltage sag.

Fig. 5 shows the simulated three-phase stator flux trajectory
of a 1.5 MW DFIG under the influence of a partial three-phase
grid voltage sag (step change). Parameters of the simulated
DFIG system are listed in Table 1 of the appendix. The depth
of the voltage sag is 70%. At the moment of the sag (t =
5 sec), the stator flux is divided into two components: one
component rotating synchronously and proportional to the
remaining grid voltage during the fault, and a second DC
(natural) component fixed with the stator and decays
exponentially to zero based on the stator time constant.
Furthermore, a transient recovery is considered an abrupt
change in the stator voltage and it induces a DC component in
the magnetic flux. The phase difference between the sag and
recovery moments is the only factor that determines whether
the current and magnetic flux DC components aggravate or
mitigate the transients. Note that the fault duration was
selected to be 1 sec for illustration only. The fault is normally
cleared within 1.5-2 cycles. Furthermore, the stator time
constant was adjusted by increasing the resistance of the stator
windings. The goal is to accelerate the decay of the DC
component in order to perfectly illustrate the behavior of the
stator flux linkage during the grid voltage sag. However,
changing the resistance of the stator winding is a less favored
approach because the resistors used for the current decay
handle high energy and power and will typically be bulky. In
addition, the cutting-in and cutting out of resistors will
introduce additional transient into the system [13], [28], [29].

Fig. 6, Fig. 7, and Fig. 8 show 2-D and 3-D plots of the
simulated dg and af stator flux linkage components during a
three-phase partial voltage sag (step change), respectively. The
effect of the DC component on the stator flux trajectory is
clear from the figures, especially during the recovery time. It
can be seen that the centers of the two trajectories (circles)
during the fault and the recovery are far away from each other
due to the large DC flux component that was generated as a
result of the fault and recovery. Without the effect of the
generated DC component, the two circles should have the
same center with different radii.
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Fig. 5. Three-phase stator flux (4,..»c) of a 1.5 MW DFIG during a three-phase
partial voltage sag.
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Fig. 6. 2-D plot of the dg stator flux linkage components before, during and
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Fig. 7. 2-D plot of the of stator flux linkage components before, during and
after a three-phase voltage sag.

Flux variation will be also associated with energy flow
during voltage sag. The AC magnetic field, excited by AC
currents, supports the normal active power flow from
mechanical to electrical ports for generating operation. At the
moment of fault, the transient DC flux component is induced,
supported by the DC excitation current, and the DC magnetic
flux also participates in the active and reactive power transfer,
if it is properly controlled.

Power flow before and after the voltage sag can be
illustrated by Fig. 9. As shown, the AC magnetic field
transfers all the active energy before fault. After the voltage
sag, the AC related energy flow is reduced. However, the
transient DC magnetic field is able to transfer additional
energy. Therefore, if both the AC and DC current components
corresponding to the respective magnetic fields are controlled,
the system can survive any voltage fault. The protection
includes prevention of large surge current in the rotor circuit
as well as sudden torque pulsations on the rotor shaft.

Fig. 10 shows the simulated rotor voltage during a three-
phase grid voltage sag. The DFIG is operated in the super-
synchronous speed mode with slip s = —33%. In this test, the
fault duration is 0.31 sec. Furthermore, z,is kept constant and
it is not adjusted by changing the resistance of the stator
windings. The rotor current is tightly controlled to track the
command. The RSC has to generate the necessary rotor
terminal voltage such that the rotor current will not be affected
and remains unchanged. As it can be seen, at the instant of the
fault, the rotor voltage jumps from a value of 500 V to almost
1000 V, which is about two times the pre-fault value. The
situation is more dangerous during the recovery time when the
rotor voltage jumps to a value close to 2500 V. These large
transient values of the rotor voltage exceed the RSC voltage
limit, which is 1000 V, particularly during the fault recovery
time.

The reaction of the DFIG rotor voltage, shown in Fig. 10, is
due to the fact that the stator DC flux component, during the
three-phase voltage sag, will induce a voltage component in
the rotor circuit, which is given by [10]:

t
v, = —L—m(i+jwr)_£ej“’5toe_f_s el ws(1-9)t )
Ls Ts JWg

Where 7,.,, is the induced voltage in the rotor as a result of the
DC (natural) flux component, and the superscript r represents

. 1 . .
the rotor reference frame. Disregard the term - since it has a
S

low value, the maximum amplitude of ¥, denoted by V,,,,
happens at the moment of the voltage sag, represented as:

L
V(o) = 72 (1= )V, (10)

