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Abstract

Given the "carbon neutralization and carbon peak” policy, enhancing the low voltage ride-through (LVRT) capability
of wind farms has become a current demand to ensure the safe and stable operation of power systems in the context
of a possible severe threat of large-scale disconnection caused by wind farms. Currently, research on the LVRT of wind
farms mainly focuses on suppressing rotor current and providing reactive current support, while the impact of active
current output on LVRT performance has not been thoroughly discussed. This paper studies and reveals the relation-
ship between the limit of reactive current output and the depth of voltage drop during LVRT for doubly-fed induction
generator (DFIG) based wind farms. Specifically, the reactive current output limit of the grid-side converter is inde-
pendent of the depth of voltage drop, and its limit is the maximum current allowed by the converter, while the reac-
tive current output limit of the DFIG stator is a linear function of the depth of voltage drop. An optimized scheme

for allocating reactive current among the STATCOM, DFIG stator, and grid-side converter is proposed. The scheme
maximizes the output of active current while satisfying the standard requirements for reactive current output. Com-
pared to traditional schemes, the proposed LVRT optimization strategy can output more active power during the LVRT
period, effectively suppressing the rate of rotor speed increase, and improving the LVRT performance and fault recov-
ery capability of wind farms. Simulation results verify the effectiveness of the proposed scheme.

Keywords Doubly-fed induction generator (DFIG), Low voltage ride-through (LVRT), Transient characteristics,
Reactive current output capacity, Maximum active power

1 Introduction

According to the data from the International Energy
Agency, the total consumption of fossil fuels and renew-
able energy has been increasing over the past 10 years.
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However, renewable energy has experienced more sig-
nificant development and growth. Because of the increas-
ing concerns of countries on energy shortages, ecological
environmental pollution, and climate change, the devel-
opment of renewable energy is expected to further
accelerate in the future, while the consumption of fossil
fuels will tend to stabilize or even decrease [1]. Among
renewable energies, wind power has received significant
attention and development. According to the Statistical
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Bulletin of National Economic and Social Development
of the People’s Republic of China, the installed capacity of
wind power in China has increased from 60.83 to 328.48
GW in the past 10 years, and its proportion of installed
capacity for power generation has increased from 5.31
to 13.81%. In 2020, China officially proposed the strate-
gic goal of “carbon peak by 2030 and carbon neutrality by
2060 It is expected that wind power technology in China
will continue to be developed, and the proportion of
wind power installed capacity will be further increased,
making wind energy an important component of China’s
energy industry.

There are two main types of wind turbines: those
based on doubly-fed induction generators (DFIG) and
those using permanent magnet synchronous generators
(PMSG). The converter capacity of a DFIG is only 30-35%
of the rated generator capacity, which has low cost and
power loss, so it is widely used in onshore wind farms [2—
5]. However, the stator of a DFIG is directly connected
to the power grid and when the external power grid fails,
the stator flux will generate a large transient compo-
nent, causing severe overvoltage and overcurrent on the
rotor side of the DFIG [6-8]. If no protective measures
are taken, the converter could be damaged [9], directly
affecting the safety and stable operation of the power sys-
tem [10]. Therefore, the latest GB/T 19963.1-2021 stand-
ard in China requires that wind farms should have low
voltage ride-through (LVRT) capability, i.e., during the
voltage drop period, wind turbines can maintain continu-
ous operation without disconnection from the grid for a
period of time, and at the same time inject reactive cur-
rent into the grid to support voltage recovery [11-14].

