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A Continuous Fault Ride-through Scheme for
DFIGs Under Commutation Failures in
LCC-HVDC Transmission Systems

Zixuan Zheng, Donghui Song, Kaijian Du, Xianyong Xiao, Jie Ren, and Qi Xie

Abstract—Experimental and theoretical studies have con-
firmed that, relative to a one-shot voltage fault, a doubly-fed in-
duction generator (DFIG) will suffer a greater transient impact
during continuous voltage faults. This paper presents the design
and application of an effective scheme for DFIGs when a com-
mutation failure (CF) occurs in a line-commutated converter
based high-voltage direct current (LCC-HVDC) transmission
system. First, transient demagnetization control without filters
is proposed to offset the electromotive force (EMF) induced by
the natural flux and other low-frequency flux components.
Then, a rotor-side integrated impedance circuit is designed to
limit the rotor overcurrent to ensure that the rotor-side convert-
er (RSC) is controllable. Furthermore, coordinated control of
the demagnetization and segmented reactive currents is imple-
mented in the RSC. Comparative studies have shown that the
proposed scheme can limit rotor fault currents and effectively
improve the continuous fault ride-through capability of DFIGs.

Index Terms—Continuous fault, commutation failure (CF),
doubly-fed induction generator (DFIG), fault ride-through
(FRT) capability, high-voltage direct current (HVDC).

1. INTRODUCTION

O achieve CO, emissions peaking before 2030 and car-

bon neutrality by 2060 in China, large-scale power gen-
eration by renewable energy sources transported by line-com-
mutated converter based high-voltage direct current (LCC-
HVDC) transmission systems will be more prominent [1].
However, when a commutation failure (CF) occurs on the in-
verter side of an HVDC system, the fluctuation in the direct
current (DC) will cause unbalanced reactive power exchange
between the sending alternating current (AC) system and the
HVDC system. Thus, it will result in a transient voltage dis-
turbance (TVD) at sending terminals integrated with a high
penetration of wind power, which features the “first dip and
then rise” process and continuous changes [2]. The point of
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common coupling (PCC) of wind farms will suffer such tran-
sient voltage variations. References [3] and [4] present TVD
waveforms recorded in the field. Doubly-fed induction gener-
ators (DFIGs), a type of mainstream wind turbine, are sensi-
tive to voltage disturbances because their stators are directly
connected to the grid [5]. Compared with a single low-volt-
age fault, a DFIG will suffer more serious transient impacts
and face a greater risk of disconnection from the grid when
this new type of fault occurs [6], [7].

Various improved control strategies have been proposed to
prevent and mitigate CFs such as optimal control based on
the voltage-dependent current order limit (VDCOL) [8] and
adaptive extinction angle reference control [9]. Another
method is to introduce additional equipment. For example,
capacitor-commutated converters can accelerate the commu-
tation process [10]. However, the harmonics and overvoltage
issues due to the capacitors should be solved by auxiliary
equipment. In practice, more widely applied solutions in-
clude the addition of dynamic var sources combined with
synchronous condensers [11]-[13].

In order to maintain the stability of the sending terminal
during a CF, a DFIG needs to maintain uninterrupted opera-
tion. Regarding low-voltage ride through (LVRT) and high-
voltage ride through (HVRT), there has been plenty of re-
search that can help a DFIG ride through faults. When a
slight low-voltage fault occurs, a reduction in the fault cur-
rent of the rotor and accelerated attenuation of the natural
flux can be achieved by modifying the control strategies of
the rotor-side converter (RSC) and grid-side converter
(GSC), e.g., demagnetization control [14], double loop con-
trol [15], voltage feed-forward control [16], and coordinated
current control [17]. However, improved control is only suit-
able for moderate faults owing to the limited capacities of
DFIG converters. Hardware protection is often used to help
a DFIG ride through serious faults. The combination of
crowbar and chopper circuits is a widely used protection
strategy. However, a DFIG becomes an asynchronous motor
during the operation of a crowbar and absorbs the reactive
power from the grid, which deteriorates the grid voltage
[18]. In [19], a static synchronous compensator (STATCOM)
is used to output reactive power to increase the terminal volt-
age during a fault. References [20] and [21] propose a
bridge-type fault current limiter (FCL) and a nonlinear cur-
rent limiter to limit the fault current and increase the termi-
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nal voltage of the stator of a wind turbine, respectively. A
dynamic voltage restorer (DVR) is introduced to maintain
the terminal voltage of a DFIG in [22], but the DVR re-
quires a large-capacity energy storage device, a high-power
converter, and a series transformer with a higher voltage rat-
ing for full voltage compensation, resulting in an uneconomi-
cal solution. Recently, superconducting-based equipment
such as the superconducting fault current limiter (SFCL), su-
perconducting magnetic energy storage (SMES), and SMES-
FCL has been designed to realize good fault ride through
(FRT) performance [23]-[25]. Although the cost of supercon-
ducting tape is decreasing year by year, it remains compara-
tively high [23].