Equation (10) illustrates the danger that may be encountered
by the rotor circuit during grid voltage sags. Note that the pre-
fault induced rotor voltage is proportional to the slip (s),
while the induced rotor voltage during the voltage sag is
proportional to (1 — s). Therefore, the induced voltage viewed
from the rotor windings can be relatively large as a result of
the grid fault since the rotor speed might be greater than the
pre-fault slip speed. For example, consider that the DFIG is
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Fig. 10. Transient behavior of the three-phase rotor voltage during a three-
phase grid voltage sag when the rotor current is tightly controlled to follow

Energy flow on Energy flow on the command.
AC platform DC platform
AC i = = When analyzing recurring. grid faults, anglysis shows that
HaEnE SR ‘i s DC magnetic the voltage recovery of the first grid fault will also introduce
feld ? iy A field stator natural flux. If the stator natural flux is still present
when the subsequent grid fault occurs, the stator natural flux
produced by the voltage recovery and by the next voltage sag
e o may be superposed [28]. Unless vector control is introduced
R e . before voltage recovery [30], [31], the stator natural flux will
4 e ; ' decay slowly after the voltage recovery of the first grid fault

_ [321.
Pre-fault A( A fter-fault AC ' On average, the typical stator time constant of a large scale
excitation excitation DFIG-based wind turbine is approximately 1 to 2 seconds.
current current Furthermore, according to the grid code the shortest duration
between two faults is only 500 milliseconds. This results in
Fig. 9. Illustration of the energy flow before and after a three-phase voltage ~ the transient currents and voltages being larger than those
sag and its relationship to the stator flux linkage. under a single fault [29]. This may cause the DFIG to fail to
ride through the recurring faults even with the assistance of
the rotor side crowbar. If the crowbar is triggered again during
the recovery process, the rotor current can potentially
accelerate the damping of the stator natural flux [29]-[31].
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Fig. 11. 3-D plot of the af stator flux linkage components before, during, and after a three-phase ramp voltage sag.

However, since at the time of recovery , the rotor current is
not being controlled, the angle between the rotor current and
the stator flux will fluctuate. This may introduce large
electromagnetic torque fluctuations, which can compromise
the reliability of the mechanical system. This introduces
doubts as to whether the FRT strategies designed for single
grid faults are the best solutions for the FRT of DFIG under
recurring grid faults [13], [29].

Fig. 11 shows a 3-D plot of the simulated dg and af stator
flux linkage components during a three-phase partial voltage
sag, respectively and stator flux trajectory of the DFIG during
a balanced ramp voltage sag, respectively. The duration of the
fault is 310 ms. The grid voltage sag happens at t = 5 sec,
and the PCC voltage drops to 30% of the normal operating
condition within 30 ms. Att = 5.310 sec, the grid fault is
cleared by the protection system and system recovery begins.

The idea behind this test is to study the machine
performance under the influence of a three-phase ramp voltage
sag rather than having a step change. The simulation results
prove that the effect of the grid voltage sag and recovery on
the rotor circuit can be greatly reduced if they have a ramp
nature instead of a sudden change. By comparing the 3-D
stator flux trajectories during the three-phase step and ramp
voltage sags, shown in Fig. 8 and Fig. 11, respectively, it is
clear that the natural flux component is greatly reduced. The
centers of the two trajectories (circles) during the fault and the
recovery are the same without large transients. This is due to
the fact that the ramp nature of the voltage sags helps to
reduce the natural flux component that is generated during the
fault in order to guarantee the continuity of the machine states.

Asymmetrical Faults

Asymmetrical faults are more common than three-phase
faults in the power system. In this case, the stator flux may
include positive and negative sequence components, as well as
a transient DC component during grid faults [33]-[35].

Consider a single-phase to ground fault at the stator
terminals of the DFIG at time t = t,. This will bring the
voltage of the faulted phase, e.g. phase a, to zero. Assuming
that the positive and negative sequence networks have equal
impedances, the voltages of the other two phases, i.e. b and c,

will not change [24]. As a result, the stator flux during the
voltage sag is expressed as [20], [22]:

t

- Vi oo Voo oo L
As(t) = —el¥st + ——e st 4 ] 0e Ts
] Ws ] Ws —

1)

— = zsn
As1 As2

where 7151,7152,715n are the positive, negative, and DC (natural)
stator flux components. Fig. 12 shows the stator flux trajectory
of a DFIG during a 50% single-phase-ground fault at the PCC
starting at time ¢ = 0. As stated earlier, in contrast to the
three-phase balanced voltage sags, the initial value of the
natural flux depends on the instant when the fault starts. In this
case, since the fault starts at the moment when the positive and
negative sequence flux components are aligned and their sum
is equal to the pre-fault forced flux value, there is no natural
(DC) flux. As a result, the stator flux of the DFIG will not
have any transient behavior, as shown in Fig. 12.

