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ABSTRACT The terminal-connected series dynamic braking resistor (SDBR) is applied to assist the low-
voltage ride-through (LVRT) of the doubly-fed induction generator (DFIG). With the fault current and
switch-in of the SDBR, the stator voltage oscillates, thus the constant stator voltage drop assumption is invalid
and the effect of the converter current control is weakened with the changing voltage-oriented reference
frame. In this paper, the xy frame of the point of common coupling is applied to the converter control to avoid
oscillation of the reference frame. The analytical expression of fault current with the SDBR and constant
converter current control is derived. To evaluate the LVRT effect, the analytical analysis of the LVRT transient
is carried out. The resistance of the SDBR is optimized based on an index combining the capabilities of the
DFIG to provide the active power support and damp the electromagnetic torque oscillation. The uncertainties
of the fault scenario are considered in the optimization algorithm by applying the probabilistic method.
Simulation results show that the improved LVRT effect of the DFIG is realized with optimization to the
SDBR resistance and its switch-in criterion.

INDEX TERMS Doubly-fed induction generator, low-voltage ride-through, series dynamic braking resistor,
constant current control, analytical fault current expression, fault uncertainties, probabilistic evaluation.

I. INTRODUCTION

With the integration of wind power generation, the stability
issues of wind power system have attracted much attention
and are extensively studied in the existing literatures [1]-[3].
A major concern for the wind turbine generator is low-voltage
ride-through (LVRT) capability [4], which is included in the
requirements of the grid codes for the wind power integration.
The series dynamic braking resistor (SDBR) may be applied
as the hardware protection scheme to assist the LVRT of the
doubly-fed induction generator (DFIG) [5]-[7]. The advan-
tages of the SDBR include low cost and easy implementation.
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To assist the LVRT of the DFIG, the SDBR may be placed
at different locations, e.g., at the stator side, at the rotor side,
or at the generator terminal. The SDBR helps to reduce the
electromagnetic torque oscillation of the DFIG during LVRT,
but its overall capability to assist the LVRT is affected by its
position. In [8]—-[11] and [12], the SDBR is separately placed
at the stator side and the rotor side of the DFIG as the passive
LVRT compensator. Its effect to suppress the rotor current is
analyzed through analytical analysis of the LVRT transient
in [13]. Ref [14] compares the LVRT effects between SDBR
at the stator side and at the rotor side, and concludes that the
stator-side SDBR has advantages in the aspects of increasing
the stator voltage, reducing DC component of the transient
stator flux, and improve damping to electromagnetic torque
oscillation. The comprehensive research on the LVRT effect
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of the SDBR with the different implementation positions is
carried out in [15], which draws the following conclusion
that, for the SDBR placed at the terminal, not only the stator
voltage is increased, voltage of the grid-side converter (GSC)
is also raised. This helps to enhance the capability of the
GSC to output power during the LVRT. The increased active
power output helps to maintain the power balance between
the rotor-side converter (RSC) and the GSC for the DC-link
voltage control. While the increased reactive power output
helps to support the grid voltage. Related research reveals
that, placing the SDBR at the generator terminal is the most
effective method to assist the LVRT of the DFIG. Although
this scheme has seen wide application, improvement in the
following three aspects is still needed to further enhance its
capability to assist the LVRT, which are motivations of the
research in this paper.

(i) Coordination between SDBR and converter control in
aspects of vector control reference frame and reactive current
injection capability

With the SDBR to damp the electromagnetic oscillation of
the DFIG and limit the peak fault current during the LVRT,
the current control by the converter may be retained. To assist
LVRT of the DFIG, control strategies of the converters are
developed with the SDBR placed at the stator side [8] and
at the rotor side [12], which are referred to as active LVRT
schemes. Coordination between the SDBR and the converter
control is required to enhance the LVRT effect. In [16],
to avoid slow response during the LVRT, the outer-loop power
control of the converter is replaced by the constant current
control to achieve fast transition to desired operation status
of the DFIG. The current control of the converter needs to be
adjusted with the switch-in of the SDBR. Rahimi et al in [§]
consider the increased stator resistance by the SDBR when
determining the current reference of the RSC. Given that the
resistance of the SDBR is fixed, its capability to compensate
for the stator voltage drop during the LVRT relies on flexible
adjustment to the current reference of converter. The above
research shows that it is necessary to coordinate the SDBR
and the converter control during the LVRT.

What has not been considered in the coordination between
the SDBR and the converter control is the reference
frame of the converter control with the switched-in SDBR.
When the voltage drop occurs at the terminal, SDBR switches
in for the LVRT. With the oscillating fault current flowing
through the SDBR, phase angle difference between the ter-
minal voltage and the stator voltage oscillates. Normally,
the vector control of the converter current is realized in the
dq reference frame with the stator voltage vector aligned
to the direct axis. With oscillating phase angle difference
between the dq reference frame and the xy reference frame
(corresponding to voltage at the point of common coupling
(PCC)), the constant current control of the converter in
dq reference frame is transformed into oscillating current in
xy reference frame, indicating that the effect of the constant
current control is weakened when it comes to controlling the
fault current injected to the grid during the LVRT.
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As for existing studies on the terminal-placed SDBR, such
as [17], its impact on the reference frame of converter control
has not yet been analyzed. To realize effective control over
the converter current, a modified vector control scheme for
the converter needs to be established.

The SDBR scheme lacks the capability to inject reactive
current to the grid during the LVRT which is required by the
grid codes, as pointed out in [18]. Additional equipment such
as the STATCOM is applied to enhance the reactive current
support capability in [19]. However, this increases the system
cost due to the extra investment. The preferred solution is to
fully utilize the reactive power capacity of the converters to
inject the required reactive current. The existing studies have
tried to separately use the RSC [20] and the GSC [21] for the
reactive current support. These schemes are likely to cause
violations to current constraints of the converters under deep
voltage dips, as the required reactive current is proportional to
the voltage drop depth. It helps to enhance the reactive current
support capability of the DFIG by coordinating the RSC and
the GSC to jointly output the reactive current when the SDBR
switches in. The desirable LVRT effect may be ensured by
determining the current references based on pre-evaluation of
their LVRT effects instead of directly assigning them accord-
ing to the grid code as [22] does.