DFIG-based wind turbines are generally equipped with
crowbar protection circuits to achieve LVRT. In tradi-
tional schemes, the crowbar protection device will be put
into operation when the voltage at the point of common
coupling (PCC) drops, and then be removed after the
fault is cleared. This approach ensures that the electrical
quantities of the wind turbine system remain within lim-
its to achieve fault ride-through. However, the converter
cannot effectively control the DFIG during the activation
of the crowbar protection. Consequently, the DFIG oper-
ates asynchronously and absorbs a significant amount of
reactive power from the grid, which further exacerbates
the voltage drop [15-17]. Considering the deficiency of
the traditional crowbar protection scheme in reactive
power compensation, a lot of research on DFIG LVRT
methods has been carried out and many achievements
obtained. Reference [18] relies on the expression of rotor
current after the insertion of the crowbar to propose a
dynamic crowbar resistance adjustment method to effec-
tively suppress rotor overcurrent and reduce the crow-
bar protection activation time. In [19], a new crowbar
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protection structure, consisting of a resistor and a capaci-
tor in series, is proposed to reduce the reactive power
absorbed by the DFIG from the grid during the crowbar
insertion period. At the same time, reactive power sup-
port is provided by the grid-side converter (GSC), meet-
ing the reactive power demand in scenarios where the
voltage drop is small. In [20], through time-domain anal-
ysis, the electrical characteristics of DFIG rotor current
and voltage under symmetrical faults are revealed, and it
points out that rotor current can be reduced by increas-
ing the DC voltage of the converter, increasing the tran-
sient rotor-side inductance, and reducing the induced
electromotive force. By introducing a virtual resistance in
the rotor-side converter (RSC) control loop in [21], the
equivalent rotor-side resistance is increased, the decay of
stator magnetic flux is accelerated, and the rotor current
is effectively suppressed. This expands the uninterrupted
operational region of the DFIG. In [22], during sym-
metrical faults in the grid, the RSC is used to simulate
inductance to limit the rotor voltage and current within
the allowable range of the RSC, ensuring the controlla-
bility of the system during transient processes. By using
virtual capacitance compensation to suppress the free
oscillation of the stator magnetic flux and the rotor cur-
rent in [23], the LVRT capability of the DFIG wind farm
is improved, whereas reference [24] proposes a scheme
to switch off and restart the RSC after 40 ms of crowbar
protection activation, and to control the stator to provide
reactive current support to the grid by switching the RSC
current loop reference value. However, the paper does
not consider the reactive power output capability of the
DFIG, and it remains to be verified whether the RSC can
meet the demand in scenarios with large voltage drops.
In [25], the reactive power output capability of the DFIG
stator and the GSC is analyzed, and a scheme is proposed
to prioritize the injection of reactive power into the grid
from the stator. This scheme provides a feasible method
for injecting reactive power, but whether it is the opti-
mal allocation scheme requires further exploration. In
[26, 27], reactive power is injected into the grid during
external grid faults by using a static synchronous com-
pensator (STATCOM) and static var compensator (SVC),
to increase the DFIG terminal voltage and improve the
LVRT capability of the wind farm. This scheme does not
use the reactive power output capability of the wind tur-
bines and requires a large capacity from reactive power
compensation devices. The dynamic voltage restorer
(DVR) is connected in series between the wind farm and
the grid in [28] to compensate for the voltage drop at the
DFIG stator during faults and eliminate the impact of
voltage drop on the PCC of the wind farm. While based
on the principle of DVR, reference [29] proposes a series-
coupled compensation device to reduce the degree of
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voltage drop in the wind farm and improve the LVRT
capability. However, this scheme requires additional
equipment and has higher costs. The studies in [18-23]
effectively suppress the rotor-side current, protect the
wind turbine converter, and achieve the control objective
of keeping the wind turbine connected to the grid dur-
ing the LVRT period. Although they reduce the reactive
power absorbed from the grid to a certain extent, they
still cannot meet the goal of reactive current support.
Studies in [24-29] which are related to reactive power
compensation during the LVRT period of wind farms
mainly focus on relying solely on either the wind tur-
bine or a reactive compensation device to provide reac-
tive power support, while they lack coordination of the
reactive power output between the DFIG stator, GSC and
reactive compensation device.

While the existing research mainly focuses on the reac-
tive power support of wind farms during grid faults,
the impact of active current output on the LVRT per-
formance has not received sufficient attention. GB/T
19963.1-2021 only specifies the reactive current output
of wind turbines during LVRT without providing require-
ments or guidelines for active power output during this
period. In fact, wind turbines entering LVRT control can
easily lose a large amount of active power output, which
may cause significant active power deficit in power sys-
tems with low inertia, leading to decrease in system fre-
quency. In severe cases, it may trigger the operation of
low-frequency load shedding devices or even lead to the
collapse of the system frequency. Therefore, it is of great
significance to fully use wind farms’ regulation ability
to reduce the active power shortage during LVRT and
enhance the wind turbines’ frequency support capability
for the safe and stable operation of the grid. Additionally,
the mechanical power input of the wind turbine can be
approximated as constant during LVRT, while the elec-
tromagnetic power output of the DFIG decreases, result-
ing in power imbalance and increase in rotor speed. If the
DFIG can output more active power during grid faults,
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it can slow down the increase in rotor speed and effec-
tively increase the recovery rate of active power output
after voltage recovery. Overall, maximizing the output
of active current during LVRT in wind farms is a more
favorable operating mode.

