J. Mod. Power Syst. Clean Energy (2019) 7(3):558-567
https://doi.org/10.1007/s40565-018-0444-y

@ CrossMark

Crowbar resistance value-switching scheme conjoint analysis
based on statistical sampling for LVRT of DFIG Y
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Abstract An active crowbar protective circuit is an
effective and common approach for low voltage ride
through (LVRT) of a doubly-fed induction generator
(DFIG). The crowbar resistance value and its switching
scheme both have crucial effects on safety recovery. The
effects encountered are correlative dependence and inter-
play so that analyzing them from a single factor, as most
existing LVRT control methods would do, obtains a partial
optimal solution. This paper connects these two factors to
analyze their coordination effects on the LVRT control,
and to also investigate whether the global optimal perfor-
mance of these factors can be achieved. The principles for
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resistance selection and the schemes for crowbar switching
are discussed first. Next the coupling relationship is ana-
lyzed based on statistical sampling simulation data with
different resistance values and various switching schemes.
The results demonstrate that their coordination has critical
influence on rotor peak current, DC-link voltage and
reactive power. The optimal coordination will be different
according to specific requirements. Hence the global opti-
mal combination could be achieved when all requirements
are taken into consideration.

Keywords Doubly-fed induction generator, Active
crowbar, Switching scheme, Resistance value, Statistical
sampling data

1 Introduction

The doubly-fed induction generator (DFIG) is prevalent
with its excellent control performance and desirable price-
quality ratio in the wind power market [1]. Nevertheless, its
stator is highly sensitive to voltage fluctuations due to its
direct connection to the grid, and its back-to-back partial
scale converter can be easily damaged by rotor inrush
current. Due to these features, DFIG is vulnerable to grid
faults [2].

On the other hand, grid codes require wind turbines to
be connected in low voltage faulty periods to support
power systems and avoid fault deterioration, which is the
so-called low voltage ride through (LVRT) [3]. This
requirement is especially indispensable today because of
the increasing capacity of wind energy in power
systems.

Solutions of LVRT can be generally classified into two
categories: software solutions, which are control strategies
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deliberately designed, and hardware solutions, which add
protective devices into the DFIG system. Software solu-
tions are in general economical, and hardware solutions are
effective during severe voltage dips [4]. Active crowbar is
one of the most commonly used hardware devices which is
quite reliable and relatively cost effective [5].

The DFIG with active crowbar protection is illustrated
in Fig. 1. When a severe grid fault is detected, the crowbar
will be activated to damp the inrush current, and the rotor
side converter (RSC) will be blocked to avoid damage.

If a grid fault is not severe, software methods are able to
achieve LVRT by adopting specific control strategies for
the converters. Figure 2 shows the logic diagram of a
crowbar operation. In Fig. 2, @: mild grid fault occurs; @:
severe grid fault occurs; @: grid fault deteriorates; @:
turbines are permitted to disconnect; A: mild grid fault
restored; B: faulty condition relieved; C: severe grid fault
restored.

When the crowbar is activated, the RSC is blocked so
that the DFIG is temporally out of control, and thereby
operates as a squirrel cage induction generator (SCIG) that
consumes reactive power. This could be detrimental to grid
recovery. Therefore the crowbar should be switched off at a
proper instant to restore the control of the DFIG and to
reduce reactive power consumption [6]. Premature
switching-off would not achieve sufficient damping for the
inrush current, while postponed switching-off would pro-
long the uncontrolled time of the DFIG and consume
additional reactive power.