Owing to DC blocking, a high-voltage fault will occur at
the PCC of a wind farm. Although research on HVRT is not
as sufficient as that on LVRT, many scholars have also con-
ducted research on it. The virtual damping control is pro-
posed in [26], which can accelerate the attenuation of the
natural flux. The influence of the fault duration on the stator
flux of a DFIG is analyzed in [27], which adds a compensa-
tion term for the stator current to vector control (VC) to lim-
it the rotor current. The deloading operation of a DFIG dur-
ing the transient period is considered, and the limit of the re-
active power output is expanded to reduce the transient over-
voltage caused by the DC bipolar block of the HVDC sys-
tem [28]. An HVRT control method based on resonant con-
trollers is proposed to achieve a smoother transient process
in [29]. In [30], control based on a variable reference value
for the DC-link voltage is proposed to increase the controlla-
bility of a DFIG during faults. In [31], the GSC is in series
with the stator to compensate the stator voltage, which can
achieve a good transient response. However, a large-capacity
converter is required for severe faults. A novel DVR is de-
signed to enhance the HVRT capability of DFIGs in [32],
but the designed DVR has a complex structure.

However, LVRT and HVRT are basically studied separate-
ly. Few studies have considered continuous faults. The tran-
sient characteristics of a DFIG when a step-type continuous
fault occurs are analyzed in [33]. The stator current differen-
tial is fed-forward to the rotor voltage, which reduces the in-
duced potential and overcurrent of the rotor and enhances
the ride-through performance when a continuous fault oc-
curs. In [7], there are low-frequency flux components for the
non-speed frequency in the rotor circuit for continuous volt-
age faults with nonstep changes in amplitude. Thus, a new
transient flux observer and an improved control strategy are
proposed, which accelerate the attenuation of the transient
flux and meet the reactive power requirements of grid con-
nection standards. However, a DFIG cannot ride through seri-
ous faults with this improved control owing to the limitation
of the rated capacity of the RSC.

This paper presents a new continuous FRT scheme for
DFIGs that combines improved control with a current-limit-
ing circuit. The DFIG model under continuous faults is pre-
sented in Section II. The proposed continuous FRT scheme
is explained in Section III. Simulation studies are conducted
to demonstrate the effectiveness of the scheme in Section IV.
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Finally, conclusions are drawn in Section V.

II. DFIG MODEL UNDER CONTINUOUS FAULTS

A. Continuous Fault Mechanism

The configuration of an LCC-HVDC transmission system
that includes a wind farm at the sending terminal is shown
in Fig. 1. CFs are one of the most common incorrect opera-
tions of LCC-HVDC transmission systems. They are often
caused by AC system faults at the inverter terminal. When a
CF occurs in the inverter station, a decrease in the DC volt-
age will simultaneously cause the DC current to increase. In
order to reduce the DC current, a VDCOL is activated, and
constant current control of the rectifier station causes its fir-
ing angle to increase rapidly. The reactive power consumed
by the rectifier station increases as the firing angle of the
rectifier station and the DC current increase. If the reactive
power provided by the var compensation devices such as AC
filters in the rectifier station is insufficient, the rectifier sta-
tion will absorb reactive power from the sending AC system,
resulting in a decrease in the voltage at the PCC of the wind
farm. Until the control strategy of the converter stations re-
duces the DC current, the reactive power consumed by the
rectifier station decreases. However, the reactive power out-
put by the var compensation devices with mechanical switch-
es cannot be adjusted in time with the change in the system
operating conditions, and the rectifier station will have sur-
plus reactive power. Thus, a large amount of reactive power
is injected into the AC system, which will cause the PCC
voltage of the wind farm to increase. If the fault that causes
CF is not cleared in time or the LCC-HVDC system is not
controlled properly [34], [35], the HVDC system is prone to
subsequent CFs. Until the HVDC returns to normal opera-
tion, the PCC voltage of the wind farm returns to the normal
value.