(i1) Analytical LVRT analysis of the DFIG with terminal-
connected SDBR

For the evaluation of the LVRT effect, analytical analysis
is needed to quantify the parameters of the DFIG during
the LVRT. In the existing studies, analytical analysis is carried
out by prescribing the fixed voltage drop to the terminal of
the DFIG, which is normally approximated to voltage drop
at the stator side. For example, Ref [23] solves the analytical
fault current expression of the DFIG by directly prescribing
the stator voltage drop.

However, with the terminal-connected SDBR in operation,
the stator voltage varies both in magnitude and phase angle
as the oscillating fault current flowing through it during
the LVRT. With terminal-connected SDBR, existing analyti-
cal LVRT analysis needs to be updated, as traditional methods
solve the fault current expression with fixed voltage drop of
the stator. While in this case, fault current is not only affected
by the stator voltage, fault current oscillation also has reverse
impact on the stator voltage. Since the fault current flowing
through SDBR includes both the stator and the GSC current,
the GSC current also needs to be included in the fault current
model, which adds difficulty to the analytical LVRT analysis.

(iii) Optimization of SDBR resistance to improve overall
LVRT effect with uncertain fault scenarios

With the fixed resistance of the SDBR, its value needs
to be carefully chosen to guarantee the desirable LVRT
effect. The existing studies mainly focus on the opera-
tional security of the DFIG, i.e., the feasible range of the
SDBR resistance are decided based on safety constraints of
the DFIG. Soliman et al determine the feasible range of the
SDBR resistance at the stator side considering the voltage
constraints of the stator and the RSC in [11]. Similar research
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is done with the SDBR at the rotor side with the constraints
of the rotor current and RSC voltage considered, as referred
in [13]. They both adopt fault current expression derived
based on prescribed voltage drop at the stator side. Thus, they
may not be applied to the changing stator voltage with the
terminal-connected SDBR.

The existing analytical analysis is mainly applied to check
security constraints instead of quantifying the LVRT effect.
When selecting the SDBR resistance for the improved LVRT
effect, Refs [10] and [24] compare time-domain simulation
results to obtain the optimal SDBR resistance. This method
lacks the quantitive index to evaluate LVRT effect, making it
difficult to formulate the optimization model. Besides, time-
domain simulation requires more calculations compared with
the analytical analysis, making it the less efficient method to
optimize the SDBR resistance.

To further select the SDBR resistance within its feasible
range for the optimal LVRT effect, optimization model based
on analytical LVRT analysis needs to be established so as to
determine optimal SDBR resistance with clear optimization
target, i.e., the comprehensive index to quantify the overall
LVRT effect. This index is not supposed to solely focus on
one single aspect of the LVRT performance. For example,
if this index only quantifies capability of the SDBR to sup-
press the fault current oscillation, then the optimization model
of the SDBR yields high resistance value to enhance damp-
ing to electromagnetic oscillations. However, with the high
SDBR resistance applied to the DFIG terminal, the feasible
range of the output current is reduced considering the stator
voltage constraint, which limits the capability of the DFIG to
provide frequency and voltage support to the integrated grid
during the LVRT. Thus, the comprehensive index of the LVRT
is needed for the optimization model.

Another thing that is ignored in the selection of the SDBR
resistance is the uncertainty of the fault scenarios. The fixed
SDBR resistance provides varied LVRT performances under
different fault scenarios. For example, when the large SDBR
resistance that may compensate for the deep voltage drops
is applied to minor voltage drops, the active and reactive
output current of the DFIG is limited due to stator voltage
constraint. The comparison of the LVRT effects with the
SDBR under different fault scenarios has been made in the
existing works, with the DFIG [25], the squirrel cage induc-
tion generator [26], and the permanent magnet synchronous
generator [27] respectively. Still, the method to determine a
compromised SDBR resistance value with satisfactory LVRT
effect both under deep voltage drops and minor voltage drops
has not yet been studied. To optimize the SDBR resistance
considering varied fault scenarios, the uncertainty of the fault
scenarios needs to be considered when evaluating the LVRT
effect of the SDBR. In [28], the uncertainty of the fault
scenario is described based on the probability distribution.
To improve the overall LVRT effect under different fault
scenarios, the method to determine the SDBR resistance that
achieves the probabilistic optimal LVRT effect needs to be
developed.
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In this paper, the terminal-connected SDBR is applied for
the LVRT of the DFIG. Impact of the SDBR on the converter
control is considered. The xy frame of the PCC is adopted to
avoid oscillation of the reference frame. The analytical fault
current expression of the DFIG with the SDBR is derived.
An index combining the capabilities of supporting the active
power and damping the electromagnetic torque oscillation is
adopted to evaluate the LVRT effect of the DFIG, based on
which optimal SDBR resistance under given fault condition
is determined. The influence of the uncertainties of the fault
scenario, e.g., the wind speed, voltage drop depth, and fault
duration on the selection of the SDBR resistance is analyzed.
Based on the probability distribution of the fault uncertainties
and corresponding LVRT effects, expectation of the LVRT
effect index is calculated to evaluate the overall LVRT effect,
which is applied to optimize both the SDBR resistance and
the switch-in criterion for the optimal overall LVRT effect.
The influence of the switch-in criterion of the SDBR and the
corresponding LVRT effect are discussed. Numerical results
validate the accuracy of the analytical LVRT analysis and the
effectiveness of the proposed SDBR scheme to improve the
LVRT effect of the DFIG.