Considering the significance of crowbar switching time,
various switching schemes are proposed [5-11]. In [5],
switching-off before fault recovery is recommended to
reduce the crowbar operation time and quickly restore the
control of the RSC, but the risk of DC-link over voltage
still exists. The switching scheme proposed in [6] activates
the crowbar both at the occurrence and recovery of the grid
fault respectively, and each time the crowbar operation is
limited by a minimum current threshold to reduce the total
operation time. The switching schemes proposed in [7, 8]
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Fig. 2 Logic diagram of crowbar operation

enable multi-switching of the crowbar, and the activation
and the deactivation of the crowbar are dependent on the
rotor current [7] or the DC-link voltage [8]. The crowbar
only operates for several times when the current or voltage
exceeds the pre-set threshold to limit the total operation
time. According to the codes of the power grid, if a grid
fault is very severe, the time for the wind turbines main-
taining their connection is relatively short. Hence some
other schemes for short fault conditions, such as [9-11],
suggest switching-off after the voltage recovery. Due to the
relatively short crowbar activation time, these schemes can
obtain preferable transient performance at the accept-
able cost of reactive power consumption. Reference [9]
reveals that the switching-off after the voltage recovery for
1 or 2 cycles could obtain ideal dynamic performance. And
different switching schemes are compared in [10]. In order
to further reduce reactive power consumption, the grid side
converter (GSC), together with DC-link, can supply reac-
tive power supply during the crowbar operation [10, 11].

Another crucial factor of the crowbar is the resistance
value [9, 12—18]. Sufficient crowbar resistance can effec-
tively damp the inrush current, whereas excessive increase
of the resistance may incur current spikes and cause over-
voltage on the DC-link when the crowbar switches. In [9],
the relationship between crowbar resistance and rotor
voltage is described, and the upper limit of the resistance is
obtained. In [12], the short current is theoretically analyzed
and the upper limit of the crowbar resistance is obtained
according to the permitted DC-link voltage. Reference [13]
reveals the effects of crowbar resistance under different
voltage dips. In [14], the real-time adjustable crowbar
resistance following the change of the system state is
designed. Reference [15] introduces optimization indexes
for crowbar resistance under different controllers during
grid faults. And a nonlinear crowbar resistance calculation
method based on frequency domain analysis is introduced
in [16]. By comparing the effects of different resistance
values, [17] suggests a crowbar resistance of 0.3 p.u., and
the study of [18] selects 0.5 p.u..

Both the switching scheme and resistance value of the
crowbar significantly influence LVRT performance. Their
effects could represent correlative dependence and
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interplay, yet most existing researches analyze only from a
single factor. Therefore the obtained solution of the
switching scheme and resistance value might possibly not
be coordinated. This paper connects these two factors to
analyze their coordination effects for the LVRT control,
and investigates whether the respective optimal perfor-
mance of each factor can be achieved simultaneously. To
achieve this purpose, the principles for resistance selection
and the schemes for crowbar switching are discussed. And
the coupling relationships are analyzed based on statistical
sampling data with different resistance values and various
switching schemes to illustrate their coordination
effects.

The rest of this paper is organized as follows. In Sec-
tion 2, the transient process of rotor current under severe
grid fault is analyzed and the principles of crowbar selec-
tion and switching schemes are discussed. In Section 3, a
statistical sampling method is introduced to analyze their
coordination effects in respect to the rotor peak current,
DC-link voltage and reactive power consumption. Simu-
lations of different DFIG wind power systems with various
switching schemes and resistance values are implemented
on the MATLAB/Simulink platform and the results are
discussed. And conclusions are given in Section 4.

2 LVRT analysis of DFIG with crowbar

DFIG can be described as a space vector model based on
stator axis references in (1) and (2).

vy = Ryl + dr,/dr

{ vy = Rii, + dy,/dt — jo, i,
W, = Lyiy + Lyniy

{ W, = Lyis + Lyi,

(1)

(2)

where v, i, i represent space variables for voltage, current,
and flux respectively; variables of rotor and stator are
distinguished by subscripts r and s respectively; R, R, L,,
L, are the resistance and inductance of the rotors and sta-
tors, L, = L;, + L,,, Ly = L;; + L,,, in which L;. and L; are
the leakage inductance of the rotors and stators, and L,
represents the excitation inductance; «, is the angular
frequency of the rotor voltage.