This paper first analyzes the transient characteristics of
the DFIG rotor under symmetrical faults, and then dis-
cusses the detailed relationship between the reactive cur-
rent output limit of the DFIG stator and the GSC, and the
depth of voltage drop. From this, a comprehensive LVRT
optimization control strategy is proposed, one which
considers the reactive and active power output of wind
farm, depending on whether STATCOM is installed in
the wind farm. Finally, the effectiveness of the proposed
strategy is demonstrated through simulations on the
PSCAD/EMTDC platform.

2 Characteristics of DFIG rotor side fault

under symmetric failure
2.1 DFIG structure and control strategies
The DFIG-based wind turbine system includes a wind
turbine, a DFIG, a grid-side converter, and a rotor-side
converter. The crowbar protection circuit is installed on
the AC side of the RSC, and the DC side is equipped with
a chopper protection circuit to prevent overvoltage. Most
wind farms are equipped with reactive power compen-
sation devices such as STATCOM to enhance the LVRT
capability. A typical DFIG wind turbine structure used in
this study is shown in Fig. 1:

Figure 2 presents the control block diagram of the
DFIG wind turbine converter. The control strategy of the
GSC and RSC under normal operating conditions adopts
the commonly used vector control strategy [30, 31].
The d-axis control objective of the GSC is the DC volt-
age (Uy.), and the q-axis control objective is the reactive
power (Qg) of the GSC. The d-axis control objective of
the RSC is the stator active power (P,), whose reference
value is obtained from maximum wind energy tracking,
while the g-axis control objective is the stator output
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Fig. 1 Structure diagram of DFIG wind turbine system
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Fig. 2 Control block diagram of the DFIG wind turbine converters
reactive power (Q,). During LVRT, the control system dar L d¥”
i i _ U, = RrIr + GLrir + — 2 (2)
switches the current inner loop reference values accord r r dt L, dt

ing to requirements, which will be discussed and ana-
lyzed in Sect. 3.3.

2.2 DFIG mathematical model in rotor coordinate system
In the rotor rotating coordinate system, the vector form
mathematical model of a DFIG can be expressed as [32]:

d r
Ul =R+ % +jord]
v’
Ul =RI + dtr (1)

V= LI, + Lil!
Vi =Ll + Ll

where U and I represent the voltage and current vectors,
and R and L represent the resistance and inductance,
respectively. y represents the flux vector, w, repre-
sents the rotor speed, and L, represents the excitation
inductance.

By substituting the flux equation in (1) into the rotor
voltage equation, the rotor voltage vector can be obtained
as:

where o is the magnetic leakage coefficient.

From (2), an equivalent circuit of DFIG rotor side can
be obtained, as shown in Fig. 3.

The rotor electromotive force in Fig. 3 consists of
two parts, i.e., one is the voltage drop generated by the
rotor current in the equivalent impedance, correspond-
ing to the first term in (2), and the other is the induced

Rr O'Lr IV
| S -
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2

@w;%%wg RSC !

Fig. 3 Equivalent circuit at the rotor side of DFIG
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electromotive force E, generated by the stator flux on the
rotor side, corresponding to the second term in (2).

2.3 Transient characteristics of the rotor

under symmetrical fault
Assuming a three-phase symmetrical fault occurs in the
grid at =0, and that the voltage drop depth at the PCC
of the wind farm is /, there are [33]:

. U @s—)ty < 0
(1 — U@t >0

3)

S

where U is the grid voltage modulus during normal
operation, and w, is the synchronous speed.