Furthermore, the trajectory traced by the stator flux is
elliptical during the asymmetrical voltage sags, as illustrated
by Fig. 12. This is due to the fact that the positive sequence
component produces a flux that rotates counterclockwise
while the negative sequence component generates a flux that
rotates clockwise. The major axis of the ellipse occurs when
both fluxes coincide with the same direction while the minor
axis appears when they are aligned but with opposite
directions. Both situations happen twice per period [25]-[27],
[32].

The worst case scenario happens when the voltage sag
occurs at time t = T /4, where T is the grid period [20]. In this
case, the natural flux reaches its maximum value since the
positive and negative sequence components will generate
fluxes that are completely in opposite direction and their sum
is minimal [25], [26].

Fig. 13 shows the stator flux trajectory for a single-phase to
ground fault that starts at £, = T /4. As shown, the natural flux
causes the ellipse to have a DC offset from center. As a result,
the stator flux trajectories before and after the fault are
tangential. Furthermore, the natural flux reaches its maximum
value, which maximizes the danger in the rotor circuit. As the
natural flux component decays exponentially to zero with
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time, since it has a passive nature, the stator flux ellipse
gradually moves to the center. It will be completely centered
during steady-state conditions [23], [25], [26], [34].

Fig. 14 shows the simulated rotor voltage during a single-
phase to ground grid voltage sag. The DFIG is operated in the
super-synchronous speed mode with s = —33%. In this test,
the duration fault is 0.31 sec. The rotor current is tightly
controlled to track the command. The analysis of the DFIG
behavior is based on the decomposition of the stator flux into
three components: the positive, the negative, and the natural
fluxes. The positive flux, which rotates at synchronous speed,
appears during the normal operation of the machine. It induces
a voltage in the rotor proportional to the slip, which is
relatively low. The negative flux appears due to the negative
sequence component of the grid voltage. It rotates at
synchronous speed in a reversed direction. The transient
(natural) flux reaches its maximum value since the fault
happens at t, = T /4 [25], [26], [34].

Fig. 15 illustrates the idea that the initial value of the natural
flux, during asymmetrical faults, depends on the instant when
the fault occurs. It also shows that, whether the current and
magnetic flux DC components aggravate or mitigate the
transients depends heavily on the phase (time) difference
between the sag and recovery moments. As it can be seen, the
transient behavior at the moment of recovery is minimized.
This is due to the fact that the sag and recovery happen
instantaneously and the time interval between the instances is
of integer cycles. Therefore, the DC flux components
counteract one another.
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Fig. 12. Stator flux trajectory during a 50% single-phase to ground fault
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Fig. 13. Stator flux trajectory for a single-phase to ground fault beginning at
to=T/4.
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transients during the recovery time since the phase difference between the
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III. LVRT oF DFIG-BASED WIND TURBINES
A. Definition

The operation and grid connection requirements for wind
turbines vary significantly from country to country and from
power system to power system. These differences depend on
the degree of wind power penetration and the robustness of the
power network. Therefore, due to the relatively high level of
wind power penetration, many European countries are
currently leading the U.S. in developing new grid codes for
wind turbines. A few of these requirements are summarized in
[4], [6]. [7].

LVRT or FRT capability during grid faults states that wind
turbines are required to stay connected to the power grid for a
specific amount of time before being allowed to disconnect.
Moreover, wind turbines are required to exhibit a behavior
similar to that of the conventional power plants and support
the grid voltage during both symmetrical and asymmetrical
grid voltage sags by means of reactive power compensation
(4], [6].

A typical LVRT characteristic is shown in Fig. 16.
According to the LVRT specification, wind turbines are
required to stay connected to the grid and supply reactive
power when the PCC voltage drops and falls in the blue area,
as illustrated by Fig. 16. Furthermore, wind turbines must be
able to operate continuously at V; % of the rated PCC line
voltage V;, as seen in Fig. 16. The level of the voltage sag (Vi)
and fault clearance time (7,) are decided by the turbine
protection system based on the location and type of fault, i.e.
severity of the fault. The minimum value of V. varies between
countries and may equal zero depending on the LVRT
characteristic adopted in each country. The slope of the
recovery depends on the strength of the interconnection and
reactive power support. Stronger systems can afford a much

steeper increase and thus minimize the ride-through
requirements of the generators [7], [10], [14], [16].