The relationship between the rotor current and voltage is
described in the rotor axis reference with a differential
equation:

di,
Lro’ E -
where L,, =L, — Li /Ly is the dynamic inductance of the
rotor; E, is the induced electromotive force in the rotor
wound.

_Rrir - Er + Vr (3)
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Hypothesizing that a grid fault occurs when ¢ = #;, and
the crowbar is activated immediately, then the stator volt-
age and rotor voltage can be described by (4) and (5).

Usel®s! t<ty

Vs :{ B ot 4)
(1 -p)Use t>1
U, et r<t

v, { 0 (5)
0 t>1

where U and U, are the amplitude of the stator and rotor
voltages; wjy is the angular frequency of the stator voltage;
s = (w; — w,) /s represents slip; p is used to describe the
severity of the voltage dip, 0 <p < 1. For instance, if the
stator voltage drops to 20% of its nominal value, then
p=0.8.

The stator flux linkage i/, and induced electromotive
force E, are given in (6) and (7):

Uy /(o) t<ty
Yo =4 (1 =p)Use™"/(jory) (6)
+pUse 5 /(jos)  t>1
kysU e 1<ty
E. =S (1 = p)kssUgel™! (7)
+(1 - s)kspUxej“’"’ele_v t>1

where T, = L, /R, is the time constant of the stator, L,, =
L, — Lfn /L, is the dynamic inductance of the stator; k; =
L, /L is a constant for simplification. It can be observed
that both the stator flux linkage ¥, and induced electro-
motive force E, in the faulty period involve two compo-
nents, the steady component and transient component.
The rotor current is obtained by taking (5) and (7) into

3):
Tpe ! t<to
i, = { LieTiote % (8)
+Lel o 1367%;
Uy — kU
R, + jswsL,s
_ k(1 —s)pUs
Rr + Rep — jor Lo
_ kes(1 — p) U
R, + Rep + jswsLys
Uy — kU kss(1 — p)U;
R, +jsosLrs Ry + Rep + jssLyg
_ ks(1 — s)pUy
R + Rep — jwrLys

>t

Iy

I

I, =

I

where T/ = L,;/(R, + R¢p) is the rotor time constant after
crowbar activation; R, is the crowbar resistance.
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Equation (8) indicates that the rotor inrush current
consists of three components. / (eI e ™7 rotates at angular
speed o, and damps with the stator time constant 7.
L™ is a steady AC component rotating at angular speed

swg. And 136_# is a transient damping DC component
damping with the rotor time constant 77.

The damping speed of the inrush current is determined
by time constants T and T;. And the rotor time constant Tr’
is significantly reduced due to the operation of the crowbar,
thus the main factor that influences the inrush current is
Ts.

Although the switching schemes are different, they are
basically designed according to the stator time constant 7.
And T; can be calculated once the parameters of DFIG are
defined.

LSO'
Ts - R_s (10)
The limitation of the rotor current can be obtained
considering the requirement of the inrush current (8) and
(9). Under a severe fault, the voltage dip p is close to 1, and
the component with 77 damps much faster than the others,
so that the items with I, and I3 of i, can be omitted.
Therefore, the amplitude of the inrush current is primarily
determined by the item with /; that is:
I _ b (1 - s)ks Us
r,max — (1 1)
sz + (erro)Z

It can be observed that I, .« could be reduced with the
increase of resistance R, which theoretically explains the
damping effects of the crowbar.

The resistance of the crowbar should be enough to damp
the inrush current, whereas the DC-link voltage rises with
the increase of the crowbar. Therefore, the resistance has
maximum value.