AC filters

AC filters

Fig. 1. Configuration of LCC-HVDC transmission system.

B. DFIG Model Under Continuous Faults

Different continuous faults are shown in Fig. 2(a) and (b),
which both include a stage where the stator voltage decreas-
es to a low voltage, a stage where the low voltage is sus-
tained, a stage where the stator voltage increases to a high
voltage, a stage where the high voltage is sustained, and a re-
covery stage. k,, k,, and k, are the rates of change in the volt-
age amplitude during #,-¢,, ¢,-t,, and ?,-¢,, respectively. In Fig.
2(a), the root mean square (RMS) error of stator voltage U,
s decreases to 1 — P, at a rate of &, and is maintained at 1 -
P, over t,-t,. Then, it rises to 1+P, at a rate of k,, keeps
unchanged for a period of time, and finally returns to the rat-
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ed value at a rate of k,. A single complete continuous fault
in Fig. 2(a) is defined as the process in which the voltage
first decreases, then increases to a high value, and finally re-
turns to the rated value. Multiple continuous faults can be
defined as multiple “decrease first and then increase” pro-
cesses, as shown in Fig. 2(b).

URM S

\§Singlc continuous fault

Iy Ll I3 1y s Time

Multiple
i continuous faults

I3 14 s Time

(b)
Fig. 2. RMS of stator voltage of DFIG under single continuous fault or
multiple continuous faults. (a) Single continuous fault. (b) Multiple continu-
ous faults.

Iy iy I

The DFIG voltage and flux equations in the stationary sta-
tor reference frame can be expressed as:
Vi=R i + i
dat”
. (1)
V=R W oy,

wi=Lil+L,i

s
m=r
s

2
IWr L l +Lmls ( )

where v, i, and y are the voltage, current, and flux space
vectors, respectively; the subscripts s and r denote the stator
and the rotor, respectively; the superscript s denotes the sta-
tionary stator reference frame; R, and R are the stator and
rotor resistances, respectively; L, L, and L, are the stator,
rotor, and magnetizing inductances, respectively; and o, is
the angular frequency of the rotor.

It can be observed that, unlike a step-type low-voltage
fault, the voltage amplitude of a continuous fault does not
suddenly change but first decreases and then transitions to a
high value after some time. According to [7], when the volt-
age amplitude linearly decreases, the stator flux can be calcu-
lated as:

t—t,

+Ce

(L =k @=t)lv; kv
Jjo, o’

s s

= th<t<t,  (3)
where t=L /R, is the decay time constant of the natural flux
of the stator; w, is the angular frequency of the stator; and
C, is the initial value of the natural flux.

According to the flux continuity theorem, the stator flux
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during the entire fault period can be obtained as:
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where C,, C,, and C, are the initial values of the natural flux
during different stages.
In (4), C,, C,, C,, and C, can be expressed as:

ke
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s
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where v is the voltage magnitude.
According to (1) and (2), the rotor voltage can be ob-
tained as:

s _ ﬁ i s s o5 i e5 _ : .5
vr_ LS (dl Ws Ja)rllls) +err+0-Lr( dt lr Ja)rlr) (6)

The first item on the right-hand side of (6) is the open-cir-
cuit voltage of the rotor, i.e., the rotor-induced electromotive
force (EMF). The rotor EMF during ¢,-f, can be calculated
as:

. L . L L4
e=—"s1+P, e — 2 (1-s)|k Vs e’“’ he T —
Ls Ls W
vs =t VS =t 5 =t
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L=t o t—ty o
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L —t, o

If only one high-voltage fault with a step increase has oc-
curred after the steady-state operation, the open-circuit volt-
age of the rotor is:

t

1-s)P,vie *

®)

It can be observed from (7) and (8) that the voltage swell
of a continuous fault is different from a single voltage swell,
which is affected by the low-voltage stage of a continuous
fault. The EMF induced in the high-voltage stage is greater
when the decrease in the voltage is higher and the time over
which the voltage decrease occurs is shorter. Compared with

7 ¢

N
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a single fault, the transient flux component generated in the
previous stage will be superimposed on the latter stage, re-
sulting in a larger rotor EMF, which causes the RSC to face
larger fault currents and threatens the safe operation of wind
turbines. Therefore, the effect of the accumulated stator flux
should be mitigated while limiting the fault current of the ro-
tor to reduce the harm to the DFIG due to continuous faults.

III. PROPOSED CONTINUOUS FRT SCHEME

A. Improved Demagnetization Control

According to [14], a current component can be injected in-
to the rotor that is opposite to the other low-frequency com-
ponents to counteract the non-power frequency flux compo-
nent. Reference [7] proposes an improved transient flux ob-
server to extract the transient component of the stator flux
during a continuous fault. However, the effect of control is
affected by the phase lag of the low-pass filter. An improved
demagnetization control without the filter is proposed, and
its control block diagram is shown in Fig. 3.

dy,

sabc i*

—= Vs, Lrdy
abe ; - —‘—K
Veube + D dt m Ysab abc dl
h Ls | dq

i\'ab(: + -

Vd =k Vsq. x| Lrg
o, O Re
Fig. 3. Block diagram of improved demagnetization control.

As shown in Fig. 3, the control loop adopts d-axis voltage
(v,,) oriented control. First, the stator flux differential is cal-
culated from the stator voltage v, and stator current i,,.
Then, the three-phase stator flux w,,. can be obtained with
the integrator. Because of the d-axis voltage oriented control,
the forced component of the d-axis flux should be zero.
Therefore, the transient component of the d-axis stator flux
¥, can be directly obtained. Regardless of the stator resis-
tance, the transient component of the g-axis stator flux .,
can be obtained by subtracting the forced component of the
g-axis flux from the g-axis stator flux.

The transient demagnetization current in the improved con-
trol can be expressed as:

%

lrd,t = _Kdl l//sd,t

oK
qu, = _KdZ WSq, t

©
where i, and i,,, are the d- and g-axis demagnetization cur-
rents of the rotor, respectively; and K, and K, are the com-
pensation coefficients, which are positive.

A larger compensation coefficient can better restrain the
rotor overcurrent, but the RSC output voltage is higher. A
smaller compensation coefficient will lower the output volt-
age of the RSC and weaken the ability to restrain the rotor
overcurrent. The introduction of demagnetization current in
the active current loop will cause an instantaneous active
power and electromagnetic torque pulsation. In this study,
two types of compensation coefficients are designed, which
can reduce K, in the case of shallow faults, thereby prevent-
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ing a large active power and electromagnetic torque pulsa-
tion. In the case of deep faults, K, and K, can take the
same limiting value to accelerate the attenuation of the tran-
sient stator flux.

B. Series Impedance of Rotor

Owing to the limited capacity of the RSC, the magnitude
of the demagnetization current for deep faults will exceed
the allowable current of the RSC. The peak value of the out-
put voltage of the RSC cannot exceed the DC voltage;
hence, the output voltage of the RSC should be within a cer-
tain range. From (6), it can be observed that it is the differ-
ence between the EMF and the rotor voltage that produces a
larger current in the transient impedance of the rotor. There-
fore, an increase in the impedance of the rotor can limit the
fault current of the rotor. It can be observed from [36] that
the insertion of a large resistance into the rotor circuit easily
leads to a higher rotor voltage. Although the inductance in-
serted into the rotor can limit the current, it increases the
time constant of the rotor and slows down the transient atten-
uation. However, since the output voltage of the GSC is lim-
ited by the modulation ratio, it will cause the DC-link volt-
age to increase in the high-voltage stage. Thus, a DC chop-
per is used to protect the DC-link circuit.