As previously mentioned, grid codes require that the wind
turbines must have the capability to regulate reactive power
within a certain range specified by the transmission system
operator (TSO). They should also provide reactive power (up
to 100% current capacity) to contribute to voltage recovery
when grid voltage sag is present. This leads to larger MVA
capacity during the design process of the whole converter
system. As a result, satisfying this demand is relatively
difficult to achieve via the DFIG-based wind turbine concept,
shown in Fig. 2, with partially rated power converters. Other
power quality units like STATCOMSs may possibly be used to
help the wind turbine system in achieving this hard
requirement [17]. Fig. 17 shows the reactive current
requirements for a wind farm during grid sags by German [35]
and Danish grid codes [36].

Voltage
Vi
4
Wind turbine must
stay connected
Vx Dynamic Voltage
Protection Recovery
System Time
*-——-mmmmm - e »
Ti Ix Ir time

Emergency Beginning

Fig. 16. Typical LVRT characteristic of a wind turbine or wind farm.
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Fig. 17. Reactive current requirements for a wind farm during grid sags by
German and Danish grid codes [35], [36].

B. LVRT Solutions

Section II showed that DFIG-based wind turbines are very
sensitive to voltage dips during grid faults. This is due to the
partial-scale back-back power converter. Faults in the power
system, even those distant from the location of the turbine, can
cause an abrupt drop in grid voltage that leads to an over-
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voltage in the DC bus and an over-current in the rotor circuit
of the generator. Without any protection scheme, this will
definitely lead to damage of the power converters. Moreover,
it will also increase the speed of the turbine above the rated
limits, which will threaten the safe operation of the turbine
[34], [37]-[39]. Therefore, the LVRT ability of DFIG-based
wind turbines under grid faults has been intensively studied in
literature. Different solutions and strategies are being
proposed and presented to achieve a reasonable LVRT of wind
turbines. These LVRT strategies can be divided into two main
groups:

1) LVRT solutions with hardware implementation
(passive methods).

2) LVRT solutions by improving the RSC control
strategies (active methods).

This subsection gives a detailed description of the most
cited and commonly used LVRT solutions based on improving
the RSC control strategies (active methods). It describes the
operation principle, basic structure, advantages and
disadvantages of each LVRT solution. LVRT solutions with
hardware implementation are outside the scope of this paper.

LVRT solutions by improving the RSC control strategies

(active methods).

Classical vector control, based on stator flux or stator
voltage orientations, is normally used to achieve the
independent control of active and reactive powers of DFIG
using traditional PI controllers with either stator voltage
orientation or stator flux orientation [40], [41]. This reduces
the controller design complexity and achieves several control
objectives.

The objective of the RSC controller is to obtain a decoupled
control between the stator active and reactive powers injected
into the grid. The control design consists of two cascaded
loops; the inner current loop regulating the d- and g-axis rotor
currents (iq, and iy,-) and the outer control loop that regulates
both active and reactive power, as shown in Fig. 18. The
reference frame is selected such that it rotates synchronously
with respect to the stator flux linkage (A;), with the d-axis
aligned with the stator flux (445 = 0), as shown in Fig. 19.
This enables the RSC to control the electromagnetic torque
and the stator reactive power independently. The direct axis
current component (I4,) is used to regulate the reactive power
while the quadrature axis current (i) is used to extract the
desired electromagnetic torque (or stator output active power)
[16], [24], [28], [40]. However, the d-g rotor currents are
cross-coupled with the dq components of the RSC ac-side
output voltages. Therefore, feedforward current regulators
with PI controllers are commonly utilized to decouple the
control of dq rotor currents [25], [28], [40]. The cross-
coupling terms wg;p0Lyigr and Wiy (Lmims + 0Lyigy) are
feedforward signals added to the outputs of the PI current
controllers , as shown in Fig. 19, and compensate for the
coupling effects. vy, and vy, are the reference values of the
rotor voltages in d- and g-axis, respectively; iz, and iz, are the
reference values of the rotor currents in d- and g-axis,
respectively; P, and Qg are the reference values of the stator
active and reactive power; respectively, wg;y, is the slip

L3 L3 . .
angular frequency; o =1 —ﬁ 3 Lpm = L—m i Ims 1S the
shr S

magnetizing current; and all other symbols have the same
meaning as previously defined in the paper.
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Fig. 18. Conventional vector control scheme for the RSC of DFIGs.
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Fig. 19. The stator flux-oriented synchronous reference frame used for the
RSC vector control scheme.