This paper is organized as follows. Section II analyses the
LVRT transient of the DFIG with terminal-connected SDBR
using the analytical method. The impact of the SDBR on the
converter control is analyzed and the new reference frame is
adopted for the converter control. The voltages of the RSC
and GSC are quantified. In Section III, optimization model to
SDBR resistance for the optimal LVRT effect is established
based on the analytical analysis carried out in Section II.
The uncertainties of fault scenarios are considered to deter-
mine the SDBR resistance. The effectiveness and accuracy
of the proposed model are validated by numerical results in
Section IV. The yielded conclusions are given in Section V.

1. ANALYTICAL ANALYSIS ON LVRT TRANSIENT OF DFIG
WITH TERMINAL-CONNECTED SDBR
A. ANALYTICAL EXPRESSION OF DFIG FAULT CURRENT
The configuration of the DFIG with the terminal-connected
SDBR is shown in Fig. 1, where V, I, R and Z are the voltage,
current, resistance and impedance, respectively. Subscripts s,
1, g, ST denote stator, RSC, GSC, and step-up transformer,
respectively. The SDBR is bypassed during normal operation.
Once the voltage drop at the PCC is detected, the SDBR is
switched in to raise the terminal voltage of the DFIG, damp
the electromagnetic torque oscillation, and avoid over speed
of the rotor caused by the decreased active power output.
The DC-chopper circuit is applied to avoid the overvoltage of
DC bus caused by power imbalance between RSC and GSC.
Under motor convention, flux and voltage equations of the
DFIG in the synchronous reference frame are given by (1).

Vs =R+ joo¥s + pys
V. =R, + jswo¥, + p¥,
¥=Lds+ Lnl;
'ﬁr = Lrlr +LmIs

ey
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FIGURE 1. Configuration of DFIG with terminal-connected SDBR.

where L is the inductance, L, is the mutual inductance, wy is
the synchronous speed, p is the differential operator, ¥ is the
flux, s is the slip.

After the switch-in of the SDBR, the voltage equation of
the PCC is written as,

Vice = Vs + (Is —I5) (Rst + Rsper + jooLst)  (2)

By combining (1) and (2), a 1% order differential equation of
the stator flux is obtained, as given by,

Rs + Rst + Rsppr + jwoLst .
p'/’s"f_( : I + Jwo ws
S
L1

= Vpcc + <Ig+ = r>
L
LR,

x (Rst + Rsppr + jwoLst) + I, 3)

S

The analytical expression of the stator flux is derived by solv-
ing the differential equation (3). During the LVRT, the dual-
loop PI control of the RSC is replaced by direct inner-loop
current control to realize fast response during the LVRT.
Thus, it is assumed that the RSC and GSC current quickly
reaches the reference. In this case, the converter current is
approximated to its reference value to solve (3). The derived
expression of the stator flux (4) indicates that it follows the
exponential decay. The detailed parameters are given in (5).

o=+ (¥ -yl )
Zst = Rst + jooLst
w;ni — < g}éc _ Rsllsm _ (Ilgm _Ijgni> ZST) /JCUO

. . f
ini ref  Lml ;e
oVpeet (I ¢ T Ts

) (Zst+Rsppr)+1pRs et o)

v =

T = Rs+RSIiBR+ZST + jwo
S

Rs+RspBRHZST | :
Ls +jwo

where o is the voltage drop depth of PCC, 7 is the damping
time constant, and superscript ini denotes initial state value,
oo denotes steady state value.
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Based on the stator flux expression, the stator current and
the total fault current of the DFIG are obtained, as given by,

'/’s B Lmliet

Ly (6)
Iy =I,+1I¢

I, =

where It is the total fault current of the DFIG.

B. MODIFICATION TO REFERENCE FRAME OF CONVERTER
CONTROL

Equation (3) needs to be solved within the same reference
frame. Normally, the vector control of the converter current
is realized in the dq frame with stator voltage aligned to the
direct axis, i.e., d-axis. Meanwhile, PCC voltage is aligned to
the x-axis of the xy frame adopted by the integrated power
system. Thus, analytical calculation involves the coordinate
transformation between the dq frame and the xy frame.

In Fig. 2, relationship between the PCC voltage vec-
tor and the stator voltage vector is illustrated to show the
phase angle difference between the two reference frames.
Equations (4)-(6) reveal that the stator current follows expo-
nential decay as the stator flux does. It is shown in Fig. 2 that,
as the stator current rotates from (Y™ — L,I™0/Lg to
(P& — Lnl ief) /Ls, at angular speed (Lst/Ls + 1)wy in anti-
clockwise direction, the phase angle difference between dq
frame and xy frame varies before the stator current reaches
the steady state.

q-axis (¢ +At)

y-axis
q-axis (¢)
. 40
d-axis (t) _Ib(t)(Zsr + RSDBR )
V. (t+At) - WL, (0)(Zg + Ropr )
X-axis
‘ L (4 AL (Zg + Ry ) Voce
d-axis (z+ Atr)
_R+Rpme
(i -17)e - -
1,() 17 -1
7Mﬂ(l+m) ---------- !
(I:m 715)3 L -
I(t+An)

FIGURE 2. Variation of phase angle difference between dq frame and xy
frame during stator current oscillation.

At this stage, controlled constant currents of the converters
in the dq frame will be transformed into oscillating currents
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in the xy frame, leading to the oscillation of the steady-state
stator flux and the prolonged stabilization process. To solve
the problem, the current control to the converter is realized in
the xy frame instead of the traditional dq frame.

C. ANALYTICAL ANALYSIS ON CONTROL INPUT AND
EFFECT OF CURRENT CONTROL BY CONVERTERS

During the LVRT, the outer-loop power control of converters
is abandoned due to its slow response. To provide the desired
power output of the stator and GSC, corresponding current
references are decided by solving the equation set (7), which
are then applied to the direct inner-loop current control.