\/glr,machb S Udc,lim (12)

where Uy jim is the voltage limit for the DC-link.
Considering the limits of the rotor current (11) and DC-
link voltage (12), the limitation of crowbar resistance is:

R _ Udc,lim(l - S) wera
cbh,max — ( 1 3)

V3P = U =U3, 1,

It can be observed from (13) that the upper limit resis-
tance based on a certain DC-link voltage is related with the
slip s and the severity of the voltage dip p. The variation for
the per unit DC-link voltage according to (13) is shown in
Fig. 3.
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Fig. 3 Maximum crowbar resistance with slip s and voltage dip p

3 Conjoint analysis of resistance values
and switching schemes

Extensive research has been carried out either in the
crowbar switching schemes or the resistance values, but
most existing methods accomplish their analysis separately
from a single angle of the crowbar resistance and switching
schemes. Without considering their coupling relationship,
the separate resolution for the two factors might not be
coordinated. Therefore, to analyze the coordination effects
of the resistance values and the switching schemes, a sta-
tistical sampling method for simulation data is proposed.

3.1 Statistical sampling of simulation data
The basic idea of the statistical sampling method is

shown in Fig. 4. A coordinate system is established, where
the x axis is the switching-off time of various switching

Indicator

Resistance
value

,/(2;95 RB)/,

tn: ,,,,,,, SO AN Ll Ll o

Switching-off (tn, R)

time

Fig. 4 Illustration for statistical sampling method
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schemes and the y axis represents different crowbar resis-
tance values. Thus each point on the xOy surface is a
combination of a specific switching scheme and a certain
resistance value, marked as (¢,, R,) for short. The z axis is
an indicator sampled from simulation data generated under
corresponding combinations of the two factors. The indi-
cator is deliberately selected to evaluate the coordination
effects of switching schemes and resistance values. Take
Fig. 4 for illustration, points A and B are sampled data
generated under the combinations (z4, R4) and (¢, Rp)
respectively, their vertical coordinates X4 and Xp are
indicators to examine the corresponding LVRT perfor-
mance. Similarly, by properly examining the indicators of
any point (¢,, R,) on the xOy surface, the coordination
effects of crowbar switching schemes and resistance values
can be analyzed.

The key to conjoint analysis of the two factors is the
proper selection of the indicators. The main purposes of the
indicators are: @ correctly reflect the electromagnetic
transients; @ quantify the LVRT performance under any
combination (t,, R,).

The indicators are defined as follows: @ the peak value
of the rotor current; @ the peak value of the DC-link
voltage; @ the peak value of the reactive power
consumption.

These peak values are statistically sampled as indicators,
which can directly quantify the LVRT performance and
analyze the coordination effects. The indicators of the rotor
current and DC-link voltage are used to examine the
requirement for converter security, and that of the reactive
power is used to reflect the influence on the power grid.
The illustration for sampled data is shown in Fig. 5, where
I, jise s the Totor peak current occurred on voltage, I o is
the rotor peak current occurred on crowbar, Uy max is the
peak voltage of DC-link, Q. is the peak value of reactive
power consumption. The current is shown in its root mean
square (RMS) value, and all of these variables are in per
unit.

3.2 Case study

The case study is implemented to obtain the statistical
sampling data and analyze the coordination effects of
crowbar switching schemes and resistance values. The
rated power we chose for these DFIGs are 1.5 MW, 3 MW
and 5 MW to validate the generality of the proposed
method, and the parameters of these generators are listed in
Appendix A Table Al. The control strategy of the DFIG
converters is described in [19]. The simulated grid fault is a
3-phase short circuit occurring on the stator terminals of
the generator at 0.4 s. The fault lasts for 200 ms and the
severity of the voltage dip is 0.8 p.u.. The simulation model
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Fig. 5 Illustration for sampled data

is developed on the SimPowerSystem platform of the
MATLAB/Simulink.

To generate different combinations of switching
schemes and resistance values, the crowbar switching-off
time is selected in the range of 1.6 s before voltage
recovery to 1.6 s after recovery. And the scope of the
crowbar resistance is selected according to the different
ratings of the generators, 0.2-1.4 p.u. for 1.5 MW, 0.3-1.5
p.u. for 3 MW and 0.2-1.0 p.u. for 5 MW.