On the other hand, due to its limited bandwidth and gain
margin, the effectiveness of PI controllers will be seriously
degraded during grid voltage sags [41]-[43]. As a result, the
independent control of DFIG is completely lost and it would
be difficult to return to the effective regulated state.
Furthermore, in addition to limiting the rotor current during
the transient periods of stator voltage drop and recovery, it is
important to limit the torque ripples that appear as a result of
the stator voltage imbalance in order to reduce the gearbox
stresses. Under asymmetrical grid faults and disturbances,
second-order-harmonic  ripples might appear in the
electromagnetic torque, stator current, and stator active and
reactive power outputs [42], [43].

It order to avoid all the aforementioned drawbacks of the
classical vector control of DFIGs during grid faults and
network imbalance conditions, much effort has been devoted
to modify and improve the RSC control scheme in order to
improve the dynamic operation of DFIG-based wind turbines
and enhance their LVRT capability. This section will give an
overview of the major control strategies proposed in literature
to enhance the LVRT capability of DFIG-based wind turbines
during grid faults (symmetrical and asymmetrical) and
network harmonically distorted grid conditions.
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In [44], the authors showed that, during grid faults, DC and
negative sequence components appear in the machine stator
flux linkages, resulting in a large EMF induction in the rotor
circuit. The proposed idea is based on eliminating undesired
components in the stator-flux linkage by injecting the opposite
components in the rotor current, with the intent to constrain
the rotor current supplied to the RSC. The advantage of this
method is that it can be applied to all types of symmetric and
asymmetric grid faults. However, the proposed control
strategy requires a fast observation of the stator flux linkage
components. It also depends on the machine leakage
inductance. Moreover, since the RSC is used to generate the
rotor current, which is opposite to the transient component of
the stator flux, the control effect is limited to the converter
capacity.

In [45], the authors proposed an improved control scheme
of the RSC that aims to reduce the current transients in the
stator and rotor windings when a grid fault occurs. The idea is
to feedback the measured stator currents as the set point for
the current controller of the RSC when a voltage dip occurs. In
this way, the current control system synthesizes rotor currents
that generate current waveforms in the stator windings, with
the same shape of the currents generated during the sag but in
the counter phase. The control system under steady-state
conditions would track the active and reactive power
references. When a voltage sag at the stator terminals occurs,
the external active and reactive power control loop gets
disconnected, and the rotor currents set point will be changed
to match the measured values of the stator currents in the dq
reference frame. However, this strategy requires that the RSC
voltage must be at least as high as the maximum rotor voltage
during voltage dip to maintain current controllability.
Otherwise, in the event of severe voltage dips, additional
hardware protection is needed. This presents a limitation to the
proposed strategy.

An improved DC-link voltage control strategy for DFIG-
based wind turbines was proposed in [46]. It helps to reduce
the magnitude of DC-link voltage fluctuations during grid
faults. However, the proposed strategy does not examine the
issues of rotor current transients during grid fault. Therefore,
the proposed strategy does not have a major impact on
improving the LVRT capability of DFIG-based wind turbines
during grid faults.

In [47], the authors proposed two secondary voltage control
schemes and a reactive power allocation strategy for a wind
farm equipped with DFIG-based wind turbines. The allocation
strategy includes the dispatch of reactive current to individual
generators. It was shown that these strategies improve voltage
regulation performance of the wind farm and also the voltage
profile of the network in general. On the other hand, due to the
small power ratings of the DFIG converters, the voltage
control capability of the wind farm is limited. In a weak power
network, the wind turbine generators may not be able to
provide sufficient voltage control capability.

In order to improve the LVRT capacity of double-fed
induction generator, non-linear controllers have also been used
in the DFIG control system. A fuzzy controller, non-linear
controller, reliable Hoo-based controller, exact linearization-
based controller and predictive current controller were
proposed in [48]-[52], respectively. However, these control

schemes are very complicated in a practical application, as
they require a quantity of calculations that are not possible in
real-time applications. Moreover, in a weak power network,
there is a risk of voltage instability that may result in the
tripping of wind turbine generators.

In practice, unbalanced grid voltage is common in weak
grid areas and offshore sites. Furthermore, with the
development of grid-connected devices and energy systems,
there will be a wide variety of non-linear loads and power
electronic devices connected to the grid directly in the near
future. All these ongoing changes have a great impact on the
stability of the conventionally controlled DFIG system due to
the presence of unbalanced grid voltage [48, 53].