A control system for a DFIG integrated with the proposed
scheme is shown in Fig. 4, where PLL stands for phase-locked
loop and SPWM stands for sinusoidal pulse width modulation;
V,een and V,  are the rated and actual PCC voltages, respec-
tively; P, and P, are the reference and actual values of the ac-
tive power of the stator, respectively; O and Q, are the refer-
ence and actual values of the reactive power of the stator, re-
spectively; ¥, and V:; are the reference values of the d- and g-
axis voltages of the rotor, respectively; o is the leakage induc-
tance coefficient; ¥, and V,, are the reference and actual val-
ues of the DC-link voltage, respectively; Q; and Q, are the ref-
erence and actual values of the reactive power on the grid side,
respectively; i, and i,, are the actual values of the d- and g-ax-
is currents of the rotor, respectively; i;, and i;,q are the refer-
ence values of the d- and g-axis currents of the rotor, respec-
tively; V;d and V;q are the reference values of the d- and g-axis
GSC output voltage, respectively; i,, and i,, are the actual val-
ues of the d- and g-axis currents of the rotor, respectively; i,
and ifql are the reference values of the positive-sequence active
and reactive currents of the rotor, respectively; S, S,, and S,
are the three-phase output signals of hysteresis comparators;
K, is the modified demagnetization coefficient; 6=
—arctan(R//(w,L),)), R} and L] are the equivalent transient re-
sistance and inductance, respectively; , is the d-axis stator
flux; 6, is the grid voltage phase; v, is the stator transient
flux; R, and L, are the series resistance and inductance, respec-
tively; and L, and R, are the inductance and resistance of the
grid-side filter, respectively. When the PCC voltage is less
than 0.9V, or greater than 1.1V, ,, a fault is detected. Then,
the series impedance of the rotor is activated to limit the fault
current of the rotor and accelerate the decay of the stator flux.
When the PCC returns to the normal operation range, the se-
ries impedance of the rotor is cut off after a time delay.

cc
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Fig. 4. Control system for a DFIG integrated with proposed scheme.
After inserting the impedance, the rotor voltage can be ex- v, (1l +P ,) el v,(2P +P )(1 s) - (ot RJLT
= 2 ; 2 +
pressed as: » R +Jsa)Y ! Rl—jsew L),
d
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where R] and L] are the equivalent transient resistance and
inductance of the rotor, respectively.

According to (1) and (2), the stator voltage can be re-ex-
pressed as:

d“' . Ry
F S s _ rrr
Vvi=R!i!+oL, ar | vi+jo.l L ) (11)
where R'=R +L2R!/L! is the transient resistance of the stator.

It can be observed from (11) that the attenuation of the
transient flux of the stator can be accelerated by selecting a
suitable impedance value according to (3).

The selection of impedance parameters should be consid-
ered on the basis of more serious conditions. According to
(4)-(7), for typical low- and high-voltage continuous faults,
the most serious situation is that the transient flux induced
by a low-voltage fault and the transient flux induced by a
high-voltage fault are in the same direction. In addition, both
low- and high-voltage faults can be considered to be step-
type faults since the amplitude of the transient flux generat-
ed by a step-type voltage fault is greater than that of a volt-
age fault with a certain change over time. In a relatively
short time, two faults can be equivalent to a single voltage
fault, ignoring the attenuation of the transient flux. At this
time, the series impedance is inserted into the rotor. Accord-
ing to transient analyses of the rotor current in [23], [37],
the peak rotor current can be calculated as:

(12)
where ¥, is the maximum output voltage of the RSC; k,=
L, /L, is the coupling factor of the stator; and i,(0_) is the
prefault current.

The impedance parameters can be selected according to
(12). Although the overcurrent of the rotor can be limited
more extensively when the selected impedance parameters
are larger, this may weaken the controllability of the RSC
and result in overvoltage of the rotor. The resistance and re-
actance of the series impedance in this paper are 25.2 mQ

and 5.7 mH, respectively.