3.3 Statistical sampling results and conjoint analysis

Figures 6-9 illustrate the statistical sampled indicators
of three different ratings of the DFIGs. The two horizontal
axes T,y and R, represent the switching-off time of dif-
ferent schemes and various resistance values respectively.
The switching-off time T, is a relative value describing
the time difference between the crowbar switching-off and
voltage recovery.

3.3.1 Peak current at voltage recovery

Figure 6 illustrates the indicator I, ;.. It indicates that
both premature switching-off schemes and low resistance
values contribute to the high values of I, ., which has
negative effects on the converters.

STATE GRID ELECTRIC POWER RESEARCH INSTITUTE
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s 05 104 N
p'UJ T off
(@) 1, ,;,, of 1.5 MW DFIG

Fig. 6 Peak current at voltage recovery

From the perspective of the switching scheme, it can be
observed that the crowbar switching-off before voltage
recovery (T, <0) generates a much higher value of the
peak current than switching-off after voltage recovery
(Tofr > 0). This peak current at recovery cannot be damped
effectively if the crowbar is switched off before recovery.
Hence premature switching-off may lead to potential
threats on the safety of the converters.

On the other hand, the influence of resistance can also be
observed from Fig. 6. When the crowbar is deactivated
after voltage recovery, the peak current is reduced with the
increase of crowbar resistance which is in good agreement
with discussions in former sections. Therefore, postponed
switching schemes and increased resistance can effectively
reduce the peak current at the moment of voltage
recovery.

By comparing the data in Fig. 6a-6¢ for different ratings
of generators, it is observed that the I, of early
switching-off is decreased with the growing rated power of
the DFIG, and the effects of postponed switching schemes
with increased resistance have similar change trends
among different ratings.

23 N
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3.3.2 Peak current at crowbar switching-off

Figure 7 shows the coordination effects on I, .5, which
directly determines the ultimate result of the LVRT. A high
value of this peak current indicates crowbar protection
failure.

Taking the switching scheme into consideration, I, .z is
much higher at the instant of voltage recovery than at other
times, which is possibly generated by the overlapped
transient process of crowbar switching-off and grid fault
recovery. Before or after the recovery, the peak current is
significantly reduced. Hence, it is suggested to avoid
switching-off around voltage recovery. In practice, the
instant of fault clearance is unpredictable, thus we cannot
ensure crowbar deactivating before voltage recovery.
Therefore, postponing switching-off is more practical. The
obvious periodic fluctuation of this peak current might be
related to the frequency of the transient inrush current. And
among the different rated powers of the DFIGs, the influ-
ence of crowbar switching-off time on I, ¢ is similar

As for the effects of crowbar resistance, it can be seen
that insufficient resistance values generate violent fluctua-
tions of the peak current I, ., signifying that this resistance

2.8
26
3.0
24 ;i
122 22 2.5
E) 2003 20 3
o] 18 =& &
3 L6 = 12 5 2.0
- J4 - 14
12 12 L5
-0.16 -0.16 M -
L0 1.0
N 0.8 3 N 0.8 1.0
43 S <5 S
) Tof O’u 158 0.16 g
(@) 1, 4 of 1.5 MW DFIG (b) 1, of 3 MW DFIG (€)1, . of 5 MW DFIG
Fig. 7 Peak current at crowbar switching-off
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is inadequate for damping the inrush current. And with
resistance increasing, the fluctuations are reduced. Whereas
it is particularly notable that I, .4 ascends again when R, is
extra large. Therefore the adequate resistance needs to
damp the inrush current effectively and to avoid I, .
increasing again. It can be seen from Fig. 7 that the min-
imum of /, . appears when R, is roughly 0.4 p.u. for 1.5
MW, 0.4-0.5 p.u. for 3 MW. And for the 5 MW DFIG, I,
reduces fastest, while the minimum value is not obvious.