12 = (¥ - Ll ) /1,
VS =oVite + (Ifgef - 130) (Zst + Rsppr)
P = e[V (1] o
%
=i [V (1))
ref 00 ref
P = Re [Vs (Ig ) ]
ref oo (yref\*
o =n[v 1)
where P and Q are active and reactive power, and superscript
* denotes conjugate.

Through derivation based on (1), voltage equations of the
RSC and the GSC are rewritten as (8) and (9) respectively.

Vi = R + Lpl; + jswoL[I;
—j— (=98 wo (LsIs + Lindy) + — (Vs — R )
L L
3
dlg .
Vg = Rglg + LgE +_]CL)()LgIg + Vs (9)

The PI control is applied to adjust voltages of the RSC and
the GSC to output the desired converter current. The control
equations of the RSC and the GSC are given by (10) and (11)
respectively. The stator flux oscillation yielded by voltage
drop is added as the feed-forward compensation term in the
RSC control to prevent its impact on the rotor current [29].

Vi = kyr (Iﬁef - Ir> + ki / (Iﬁef - Ir>dt + jswoL

L
_JL_ (1 =) wo (LI s + Lind )
s

Lm
+— (Vs - Rsls)
L

+ijLgIg +Vq

(10)

(1D

where L] = L, — ern /Ls, kpr, kir, kpg and kiz denote propor-
tional coefficients and integral coefficients of the RSC and
GSC. Superscript ref denotes the reference value.
The converter control is analyzed in the aspects of control
input and effect, i.e., voltage and current of RSC and GSC.
The control equations of the RSC and GSC are separately
combined with their voltage equations to solve the converter
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current. By combining (8) and (10), the 21 order differential
equation of the RSC current is obtained, as given by,

&1 (Re+kp) wodl, ki ! kird .
AR 7 Kpr) @0 Al L= %

ref
12
dr? L dt L LT (12)

Solving (12), the RSC current is given by,

I, =TI 4 cie' + cpe™ (13)
Coefficients ry, 12, ¢ and ¢, are given by,
Rtk e
b2 = 2L
2
:|:l (Rr + kpr) wo _ 4kira)(2)
2 L] L]
= I — o (I — 1) (14)
.o n—n
o pI;m -r (Ilrm _ I;ef)
rp —ri

pI™ = wokoy (I?f _ Iir“i) /L

Combining (9) and (11), the 21 order differential equation
of the GSC current is given by,

) >
Ply  (Re+hkpe) oo dly | kigy  Kigtf o
+ Se oy Se%y Tt (5
dr? Ly dr Ly L, ¢

Solving (15), the GSC current is given by,

I, = If;f + c3e"3 4 cqe’™ (16)
Coefficients r3, r4, c3 and c4 are given by,
rig = — (Rg + kpg) wo
- 2L,
2 2
. (Rg + kpg) wo | P
2 Ly Ly
L pllgm -1 (I:gm _ Irgef) (17)
T r3 —r4
ini ini ref
o pI™ — 13 (Ig I )
T ry —r3
ply" = wokpg (I g1 :gm) /Lg

As can be seen from (13), (14), (16), (17), the dynamics of
the RSC and GSC currents are decided by their initial states,
current references, and PI control coefficients. Based on the
analytical current expression, the parameters of the PI control
can be selected to realize fast stabilization of the RSC and
GSC current while avoiding overvoltage of converters caused
by rapid change of the converter current.

Based on the analytical expressions of the stator, RSC and
GSC current, their voltage can be separately calculated with
the voltage equations, i.e., (2), (8) and (10) respectively.
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lIl. OPTIMIZATION TO SDBR RESISTANCE UNDER
UNCERTAIN FAULT SCENARIOS
A. OPTIMIZATION TARGET FOR SDBR
To select the SDBR resistance within its feasible range
for the optimal LVRT effect, LVRT effect index with the
SDBR is established combining the following two aspects:

(i) Capability to provide active power support

During the LVRT, SDBR may increase the stator voltage
and avoid over speed of the rotor caused by the limited active
power output of the stator. However, the SDBR absorbs most
of the increased active power, thus it does not contribute to
the active power support to the integrated grid. Instead, the
larger SDBR resistance poses the stricter limit on the active
current due to constraints of the stator voltage and the active
power. The active power support capability of the DFIG is
weakened.

The active power support capability is quantified by the
difference of the active power output at the PCC during the
LVRT compared with pre-fault operational state, as given by,

1t
AP = /0 Re [Vitke (1 1]
—Re [oViie (I — 1) dt (18)
where tr denotes the fault duration.
(ii) Capability to damp electromagnetic torque oscillation
Once the SDBR is switched in, the electromagnetic torque
of the DFIG will oscillate to a new steady state. The quick
transition process is preferred to reduce the shaft oscillation
and realize quick recovery from the fault. The real part of the
damping coefficient 7 in (5) increases with the larger SDBR
resistance, i.e., the electromagnetic torque oscillation is better

damped. Intensity of the electromagnetic torque oscillation is
quantified by,

1
ATem =/f|LmIm (II7) — LnIm [I° (I2°)"]| dt (19)
0

where Tey, denotes the electromagnetic torque of the DFIG.

Since the increased SDBR resistance reduces the active
power support capability of the DFIG and improves damping
to the electromagnetic torque oscillation at the same time,
a weighted sum of the indices in (18) and (19) is proposed
to evaluate the LVRT effect with the SDBR,

A =WIAP+ W ATen (20)

where A is the LVRT effect index, Wi and W, are the weight
coefficients.

B. OPTIMIZATION MODEL FOR COORDINATED SDBR
OPERATION AND CONVERTER CONTROL
For the SDBR resistance, ensuring the security of the DFIG
during the LVRT process is the primary requirement, i.e., the
current and voltage constraints of the stator, the RSC and
the GSC.