Direct power control (DPC) approaches were proposed in
[53]-[56] to minimize the second-order-harmonic torque
ripples that appear during grid faults. Following these
approaches, the positive- and negative-sequence components
of the DFIG stator active and reactive power outputs are first
separated. Then, combinations of these power components can
be controlled directly by DPC to accomplish the following
three conditions: 1) eliminating the torque and stator reactive
power ripples, 2) eliminating the stator current ripples, and 3)
eliminating the stator active and reactive power ripples [56].

In [57], the authors proposed an enhanced control scheme to
improve the dynamic behavior of the DFIG-based wind
turbine under distorted grid voltage conditions. A proportional
integral plus resonant (PI-R) current controller in the
synchronously rotating (dq) reference frame is employed to
simultaneously regulate the fundamental and harmonic
components of rotor currents without any sequential
component decomposition.

In [58] and [59], the authors proposed a combined positive
and negative sequences control (CPNSC) scheme for grid-
connected voltage source converters under an unbalanced grid
voltage condition. It was shown that the second harmonic can
be reduced by either filters or a Delayed Signal Cancellation
(DSC) approach.

In [60], a DFIG positive sequence control scheme was
proposed to improve the DFIG performance under polluted
grid conditions. The controller is designed using a bandpass
filter feeding into a standard lead-lag controller. It was utilized
to remove the second harmonic from the torque by generating
the rotor compensating voltage from the observed torque
pulsation.

In [61], a feed-forward transient current control scheme was
proposed to improve the LVRT capability of the DFIG during
three-phase grid faults. The new control strategy targets the
RSC of the DFIG. It introduces additional feed-forward
transient compensations to the conventional current regulator
of the RSC. The purpose is to provide a mechanism that can
correctly align the RSC AC-side output voltage with the
transient induced voltage. The authors proved that the
proposed control scheme is able to minimize the transient
rotor current and the occurrence of crowbar interruptions.
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IV. PROPOSED ROTOR-SIDE CONTROL SCHEME FOR DFIG-
BASED WIND TURBINES TO RIDE-THROUGH SYMMETRICAL
GRID FAULTS

Based on the theoretical exploration of the complicated
dynamic behavior of the DFIG-based wind turbine during grid
faults presented in Section II, this part of the paper presents a
new rotor-side control scheme for the DFIG to enhance its
LVRT capability during severe symmetrical grid voltage sags.
The proposed control strategy mitigates the rotor-side voltage
and current shock during grid abnormal conditions, without
any additional cost or reliability issues. As a result, the DFIG
performance is improved and utility company standards are
fulfilled.

Discussion starts with developing a mathematical model for
the stator natural flux (DC) component that appears during
grid voltage dips. Then, the proposed control strategy is
described and implemented. Finally, computer simulations are
used to verify the expanded ride-through capability of the
novel strategy and its effective performance compared to the
conventional control schemes

A. Mathematical Model of the Natural (DC) Flux
Component during Symmetrical Voltage Sags

As mentioned in Section II, the DC magnetic field in the air
gap is the major concern in LVRT control. In the following
analysis, a three-phase-ground symmetrical fault is assumed at
PCC. Then, a DC field component is generated, possibly
triggering the collapse of the system. The DC component can
be split in two components and the following equations are
produced [62]:

. dld dc
0= Tslgs_dc T d—?
dA
. qs_dc
0= rslqs_dc + T
. dﬂdr dc
Var_dc = Trlardac T d—t_ + (wr)ﬂqr_dc
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Var_ac = Trlgr.ac t T - (w‘r)ld‘r_dc
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ﬁqs,dc = Lriqs,dc + Lmiqr,dc
ld‘r_dc = Lyigr_ac + Lnlas ac
lq‘r_dc = Lriq‘r_dc + Lmiqs_dc

where all variables and subscripts share the same meaning as
those defined in the system of equations (1), but are
designated to the DC components. If the d-axis of the DC
transient components is also oriented toward the stator DC-
Flux direction, the g-axis component A5 4. becomes zero, and
the above equations can be simplified to:
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Equations (13)-(17) show that the transient DC current
components could be on both the stator and rotor. The
splitting of the current on the stator and the rotor is determined
by the pre-fault instant. Equation (15) can be transformed to
(16), indicating the proportional relationship between the q-
axis DC current (torque current) on the stator and rotor.
Furthermore, equation (13) shows that the decay of DC flux is
determined by the stator circuit resistance and its DC current.
Fig. 20 shows the extracted stator flux DC component, from
Fig. 5, during a three-phase-ground grid voltage sag. It can be
seen that the fault at the stator terminal triggers the flux
fluctuation. Since the machine states must be continuous, a
natural (DC) component appears in the stator flux to
compensate for the difference in stator flux and guarantee its
continuity.

ids_dc (17)
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Fig. 20. The extracted stator flux DC component, from Fig. 5, during a
symmetrical grid voltage sag.