3.3.3 DC-link peak voltage

The DC-link peak voltage Ugemax 18 illustrated in Fig. 8.
Uiemax 1s extra large when T, <0. Considering the rela-
tively small capacity of the converters, this high voltage
could definitely incur damage. Thus, the crowbar is sup-
posed to be deactivated after voltage recovery from the
perspective of Uge max.

Another notable phenomenon is that the increase of
resistance curbed the fluctuation of Uye max among different
switching schemes. Distinct from peak current and reactive
power, there are more irregular fluctuations of the DC link

decrease to some extent with the increasing resistance.
Nevertheless, the extra large values of R, also lead to peak
voltage rising. Hence R, has both an upper bound and
lower bound, and should be considered together with other
indicators.

As is shown in Fig. 8, the optimal resistance values are
respectively 0.5 p.u. for 1.5 MW, 0.6 p.u. for 3 MW, and
0.4 p.u. for 5 MW. Although the various rated powers of
the DFIGs have different optimal values, the changing
trends among these ratings of generators are similar.
Comparing the optimal solutions according to the indica-
tors for peak current and DC-link voltage in Fig. 7 and
Fig. 8, the optimal combinations of switching schemes and
resistance values of I, .y and Uy max are compatible for the
ratings of 1.5 MW and 3 MW, while they are mismatched
for the 5 MW system.

3.3.4 Maximum reactive power consumption
The maximum reactive power consumption Qg 1S

shown in Fig. 9. When the crowbar is activated, DFIG
operates as a SCIG that consumes reactive power. In order

peak voltage when R, is small. And these fluctuations  to investigate the authentic influence on reactive
22 28 32
26 3.0
2.0 .
- = 249 T NG 9
) 18 2 22 27 y ' / 26
3 5 20 % \\\ i ' 24
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Fig. 8 Peak DC-link peak voltage
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Fig. 9 Reactive power consumption
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consumption, no reactive compensation method is utilized
during simulations. Thus the value of Q,, is related
directly to the effect of the switching scheme and crowbar
resistance.

According to Fig. 9, early switching-off schemes pro-
duce less reactive consumption. And without reactive
compensation, switching-off after recovery enlarges the
reactive consumption. Q. becomes larger when the
resistance value is low, and vice versa. This indicator
supports the combination of early switching-off schemes
and high resistance values of the crowbar. And the regu-
larity is similar in the aspect of different ratings.

3.4 Discussion

The coordination effects are analyzed by statistically
sampled indicators. The coupling effects on specific indi-
cators are diverse. While for each individual indicator, the
fluctuation trends among different ratings of the DFIGs are
similar. Thus the global optimal coordination needs com-
prehensive consideration of all indicators. The indicators of
peak current (/. 5. and I, ,¢) show that the combination of
premature switching-off schemes and small crowbar
resistance values are not practical due to the high inrush
current. The indicator of the DC-link voltage (Ugc max) puts
both upper and lower limits on resistance values, and
indicates that dangerous high voltage can be caused by
premature switching off schemes, and the indicator for
reactive consumption (Q.s,) supports the combination of
the switch off crowbar before recovery and high resistance
values. The differences of optimal combinations for each
indicator are listed in Table 1.

The global optimal coordinate combinations can be
obtained with all these indicators taken into consideration.
Based on the different priorities of these indicators, the
global optimal combinations are not unique. For example,
if the safety of the DC-link is the priority, the performances
of premature switching-off and higher resistance values are
contradictive with the requirements. Thus a trade-off
should be considered. Due to the priority of the DC-link
voltage, postponed switching-off and resistance under the

Table 1 Difference of optimal combinations for each indicator

DC-link limitation are adopted in coordination. And the
requirements for reactive power could be satisfied by other
reactive compensations. Thereby the indicators of reactive
power could compromise with the other indicators for
global optimal coordination.

To demonstrate the performance of the global optimal
combination of switching-off schemes and crowbar

O 1 1 1 1 “ !
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (s)
(a) Rotor current

DC-link voltage (p.u.)