To support the grid voltage, the reactive current injec-
tion [30] during the LVRT is a common requirement pre-
scribed by grid codes [31]. The required reactive current
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injection by the German grid code is given by,

Im (I°) — Im (15;) >2(1 —o0) Q1)

As stated before, to achieve the optimal LVRT effect with
the SDBR, coordination with the converter control is needed.
With the given SDBR resistance and fault scenario, current
references of the converter control are selected based on the
LVRT effect index, and then applied to the RSC and GSC
control as the SDBR switches in. The selection of the current
reference is formulated as (22), where the security constraints
and reactive current injection requirement is added.

. f f
min A (I§e Ay )
st [Vl < VI [V,| < VX |V,| < vmex

|IS| S Isrnaxv |II'| S Irrnax9 ‘Ig| S Iénax

Im (I2°) — Im (1;0) >2(1—0) (22)

where superscript max denotes maximum allowable value.

The coordinated SDBR operation and converter control is
illustrated in Fig. 3. When the SDBR switches in under the
fault condition, the coordinated converter control is realized
by assigning the current references that achieves the optimal
LVRT effect. where Vi, is the threshold voltage to trigger
SDBR protection.

VPCC
Comparator
Vi

VPCC = Vth >
Vi pCC < Vth 4

1 Normal operation, SDBR OFF
SDBR ON

0 Fault condition,

Outer-loop power 1 I
control of RSC r
s
(. T—

Current references of t

coordinated converter RSCcontrol ¥y ———— "

control obtained from GSC control

Eq. (22
9. (22) 0 Vol N

g + $

PI

Outer-loop power i
control of GSC -
Ll V¥

FIGURE 3. Coordinated SDBR operation and converter control.

C. SELECTION OF SDBR RESISTANCE AND SWITCH-IN
CRITERION CONSIDERING FAULT UNCERTAINTIES

The LVRT effect of the DFIG varies under the different fault
conditions with the same SDBR resistance. In this section,
the uncertainties of the fault conditions are considered when
optimizing the resistance of the SDBR.

(1) Impact of fault condition uncertainties on selection of
SDBR resistance

As for the LVRT of the DFIG, the wind speed, the voltage
drop depth, and the fault duration, are the mainly concerned
fault conditions.

Under the low wind speeds, the maximum active power
output of the DFIG is limited. In this case, the smaller SDBR
resistance is preferred to reduce its active power consumption
and improve the active power support capability of the DFIG.
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For the deep voltage drops, the larger SDBR resistance can
accelerate the damping of electromagnetic torque oscillation
and better compensate for the stator voltage drop. The active
power output deficiency of the DFIG is proportional to the
fault duration while the index of the electromagnetic torque
oscillation no longer varies with the fault duration once the
torque reaches the steady state. The smaller SDBR resistance
is preferred in the case of long fault durations for the better
active power support capability of the DFIG.

(i1) Probabilistic modeling of fault condition uncertainties

The joint probability distribution including the wind speed,
the voltage drop depth and the fault duration is given by [28],

Pr(v,o-’ff) = PrUPr((,,tf) (23)

where Pr denotes the probability distribution, v is the wind
speed.

Assuming the probability distribution contains m discrete
wind speed values, n discrete voltage drop depth values
and / discrete fault duration values, the expectation of the
LVRT effect index is given by,

m n [
EA =) 2 Pruopi(veo.g) @4

x=1y=1 z=1

where E denotes the expectation value.

Combining the probability distribution of fault conditions
and the corresponding LVRT effect indices, overall LVRT
effect of the DFIG is characterized by the expectation of the
LVRT effect index.

(iii) Probabilistic optimal resistance and switch-in criterion
of SDBR considering fault condition uncertainties

Normally the SDBR is switched in once the PCC voltage
drops below 0.9 p.u. Given that the LVRT effect of the DFIG
with the SDBR is influenced by the voltage drop depth, and
the smaller SDBR resistance is preferred for minor voltage
drops, it is difficult to select the SDBR resistance value that
both has the desirable LVRT effect for the minor and deep
voltage drops. However, with the properly reduced switch-in
criterion for the SDBR, the larger SDBR resistance may be
selected to deal with the deep voltage drops while the SDBR
is not activated with minor voltage drops to avoid limitations
on the active current output. Under the premise of adhering
to the security constraints, modified switch-in criterion Vi,
is selected together with the SDBR resistance, and the value
with the minimum expectation of the LVRT effect index is
selected to achieve the optimal overall LVRT effect with all
enumerated fault conditions.

Flow chart of the procedure to obtain optimal resistance
value and switch-in criterion of the SDBR is given by Fig. 4.

IV. NUMERICAL ANALYSIS

Parameters of the test system shown in Fig. 1 are as fol-
lows. The air density is 1.225 kg/m® and the radius of
wind turbine is 32.13 m. The C, function is given by [32].
To evaluate the LVRT effect with simulation analysis, the
DFIG is modelled based on the parameters from [33].
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End

FIGURE 4. Flow chart of procedure to obtain optimal resistance value and
switch-in criterion of SDBR.

Rated output and voltage of the DFIG are 1.5 MW and 690 V.
Ls=3.07 p.u., L,=3.056 p.u., L,=2.9 p.u., R=0.00706 p.u.,
R:=0.005 p.u., R;=0.02 p.u., Ly=0.1 p.u., Rs7=0.02 p.u.,
Lst=0.08 p.u., kpr=1, kir=0.1, kpg=1, kig=0.1.

To optimize the SDBR resistance, the weight coefficients
of the evaluation index are set as W1 =1/2, Wp=1/2. During
the LVRT, the active power output of the DFIG is not allowed
to exceed 1.5 times the initial value to avoid rapid decrease of
the rotor speed. Current and voltage constraints of the stator,
RSC and GSC are |I|<2 p.u., |V§|<1.05 p.u., |I;|<1.6 p.u.,
[Vi|<1.15 p.u,, 14| <0.5 p.u., |V|<1.15 p.u. [34], [35].