C. Coordinated Control

1) Segmented Reactive Current Control

Multiple grid codes require a DFIG to support the grid
voltage during a fault; that is, the DFIG should absorb/out-
put additional reactive power.

The E.ON grid code requires a wind turbine to have LVRT
capability and the ability to provide dynamic reactive and
voltage support. Taking the E.ON grid code as an example,
the additional reactive current of the stator i;l when a volt-
age dip and swell fault occurs needs to satisfy:

x
sql = z(v.v -

i
quzl

) 05pu.<v,<09pu.orv,>1.1pu.
0<v,<0.5p.u.
(13)
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According to the relationship between the stator and rotor
currents, the g-axis reactive current reference of the rotor
can be set as:

ok L o A%
L= L1~

ol (14)

According to (13) and (14), the segmented reactive cur-
rent strategy proposed in this paper includes two modes, i.e.,
the reactive current output mode during the low-voltage
stage and the reactive current absorption mode during the
high-voltage stage. In addition, it can be observed from Fig.
2 that the grid voltage continuously changes in a short time,
and the reactive current requires the output to change rapid-
ly. Proportional-integral (PI) controllers have good perfor-
mance in the steady state. However, the transient response
speed of PI controllers is low, which will lead to larger track-
ing errors [16]. Here, a hysteresis current regulator with a
simple structure and strong robustness is selected during a
fault.
2) Modified Transient Demagnetization Control

After the current-limiting impedance is activated on the ro-
tor side, the equivalent impedance of the rotor increases.
Compared with the situation in which there is no series im-
pedance, the amplitude and phase of the demagnetization
current need to be modified. In order to offset the transient
component of the EMF caused by the transient flux, the de-
magnetization current needs to satisfy:

. L . .
Jwyme;t+[R}'+Rsr+Jwr (O-LV+LSI )]lr.t:O (15)
From (15), the demagnetization current is:
. L a)rl//sr.l
==t L0 ="Ky L0 16
LyRsor,

According to (15), the demagnetization current is injected
into the rotor current reference, which can offset the EMF of
the rotor and accelerate the attenuation of the transient flux
of the stator. According to (16), the amplitude of the tran-
sient demagnetization current greatly decreases owing to the
increase in the transient impedance of the rotor.

D. Operation Sequence

A flowchart of the proposed scheme is shown in Fig. 5,
which can be described as follows.

1) The series impedance is inserted into the rotor when a
fault is detected to limit the fault current of the rotor and en-
sure that the RSC can be controlled.

2) The active current is set to be 0 to ensure that the RSC
has sufficient current capacity for the demagnetization cur-
rent, the reactive current, and part of the active current. On
the basis of the series impedance parameters and the grid
voltage level, coordinated control can be implemented ac-
cording to (14) and (16).

3) When the voltage returns to the normal range, the ac-
tive and additional reactive currents are reset to be 0 after a
delay of 50 ms. After a delay of 100 ms, the series imped-
ance is deactivated to ensure that the DFIG is not affected
when the series impedance is cut off. Finally, the DFIG re-
turns to steady-state operation after a delay of 50 ms.

1131

Vpee0.9 pu.or v, >1.1 pu.?

‘ Activate series impedance ‘

[
)

Inject demagnetization current and
reactive current according to (14) and (16)

s V,..<09pu.orV, >I.1pwm

pee pee
with a delay of 50 ms?

Reset rotor positive-sequence active current
and additional reactive current to be 0

|

Deactivate the series impedance
after a delay of 100 ms

|

DFIG restores the steady state control
after a delay of 50 ms

|
End

Fig. 5. Flowchart of proposed scheme.

IV. SIMULATION RESULTS

The 1.5 MW DFIG shown in Fig. 4 is built in MATLAB/
Simulink. It delivers 1.5 MW of active power and 0 Mvar of
reactive power to the grid. At the same time, it is assumed
that the wind speed during the fault remains unchanged. The
AC grid voltage is realized by three controlled voltage sourc-
es (CVSs), and the output voltage of the CVSs is driven by
the input signal. The parameters of the DFIG in the simula-
tion are listed in Table I.