In accordance with the principle of flux continuity, the
stator flux remains unchanged immediately before and
after the voltage drop. The stator flux will transition from
the pre-fault steady state to a new steady state after the
fault, and this transition process can be described by [34]:

Ay’ R
dts =U - fs¢g (4)
S

From (4), the expression of stator flux can be obtained
for t>0, i.e.

_ AUt s (1o

JWs JWs

L

(5)

where 7,=L/R,, 7, is the stator time constant.

Substituting (5) into (2), it can be seen that the induced
electromotive force generated by the stator flux at the
rotor side after voltage drop is:

B — Lfm s — U@t _ (i +jwr) %e—(l/rsﬂwr)t
)
(6)

s Ts s

where s represents slip rate as s= (0w, — »,)/ ;.

Generally, L, is much larger than R, resulting in a large
value of 7,. Therefore, the term 1/7, in (6) can be ignored,
and the maximum induced electromotive force (E,,,) on
the rotor side due to the stator flux can be expressed as:

Lm
|Ermax| ~ T(|S|(1 - h)us + (1 - S)hus) (7)

The slip rate s is generally within+0.3 during normal
operation of the DFIG. Figure 4 shows the maximum
induced electromotive force (E,,,,) with different lev-
els of voltage drop. As shown, SPWM represents the
maximum output voltage of the RSC under SPWM
modulation, i.e. U4./2, whereas SVPWM represents the
maximum output voltage of the RSC under SVPWM

modulation, which is Uy /sqrt(3).
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Fig. 4 Induced electromotive force at rotor side

When the DFIG operates normally (2=0), the induced
electromotive force on the rotor side only contains a
steady-state component, which is small and can be effec-
tively controlled by the RSC. However, when the voltage
drop depth is large, the free component of the stator flux
will induce a large electromotive force on the rotor side.
Because of the limitation of the DC voltage, the output
voltage of the RSC is insufficient to offset the induced
electromotive force. In addition, the small rotor resist-
ance and magnetic leakage coefficient will cause over-
current at the rotor side when the voltage drop depth is
large.

3 Low voltage ride-through method for a DFIG
wind farm
3.1 LVRT performance requirements of the wind turbine
According to China’s latest national standard GB/T
19963.1-2021 “Technical Regulations for Wind Farm
Access to Power System Part 1: Onshore Wind Power”,
wind turbines should meet various requirements during
the LVRT period.

GB/T 19963.1-2021 requires wind turbines to oper-
ate continuously without disconnection when the volt-
age at the PCC of the wind farm is in Area A, while the
wind turbines are allowed to disconnect when the volt-
age at the PCC of the wind farm is in Area B, as shown
in Fig. 5. At the same time, the wind farm should have
dynamic reactive power support capability during the
LVRT period, and the injected dynamic reactive current
increment (AIq) should meet:

Al =K x (0.9 — Upec) % IN, (0.2 < Upee < 0.9)

(8)

where K is the reactive compensation coefficient

(L.5<K<3), U, is the per unit value of the PCC, and Iy
is the rated current of the wind farm.

The current standard does not further limit the

value of K. In fact, different wind farms have differ-

ent reactive current output capacities. For wind farms
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Fig. 5 Requirements for LVRT of Wind Farms

equipped with STATCOM or other reactive compen-
sation devices, the reactive compensation capacity is
high, and the reactive compensation coefficient K can
be increased according to the output reactive current
capacity of the STATCOM and the wind turbines. In
contrast, wind farms without a reactive compensation
device can only rely on the wind turbines so the reac-
tive power compensation capability is weak. Thus, the
reactive power compensation coefficient K is relatively
small.

3.2 Analysis of reactive power support capacity of a DFIG
during the LVRT period

The reactive current output capability of the DFIG sys-

tem comes from two aspects, i.e., the GSC and the DFIG

stator. The reactive current output limits of these two

parts are analyzed below.

(1) Reactive current output capacity of the GSC.