A. IMPROVED LVRT EFFECTS WITH MODIFIED REFERENCE
FRAME FOR CONVERTER CONTROL

In this section, the improved LVRT effect with the modified
reference frame for converter control is verified. Parameters
of the LVRT scenario are as follows. The wind speed is
v=10 m/s. The PCC voltage drops from 1 p.u. to 0.4 p.u.
at r=0.05 s with the duration #/=0.3 s. The SDBR resistance is
Rsper = 0.1 p.u. The desired power output of the stator and
the GSC are 0.6+j0.2 p.u. and 0.05+;j0.25 p.u. respectively.
Based on (7), corresponding current references of the RSC
and GSC are I;*'=1.07-j0.57 p.u. and I§'=0.08-j0.42 p.u.
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FIGURE 5. Comparison of LVRT effects with different control strategies of
converters. (a) stator current. (b) stator active power. (c) electromagnetic
torque.

To verify the improved control effect with modification to the
reference frame, comparison of the LVRT effects is shown
in Fig. 5.

Strategy 1: Apply SDBR & the dual-loop converter control
with outer power loop.

Strategy 2: Apply direct converter current control only.

Strategy 3: Apply SDBR & direct converter current control
in the traditional dq frame.

Strategy 4: Apply SDBR & direct converter current control
in the xy frame of the PCC.

With strategy 1, due to the slow response of outer power
loop, it takes much more time for the active power of the stator
to reach its reference (seen from Fig. 5b). This shows that the
direct converter current control helps to regulate the output
power of the converter with the higher efficiency. As seen
from Figs. 5a and 5c, improvement to the LVRT effect by the
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SDBR is shown by the reduced oscillation of the stator current
and the electromagnetic torque (strategy 3 vs strategy 2).
To achieve the optimal LVRT effect with the combination
of the converter current control and the SDBR, comparison
between strategy 3 and strategy 4 shows that, by applying the
xy frame of the PCC to converter control as a substitution of
the traditional dq frame, the effect of the converter control is
improved by avoiding the oscillation of the reference frame
(seen from Fig. 5a), and electromagnetic torque oscillation is
suppressed at the same time (seen from Fig. 5c).

B. VALIDATION TO ANALYTICAL EXPRESSION OF FAULT
CURRENT

In this section, the accuracy of the analytical analysis on the
LVRT transient is verified by comparing to the time-domain
simulation results. Parameters of the LVRT scenario are as
follows. The wind speed is =10 m/s. The PCC voltage drops
from 1 p.u. to O p.u. at r=0.05 s with the duration #=0.3 s.
The current references of the converter control are the same as
those in Section A. The SDBR resistance is Rspgr = 0.1 p.u.
The comparison of the stator current, the RSC voltage and the
electromagnetic torque between the analytical expression and
the dynamic simulation is shown in Fig. 6.

The lines in Fig. 6 denoted as “analytical expression” are
results obtained by directly calculating with the analytical
expressions. As for the dynamic simulations, they rely on the
numerical solution algorithms to simulate the LVRT transient
by solving the differential and algebra equations of the DFIG
model, e.g., the flux and voltage equation of DFIG (1). The
analytical model and dynamic simulation are two different
ways to evaluate the LVRT effect, thus accurate analytical
expressions are supposed to be consistent with the dynamic
simulation results. When deriving the analytical expressions,
some assumptions are made, e.g., fast response of converter
current control. The comparison in Fig. 6 is made to verify
the accuracy of the derived analytical expressions.

The analytical expressions accord well with the dynamic
simulation results, showing that the analytical expressions are
capable to quantify the LVRT transient with the satisfactory
accuracy. Thus, it can be used to formulate the optimization
model to coordinate the converter control with the SDBR and
select the optimal SDBR resistance value based on quantitive
index of LVRT performance.

Fig. 6 also shows that, with the combination of the SDBR
and the direct converter current control, the stator current and
the RSC voltage of the DFIG are limited within the region of
the security constraints. Thus, the adopted scheme is capable
to meet the zero-voltage ride-through requirement by most of
the grid codes.

Although both the derived analytical expressions and the
dynamic simulation may be applied to evaluate the LVRT
effect, the former shows some advantages over the latter in
the optimization to the SDBR resistance. With the analytical
expressions, how the SDBR affects the LVRT transient of the
DFIG is quantified, e.g., in (5), the improved damping to the
stator flux oscillation is revealed by the term Rsppr/Lgs in
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FIGURE 6. Comparison between analytical expression and dynamic
simulation. (a) stator current. (b) RSC voltage. (c) electromagnetic torque.

the damping time constant t. Also, optimization to the SDBR
resistance involves calculation of the LVRT evaluation index.
The calculation burden is reduced with the derived analytical
expressions, as the numerical solution algorithm adopted by
the dynamic simulation normally requires multiple iterations
to solve the operation condition of the DFIG in each time
interval of the simulation step. With the reduced calculation
burden, less time is required for the program to obtain the
optimization results. In Table 1, the time consumption of the
analytical expression and the dynamic simulation to analyze
single LVRT scenario is compared. Programs are run on the
platform of MATLAB R2018b with the i5-7300HQ CPU,
2.5 GHz, 8 GB RAM PC. Improved calculation efficiency
with the analytical expression is revealed by the comparison
results shown in Table 1.

C. COORDINATION BETWEEN SDBR AND CURRENT
CONTROL OF CONVERTERS

The performance of the SDBR to assist the LVRT is affected
by the simultaneously applied converter control. To optimize
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TABLE 1. Time consumption of single LVRT scenario analysis.