TABLE I
PARAMETERS OF DFIG IN SIMULATION

Parameter Value
Rated power 1.5 MW
Stator voltage 690 V
Rotor voltage 1725V

DC-link voltage 1200 V
Stator resistance 0.005 p.u.
Stator inductance 0.171 p.u.
Rotor resistance 0.007 p.u.
Rotor inductance 0.156 p.u.
Mutual inductance 2.9 p.u.
Grid frequency 50 Hz




1132

A. Behaviors with Improved Demagnetization Control

To verify the effectiveness of the proposed improved de-
magnetization control, the RSC uses different current control
strategies. During a fault, the active current reference is set
to be 0, and the reactive current reference still retains its pre-
fault value. Moreover, the demagnetization current is added
to the rotor current. The following four control strategies are
considered.

1) Strategy A: the conventional demagnetization control
strategy in [14].

2) Strategy B: the improved control strategy in [7], which
does not use a band-pass filter to filter the DC component of
the stator flux.

3) Strategy C: the natural stator current tracking control
strategy in [38], which adopts a low-pass filter to extract the
natural component of the stator current.

4) Strategy D: the proposed improved demagnetization
control strategy.

Figure 6 shows the simulation results of DFIG with differ-
ent control strategies under the single continuous fault. As
shown in Fig. 6(a), the stator voltage decreases to 0.4 p.u.
within 10 ms, then increases to 1.35 p.u. within 10 ms, and
maintains a high voltage for a period of time. As shown in
Fig. 6(b), the rotor current amplitudes under Strategy A and
Strategy D are 2.435 and 2.331 p.u., respectively, showing
that Strategy D has a better current-limiting effect. The maxi-
mum current amplitude is 3.393 p.u. for Strategy C because
it is difficult to accurately track the natural stator current
with this control strategy. According to Fig. 6(c), Strategy D
and Strategy A have similar limiting effects on the DC-link
voltage. It can be observed from Fig. 6(e) that torque oscilla-
tion has the smallest peak-to-peak value for Strategy D with
an amplitude of 5.27 p.u..

B. Behaviors Under Single Severe Continuous Fault

Although the improved demagnetization control has a cer-
tain limiting effect on the fault current, the demanded demag-
netization current is very large, and the safe operation of a
DFIG cannot be guaranteed when severe faults occur. Com-
parative studies have been conducted. The following three
schemes and the proposed scheme are considered.

1) Scheme A: with conventional VC.

2) Scheme B: with the crowbar and DC-chopper combina-
tion.

3) Scheme C: with an energy storage inverter connected
in parallel on the rotor side and coordinated control of the
demagnetization and reactive currents in [39].

The simulation results under a single continuous fault with
different schemes are shown in Fig. 7. The first low-voltage
fault of the grid voltage starts at 0.1 s and decreases to 0.2 p.u.
within 10 ms. Then, a high-voltage fault occurs, in which the
grid voltage increases to 1.35 p.u. within 10 ms. With no pro-
tection, the peak value of the rotor current reaches 4.68 p.u..
With the proposed scheme, the peak rotor current is reduced to
1.44 p.u., and the fault-current-limiting rate is 69.2%, as
shown in Fig. 7(b).
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Fig. 6. Simulation results of DFIG with different control strategies under

single continuous fault. (a) Stator voltage. (b) Rotor current amplitude. (c)
DC-link voltage. (d) Transient flux amplitude. (¢) Electromagnetic torque.