1 1 1

2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time (s)

(b) DC-link peak voltage

1 1 1 |

1.1 L L L L
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time (s)
(¢) Reactive power

— — Combination 1; ---- Combination 2; — Combination optimum

Fig. 10 LVRT performance of different combinations

Indicator Switching scheme Resistance limit

I yise Switching-off after recovery No upper limit

Lo Avoid switching-off at recovery Optimal range (1.5 MW: 0.4 p.u.; 3 MW: 0.4-0.5 p.u.; 5 MW: not obvious)
Ulge max Switching-off after recovery Optimal range (1.5 MW: 0.5 p.u.; 3 MW: 0.6 p.u.; 5 MW: 0.4 p.u.)

Ocsm Switching-off before recovery No upper limit
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resistance, the comparisons among the proposed global
optimal combinations and other common combinations are
implemented based on the 1.5 MW DFIG under a 80%
voltage dip during 0.4 to 0.6 s, and the related switching-
off schemes and resistance selection methods can be found
in [8, 9, 11, 17]: ® combination 1, T,y = 0.5 s, Ry = 0.72
p.u.; @ combination 2, T,y =15 s, Ry =0.30 pu; ®
combination optimum, T, = 0.1 s, R = 0.50 p.u.. Fig-
ure 10 illustrates the LVRT performance of these
combinations.

In Fig. 10a, it can be seen that combination 1 curbs the
rotor inrush current most effectively on the grid fault
occurrence and recovery, while combination 2 leads to the
highest inrush current. On the other hand, combination 2
induces the minimum fluctuation after the crowbar
switching-off while combination 1 leads to the maximum
fluctuation. And the performance of the combination
optimum is between them.

The comparison of the DC-link voltage is shown in
Fig. 10b. It is notable that combination 1 generates the
most violent DC-link voltage fluctuation, and the maxi-
mum voltage exceeds the safety limit. Hence combination
1 may be impractical from the perspective of DC-link
voltage safety. And combination 2 leads to a quite steady
voltage during the grid fault and after the crowbar
switching-off, while the voltage fluctuates during the
crowbar operation after the voltage recovery. The combi-
nation optimum obtains the best performance from the
voltage recovery to crowbar switching-off, and the fluctu-
ation of voltage after switching-off is also acceptable.

The reactive power consumption is shown in Fig. 10c.
Combination 1 consumes minimum reactive power, and
combination 2 consumes the maximum. The reactive
power consumption of the combination optimum is
between them.

Based on the above comparisons, combination 1 con-
sumes minimum reactive power and damps the current
most effectively, but generates the highest current fluctu-
ation after switching-off and fails to reduce the DC-link
over voltage. Combination 2 shows better performance in
DC-link voltage but consumes the maximum reactive

Table A1 Parameters of DFIGs

power and the inrush current damping is insufficient.
Although the combination optimum does not obtain the
best performance in any single aspect, it obtains accept-
able performance in all of these aspects due to its better
coordination of switching schemes and resistance values,
therefore its performances are the global optimal.

4 Conclusion

This paper investigates the coordination effects of dif-
ferent crowbar switching schemes and resistance values.
The principles for resistance selection and the schemes for
crowbar switching are discussed. A statistical sampling
method for simulation data with different resistance values
and various switching schemes is introduced. The results
demonstrate that their coordination effects have critical
influence on rotor peak current, DC-link voltage and
reactive power. And the optimal coordination will be dif-
ferent according to specific requirements. Hence a com-
promise has to be made based on their priorities. The
global optimal combination could be finally obtained with
all requirements taken into consideration.
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Appendix A

Parameters of DFIGs are shown in Table Al.

No. Pnum (MW) Vm)m (V) RS (Pu) Rr (Pu) Lls (PU) Llr (Pu) Lm (Pu)
1 1.5 690 0.0084 0.0083 0.167 0.1323 5.419
3.0 690 0.0070 0.0050 0.070 0.1700 3.300
5.0 690 0.0030 0.0040 0.125 0.0100 2.500
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