Analytical expression Dynamic simulation

Time consumption of single

LVRT scenario analysis 0.0372's

0.2074 s

the SDBR resistance based on its LVRT effect, coordination
with the converter control needs to be considered in advance.
When optimizing the SDBR resistance, the current references
of the RSC and GSC for each feasible SDBR resistance are
firstly selected to guarantee that the optimal LVRT effect, i.e.,
minimum LVRT effect index A in (22), is achieved for each
feasible SDBR resistance with coordinated converter control.
Then the different SDBR resistances are compared to select
the optimal value with the superior LVRT effect.

With PCC voltage dropping to 0.4 p.u. from 0.05 s to
0.35 s, I*'=1.05+j0.61 p.u. and Irgef=0.42+j0.27 p.u. are
selected for Rsppr=0.1 p.u. The electromagnetic torque
of the DFIG and the active current of the PCC dur-
ing the fault with different converter control schemes are
compared in Fig. 7. Current references for scheme 1 are
I¥'=0.85+j0.41 p.u. and I¥'=0.17 +j0.47 p.u. Scheme 2
adopts the selected current references. And the current
references for scheme 3 are I?fz 1.254j0.81 p.u. and
I¥'=0.15+j0.2 p.u.

With the selected current reference (scheme 2), the slighter
electromagnetic torque oscillation is observed compared with
scheme 3 (Fig. 7a) and the maximum active current output is
realized among the three schemes (Fig. 7b), showing that the
selected current reference achieves the optimal LVRT effect
as it is selected based on the minimum LVRT effect index.
It shows that even the same SDBR resistance provides varied
LVRT effects with different current references of converter
control. By selecting the current references of the RSC and
GSC in the first place, the optimal LVRT effect of the SDBR
is achieved by coordination with the converter current control.

D. IMPACT OF WIND SPEED ON LVRT EFFECT WITH
COORDINATED SDBR AND CONVERTER CONTROL

As for the LVRT, the wind speed affects the initial operation
state of the DFIG. Under the maximum power point track-
ing (MPPT) mode, the rotor speed of the DFIG transits from
sub-synchronous speed to super-synchronous speed as the
wind speed rises. In this section, the optimal LVRT effects
of the DFIG that rotates respectively at the sub-synchronous
speed and the super-synchronous speed are compared and
analyzed. The following two scenarios are adopted:

Scenario 1: The wind speed is 7.3 m/s, the rotor speed of
the DFIG is 0.85 p.u. (sub-synchronous speed)

Scenario 2: The wind speed is 9.8 m/s, the rotor speed of
the DFIG is 1.15 p.u. (super-synchronous speed)

The PCC voltage drops from 1 p.u. to 0.6 p.u. at t=0.05 s
with the duration #=0.3 s. The SDBR resistance is Rspgr =
0.05 p.u. The current references of the converter control are
coordinated with the SDBR for the optimal LVRT effect.
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FIGURE 7. Comparison of LVRT effect with different current references.
(a) electromagnetic torque. (b) active current of PCC.

Comparison of electromagnetic torque, active and reactive
current output of DFIG, and active power output of the GSC
under scenario 1 and scenario 2 is shown in Fig. 8.

Under both scenarios, desirable LVRT effect is achieved
with the SDBR and coordinated converter control. As seen
from Fig. 8a, the required reactive current injection
(0.8 p.u. under 40% voltage drop) is provided to the inte-
grated grid by converter control. With the high wind speed
(scenario 2), the capability of the DFIG to provide active
power support is less constrained by the active power output
limit, thus the larger active current is injected to the grid
(seen from Fig. 8b). The increased active power output is
accompanied by oscillation of the electromagnetic torque
with the larger amplitude (seen from Fig. 8c).

Another difference in the operation of the DFIG between
the sub-synchronous speed and the super-synchronous speed
is the direction of the active power output of the GSC.
When the DFIG rotates at the sub-synchronous speed at the
initial of the LVRT, active power of the GSC transits from
flowing to the DC bus to flowing to grid the during LVRT
process. As seen from Fig. 8d, the larger variation of the GSC
active power is observed with the sub-synchronous speed
(scenario 1), which puts more stress on the protection of
the DC bus as voltage deviation occurs with the imbalanced
active power between the RSC and the GSC.

E. IMPACT OF DIFFERENT FAULT SCENARIOS ON
OPTIMIZATION OF SDBR RESISTANCE

The LVRT effect of the DFIG with the SDBR is affected by
the fault conditions, e.g., the wind speed, the voltage drop
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FIGURE 8. Comparison of LVRT effects under different wind speeds.
(a) reactive current output of DFIG. (b) active current output of DFIG.
(c) electromagnetic torque. (d) Active power output of GSC.

depth and the fault duration, which influence the selection of
the SDBR resistance. The PCC voltage dropping to 0.2 p.u.
for 0.2 s with the wind speed v=10 m/s is selected as the base
case for the comparison of LVRT effects under different fault
conditions. In Fig. 9, the minimum active power deficiency
index AP and electromagnetic torque oscillation index AT
with the SDBR under different fault conditions are compared.

With the increasing SDBR resistance, the minimum active
power deficiency will increase remarkably once the SDBR
resistance is large enough to trigger constraints of the stator
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FIGURE 9. Comparison of LVRT effects under different fault conditions.
(a) minimum active power deficiency. (b) minimum electromagnetic
torque oscillation.

voltage and active power output, and consequently limit the
output active current (Fig. 9a). This effect is relieved under
higher wind speeds due to the larger active power constraints.
Also, under the deeper voltage drops, with the smaller stator
voltage, the critical SDBR resistance that triggers the stator
voltage constraint is larger. Since the active power deficiency
is proportional to the fault duration, this index goes up as the
fault duration increases. To sum up, under fault conditions
with low wind speeds, minor voltage drops, and long fault
durations, the small SDBR resistance is preferred to improve
the active power support capability of the DFIG.