B. Proposed Control Strategy during Symmetrical Grid
Voltage Sags

As mentioned, the DC magnetic field in the air gap is the
major concern in LVRT control. Equation (13) shows that the
DC flux linkage can be adjusted by changing either the stator
resistance or the DC component of the stator winding current.
Equation (13) can be rewritten as equation (18) if the
transmission line stray resistance is taken into account.

d lds,dc

dt (18

= _(Rs + Rstray)ids,dc

The main objective of the control strategy is to accelerate
the decay of the DC component of the stator flux linkage.
Equation (18) shows that the changing rate of the stator DC
flux linkage is associated with the stator resistance R;,
transmission line stray resistance R, and the DC
component of the stator winding current igg 4.. Therefore,
there are two ways to control the stator DC flux linkage:

1) Changing the resistance of the stator winding.

2) Applying active control to the DC component of
the stator winding current.

Changing resistance of the stator winding is a less favored
approach because the resistors used for current decay must
handle high energy and power and are therefore bulky.
Moreover, cut-in and cut-off of the resistors will introduce
additional transient into the system. The main objective of the
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proposed control method is to find a way to accelerate the ﬁ
decay of the stator DC Component as quickly as possible,

indirectly controlled by the rotor side converter, without

inserting additional stator resistance.

Disregarding stator and rotor leakage inductance, the
corresponding induced rotor voltage vector leads the stator DC .
flux linkage by 90 degrees. Normally, the RSC is designed to 1 Lsdc _synthesis
control the rotor current in slip frequency. Therefore, for the s_de .
stator DC flux induced voltage in rotor frequency, the RSC Y Usdc _balance
acts like variable impedance. Since the PI current controllers, Y& 77°
as well as the DC link voltage, are not strong enough to reject
all currents and voltages in other frequencies, the stator DC
flux induced current i, 4. in the rotor frequency appears in the
rotor circuit, which lags to v, 4. by certain degrees (the rotor
circuit and RSC is inductive), as shown in Fig. 21(a). A 4. is
the transient stator DC flux linkage and i 4. is its excitation
current.

This rotor current will affect the magnetic field and
introduce another DC current component igg. paignce ON the
stator to balance the magnetic field from sudden variation. The (a) Without extra rotor current control.
original stator DC flux excitation current, i 4., together with
this balance current, isgc paiance » 1S combined to form the final
stator DC current, igg¢ synthesis » that can help damp out the ﬂ
passive DC flux.

The current in the above description gives a natural decay
of the stator DC flux component without any active control by
the RSC. The control strategy we apply here is to optimize the
DC stator flux change trajectory. Lsde _svnthesis

. sdc —synthesis

In the proposed control strategy, we consider the normal y) .
current control in slip frequency and the active current control s_dc _lSdC —balance
in rotor speed frequency for forced decay of stator DC flux Us dc
together. Fig. 21(b) illustrates the controlled current vector —  TNg& |
diagram for forced decay of stator DC flux. According to .
equation (18), to accelerate and eliminate the stator DC flux
component means to maximize the stator DC current. Here we i,_dc
attempt to maximize the DC damping effect by aligning the
rotor current in rotor frequency to the opposite direction of the
stator DC flux. In this manner, the rotor current will increase
the stator current vector from is 4c t0 isqc synihesis » and speed
up the DC flux decay for the stator [62].

The aforementioned proposed control strategy is embedded
into the RSC control system. Fig. 22 shows the schematic of (b) With proposed rotor current control.
the overall RSC control system, including the proposed LVRT
control scheme. ig. 4. and iz, 4. are the reference values of
the DC flux linkage damping currents in d- and g-axis,
respectively; Ag gc is the transient stator DC flux linkage;
Aags.p and Agqs v are the positive and negative sequence
components of the stator linkage in d- and g-axis, respectively;
all other symbols have the same meaning as previously
defined in the paper. In addition to the conventional vector
control blocks, a stationary stator flux calculation and
detection unit has been added to the RSC control scheme to
primarily detect A 4., as shown in Fig. 23.

v
S

v
]

vr_dc

Fig. 21. DC components vector relationship.
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C. Simulation Results and Analysis of the Proposed
Control Strategy

MATLAB/Simulink-based simulations have been carried
out to verify the proposed low voltage ride through control
strategy. The specifications and relevant parameters of the
DFIG system are listed in Table.1.