Although the peak rotor current of Scheme C is 3.74 p.u., an
energy storage converter with the same capacity as the RSC is
connected in parallel with the rotor, and the peak output cur-
rent of the RSC is 1.87 p.u., which is still greater than that of
the proposed scheme. The proposed scheme can effectively
limit the rotor overcurrent and protect the RSC. In convention-
al VC, the continuous fault causes excess energy to accumu-
late on the DC-link capacitor, resulting in an increase in the
DC voltage to 1.99 p.u.. In Schemes B and C, the peak values
of the DC-link voltage are 1.22 and 1.08 p.u., respectively.
However, the lowest value of the DC-link voltage is 0.73 p.u.
for Scheme B, which is below the safety threshold of the
DC-link voltage. With the help of the DC chopper in pro-
posed scheme, the peak value of the DC voltage is 1.08 p.u.,
and the DC-link voltage-limiting rate is 45.7%.
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It can be observed from Fig. 7(d) that the DFIG outputs and
absorbs the specified reactive power according to the PCC
voltage using reactive power control. When the voltage de-
creases to 0.1 p.u., the corresponding reactive power of the sta-
tor is 0.42 p.u.. When the voltage is maintained at 1.35 p.u.,
the reactive power of the stator is —0.95 p.u.. As shown in Fig.
7(e), the minimum and maximum electromagnetic torques are
—6.04 and 1.43 p.u., respectively. The electromagnetic torque
will seriously fluctuate when there is no protection, which will
damage the mechanical system of the DFIG. The minimum
and maximum electromagnetic torques are only —1.84 and
0.74 p.u., respectively, when adopting the proposed scheme,
which significantly suppresses fluctuations of the electromag-
netic torque. The limiting rate of torque oscillation is 65.5%.

C. Behaviors Under Multiple Continuous Faults

The occurrence of multiple CFs may result in multiple con-
tinuous faults. Simulation results of DFIG under multiple con-
tinuous faults with different schemes are shown in Fig. 8. With
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the proposed scheme, the peak value of the rotor current is re-
duced from 4.27 p.u. to 1.52 p.u., as shown in Fig. 8(b). The
rotor current-limiting rates with Scheme C and the proposed
scheme are 11.2% and 64.4%, respectively. When there is no
protection, multiple low- and high-voltage continuous faults
cause excess energy to accumulate on the DC capacitor,
causing the DC voltage to rise to 2.07 p.u.. As in Fig. 8(c),
the DC-link voltage-limiting rates in Scheme B, Scheme C,
and the proposed scheme are 43.5%, 47.8%, and 47.8%, re-
spectively. According to Fig. 8(d), the DFIG can still gener-
ate or absorb reactive power during multiple continuous
faults, which is beneficial to the recovery of the grid volt-
age. When the voltage decreases to the minimum value and
increases to the maximum value, the corresponding reactive
power of the stator is 0.41 and —0.39 p.u., respectively. As
shown in Fig. 8(e), the electromagnetic torque will severely
fluctuate when there is no protection during the fault.
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Fig. 8. Simulations results of DFIG under multiple continuous faults with
different schemes. (a) Stator voltage. (b) Rotor current amplitude. (¢) DC-
link voltage. (d) Reactive power. (¢) Electromagnetic torque.

The minimum and maximum values are —5.94 p.u. and 0.84
p.u., respectively, and the peak-to-peak value is 6.78 p.u.. With
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the proposed scheme, the electromagnetic torque is restrained
between —1.98 p.u. and 1.14 p.u.. Thus, the rate for limiting
torque oscillation is 54.0%. It can be observed that the pro-
posed scheme can still achieve better transient response under
multiple continuous faults and help DFIGs successfully ride
through continuous faults.

V. CONCLUSION

This paper proposes an effective scheme to enhance the
continuous FRT capability for DFIGs when CFs occur in
LCC-HVDC transmission systems. The core idea is to com-
bine a series impedance circuit on the rotor side with coordi-
nated control to protect the RSC and accelerate the attenua-
tion of the transient flux of the stator. The effectiveness of
the scheme is verified under different continuous faults. The
main conclusions are as follows.

1) Improved demagnetization control without filters is pro-
posed for continuous faults, which can weaken the EMF of
the rotor caused by the accumulation effect of the flux.

2) The design and operation principles of the series imped-
ance circuit integrated on the rotor side are provided. Consid-
ering a continuous fault, a design method is provided for
this circuit.

3) Coordinated control of the demagnetization and reac-
tive currents is proposed. Segmented reactive current control
can meet the requirements of grid codes during the low- and
high-voltage stages.
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