Meanwhile, minimum electromagnetic torque oscillation
reduces as the SDBR resistance increases, only with different
marginal effects as shown in Fig. 9b. The improved damping
to the electromagnetic torque oscillation is most significant in
the cases of large voltage drop depth, since the stator voltage
drop is the primary cause of the electromagnetic oscillation,
and the SDBR helps to accelerate its damping. Besides, in all
cases, marginal effect of the SDBR in oscillation damping
become less remarkable as resistance value increases.

The minimum electromagnetic torque oscillation index and
the minimum active power deficiency index separately quan-
tifies the positive and negative effects of the increased SDBR
resistance on the LVRT of the DFIG. The weighted sum of
the indices as given by (20) is adopted to find the SDBR
resistance with the optimal LVRT effect on the whole. The
LVRT effect index under different fault conditions is shown
in Fig. 10.

VOLUME 10, 2022

01 T T T T T T
5 Optimal SDBR with
fault duration * Optimal SDBR with
0 wind speed 1
2 0.1 .
2
N
E 5[ Base Case ‘_.___.___
Optima] SDBR with voltage drop depth, |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Rspgr (p-u.)
FIGURE 10. LVRT effect index under different fault conditions.
TABLE 2. Probability distribution of wind speed.
v 7 8 9 10 11 12 13
Pr, 0.13 0.14 0.15 0.18 0.15 0.13 0.12

As can be seen from Fig. 10, for the higher wind speeds,
output current of the DFIG is less constrained by the SDBR
resistance with the better active power output capability, thus
the larger SDBR resistance is selected to improve damping of
the electromagnetic torque oscillation. For the minor voltage
drops, as the SDBR resistance increases, the marginal effect
of suppressing the electromagnetic oscillation becomes less
remarkable. Meanwhile, the maximum active current output
is reduced due to the stator voltage constraint, thus a smaller
SDBR resistance is preferred to improve the active power
support capability. The minimum active power deficiency is
approximately proportional to the fault duration while the
electromagnetic torque oscillation is no longer affected by
the fault duration once the DFIG reaches the steady state,
thus for the longer fault durations, a smaller SDBR resistance
is selected to improve the active power support capability.
To optimize the SDBR resistance, the influence of different
fault scenarios on the LVRT performance needs to be eval-
uated. The selected SDBR resistance should be capable to
achieve the optimal overall LVRT effect when considering
multiple fault scenarios.

F. OPTIMIZATION TO SDBR RESISTANCE AND SWITCH-IN
CRITERION WITH VARIOUS FAULT SCENARIOS

In this section, the SDBR resistance is optimized considering
the uncertainties of the fault scenarios, which are described
with the probability distribution. The probability distribution
of the wind speed, voltage drop depth and fault duration are
given in Table 2 and Table 3 respectively.

Based on the probability distribution of the fault condi-
tions, expectation of the LVRT effect index with different
switch-in criterions of the SDBR is shown in Fig. 11.

As seen from Fig. 11, for the traditional switch-in criterion
of the SDBR (Vi = 0.9 p.u.), the 0.09 p.u. SDBR resistance
achieves optimal overall LVRT effect for both the low wind
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TABLE 3. Joint probability distribution of voltage drop depth and fault
duration.
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FIGURE 11. Expectation of LVRT effect index with different switch-in
criterions of SDBR.

speed, minor voltage drop, long fault duration cases where
the smaller SDBR resistance is preferred, and the high wind
speed, deep voltage drop, short fault duration cases where the
larger SDBR resistance is preferred.

The switch-in criterion is selected together with the SDBR
resistance to achieve the optimal LVRT effect, i.e., minimum
expectation of the LVRT effect index. With the modified
voltage criterion (Vi = 0.65 p.u.), a larger SDBR resistance
(0.11 p.u.) is selected to improve damping of electromagnetic
torque oscillation under the deep voltage drops. While the
SDBR is not switched in under minor voltage drops where
the SDBR resistance might limit the active power support
capability of the DFIG. It can be seen from Fig. 11 that the
modified switch-in criterion achieves superior overall LVRT
effect compared with the traditional scheme.

V. CONCLUSION
With the terminal-connected SDBR to assist the LVRT of the
DFIG, the converter current control in the xy frame of the
PCC is applied and coordinated with the SDBR to improve
the LVRT effect. By deriving the analytical expression of the
LVRT transient, a quantitive index to describe LVRT effect
is established, which considers both the active power support
capability of the DFIG and damping to the electromagnetic
torque oscillation. Based on the probability distribution of the
fault conditions, expectation of the LVRT index is adopted to
optimize the SDBR resistance and the switch-in criterion for
the optimal overall LVRT effect.

Some conclusions are yielded:

(1) Applying the converter current control in the xy frame
of the PCC helps to avoid oscillation of the reference frame
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resulted from the changing phase angle of the stator voltage,
and the improved LVRT effect is realized compared with the
converter current control in the traditional dq frame.

(i1) The derived analytical model of the LVRT process has
the desirable accuracy compared with dynamic simulations,
which can be used to formulate optimization model to select
the SDBR resistance value with the optimal LVRT effect.

(iii) For the fault conditions with low wind speeds, minor
voltage drops and long fault durations, smaller resistance of
the SDBR is preferred to improve the active power output
capability of the DFIG during the LVRT.

(iv) For the fault conditions with high wind speeds, deep
voltage drops and short fault durations, larger resistance of
the SDBR is preferred to better compensate for the stator
voltage drop and improve damping to electromagnetic torque
oscillation.

(v) With the reduced switch-in criterion, the larger SDBR
resistance is selected to suppress the electromagnetic torque
oscillation under the deep voltage drops, while the SDBR is
not switched in for the minor voltage drops where the SDBR
resistance might limit the active power support capability of
the DFIG. The reduced switch-in criterion may improve the
overall LVRT effect of the DFIG compared with traditional
scheme.
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