Two cases were simulated and the results were compared to
each other to verify the effectiveness of the proposed
algorithm. For all cases, a grid fault occurs at 7.9 sec and the
grid side voltage drops to 30% of the normal operating
condition. At 8.21 sec, the grid fault is removed and the
system recovery begins.

Case 1: Unlimited DC bus voltage is assumed and the rotor
current is controlled tightly to track the command using the
conventional vector control scheme.

Case 2: The rated DC bus voltage is assumed and the
proposed transient current control is applied.

Since unlimited DC bus voltage is assumed, the results in
Case 1 are satisfactory in rotor side current, as shown in Fig.
24. However, the rotor voltage is excessively high during the
grid voltage sag and recovery, and exceeds the RSC output
voltage limit. Fig. 25 shows the simulation results of the three-
phase rotor voltage and current when the proposed novel RSC
control scheme is applied. The results clearly show that both
the RSC voltage and rotor current are controlled satisfactorily
within the achievable range and low voltage ride through is
fulfilled.

The proposed and conventional control strategies are also
compared in terms of DC bus voltage and rotor
electromagnetic torque. Fig. 26 shows those waveforms with
a conventional control strategy and Fig. 27 shows the novel
proposed control strategy. In Fig. 26, the DC bus is
overcharged during fault and is far beyond the maximum
voltage limit.  The torque waveform with oscillation
superimposed has a constant offset, as shown in Fig. 26.
Torque offset is generated by the DC magnetic field and the
oscillation is due to AC and DC magnetic field interaction.
With the novel control strategy, shown in Fig. 27, the DC bus
voltage and torque waveforms are regulated within limits.
The DC bus voltage oscillation is less than 100 volts, which
falls within the safe operation area. The torque waveform
doesn’t have offset and its oscillation is damped out gradually.
As discussed previously in Fig. 21(a) and Fig. 21(b), the one
with conventional control has active power flow from the
turbine to the rotor side on DC magnetic field, which serves to
explain the torque offset in Fig. 26. However, with the
proposed control method, the rotor DC voltage and current are
perpendicular to one another, which does not introduce any
active power to the rotor side [62].

V. CONCLUSION

This paper presents a detailed investigation of the LVRT of
grid-connected DFIGs. It provides a detailed investigation of
the dynamic behavior of DFIG-based wind turbines during
different types of grid voltage sags. The analysis shows that
the main reason behind the dynamic response of the DFIG to a
grid voltage transient is the DC (natural) stator flux linkage
component, which is a transient component that is fixed to the
stator. It appears as the magnetic field is continuous and there
is no discontinuity in the state variables of the generator. The
DC stator flux linkage component induces high oscillatory
rotor voltages in the rotor circuit. Depending on the severity of
the sag, the voltage induced by natural flux can be much
higher than the rotor rated voltage. Therefore, this will result
in the saturation of the rotor converter.

In regards to the recurring grid faults, the analysis shows
that the voltage recovery of the first grid fault also introduces
the stator natural flux. If this stator natural flux still exists
when the subsequent grid fault occurs, the stator natural flux
produced by the voltage recovery and by the next voltage sag
may be superposed. This may cause the DFIG to fail to ride
through the recurring faults, even with the assistance of the
rotor side crowbar. As a result, the FRT strategies designed for
single grid faults do not provide the best solution for the FRT
of the DFIGs under recurring grid faults.

This paper also presents a detailed description of the most
cited and commonly used LVRT solutions for DFIG-based
wind turbines by improving the RSC control strategies (active
methods). It describes the basic operation principle, as well as
advantages and disadvantages of each proposed solution.
Finally, a new rotor-side control scheme to enhance the LVRT
capability of DFIGs-based wind turbines during severe grid
voltage sags is proposed. The control strategy is directed at
mitigating the rotor-side voltage and current shock during
abnormal grid conditions, without any additional cost or
reliability issues.
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a three-phase grid voltage dip when the rotor current is controlled tightly to
follow the command and unlimited DC bus is assumed.
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APPENDIX
Table 1. The parameters of the DFIG used in this paper.

Symbol Parameter Value
Poon Nominal power 1.5 MW
Viom Nominal line-line voltage (RMS) 690 V
Foom Nominal grid frequency 50 Hz

R, Stator resistance 2.139 mQ
L, Stator inductance 4.05 mH
R, Rotor resistance 2.139 mQ
L. Rotor inductance 4.09 mH
L, Mutual inductance 4.00 mH
Ny, Stator to rotor turns ratio 0.369
P Number of pole pairs 2

7y Stator time constant 1.89s