If the maximum allowable current amplitude of the
GSC is Iy, the grid voltage amplitude is U during nor-
mal operation, the voltage drop depth during fault is 4,
the active power output of the GSC during fault is P,, and
the reactive power output is Q,. The power constraint

during the fault is:
P2+ Q2 < (1 = I Uslgmax)® ©)

The relationship between the active power of the GSC
and the total output power of the DFIG (Ppg) is shown
as [35]:

—s
1-—s

P, =

Pprig (10)

From (9) and (10), when the total output active power
of the DFIG is 0, the output reactive power of the GSC is
the highest, and thus there are:
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ngax =1-h uslgmax
ngax

_ (11)
-,

igqmax =

It can be seen that the reactive current output limit (igq,
max) Of the GSC is related to the allowed maximum current
(Igmax) passing through the converter. Generally, the slip
rate s of the DFIG system is between —0.3 and 0.3, while
the converter capacity is generally designed according to
the maximum slip rate s,,,,. Thus, L, is usually 0.3 pu,
and therefore, the maximum reactive current output ;
of the GSC is 0.3 pu.

‘ggmax

(2) DFIG stator reactive current output capacity.

DFIG control strategies mostly adopt vector control tech-
nology. For the grid voltage of U/, during normal operation,
in the grid voltage vector control mode, when the voltage
drop depth is 4, the relationship between the output power
of the DFIG stator and the AC side current of the RSC can
be shown as [19]:

3L
Py = (1 — h)Using
2L (12)
3Us(1 — h) )
Qs = _25.(,075[45 (us(l —h)+ wsLmqu)

where P, is the stator output active power, Q, is the stator
output reactive power, i, is the d-axis component of the
rotor current, and i, is the g-axis component of the rotor
current.

From (12), the power constraint equation of the DFIG
stator can be obtained under the constraint of the RSC cur-
rent /,

rmax*

2LP; 2 2LsQs
I. =
r ¢&%%u—m>+<%mubwf*

Il‘ S Irmax

ma—m>2

wsLm

(13)
The relationship between the output active power of the
DFIG stator and the total output power of the DFIG is [35]:

P,
PS= DFIG
1—s

(14)

Thus, when the total active power output (Ppgg) of the
DFIG is O, the stator can output the maximum reactive
power, so the limit of the reactive current output of the
stator is:

Lin (1 — U
7Irmax - =

Lg Lgws (15)

lsgmax =
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Fig. 6 Reactive current output capacity of DFIG stator
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Fig. 7 DFIG reactive power compensation area

As can be seen from (15), the DFIQG stator output reac-
tive current capacity is related to the allowable maximum
current /..., flowing through the RSC and the voltage
drop depth 4. Taking the DFIG parameters in the appen-
dix into (15), under the limit of I, =1.2pu, the rela-
tionship between the maximum reactive current output
capacity of stator and voltage drop depth / is obtained, as
shown in Fig. 6.

As shown in Fig. 6, the DFIG stator output reactive
current capacity is higher than the GSC (0.3 pu), and the
stator reactive current output capacity increases with
the rise of voltage drop depth 4. When the stator active
output is 0 and the voltage drop depth 7 is 0.8, the stator
reactive current output capacity is the highest at around
1.05 pu.

(3)Reactive current support and system reactive power
demand in wind farms.

According to the analysis in Sects. 3.2.1 and 3.2.2, when
the voltage drop depth / is 0.8 and the priority is given
to ensure the reactive output (i.e., the total active output
Pppig is 0), the DFIG output reactive current capacity
is the sum of the stator and GSC output reactive cur-
rent capacities, at around 1.35 pu. Thus, it can meet the
LVRT scenario with a small compensation coefficient K.
Figure 7 shows the amount of reactive current compen-
sation required by the system at different voltage drop
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depths /% when the reactive power compensation coef-
ficient K=1.5, 2, 2.5, 3, and the maximum total reactive
current [, that the DFIG can provide and the maximum
reactive current [, that the DFIG stator can provide at
different voltage drop depths 4.

It can be seen from Fig. 7 that when the reactive power
compensation coefficient K is small, the DFIG’s own reac-
tive power compensation capacity can meet the reactive
power compensation requirements for LVRT. However,
when both the reactive power compensation coefficient
K and the voltage drop depth / are large, the output reac-
tive current of the DFIG alone cannot meet the require-
ments of LVRT. At the same time, it can be seen from
Fig. 7 that when the voltage drop depth / is small, the
DFIG has a high margin to output active current because
of the small reactive current demand of the system.

As for wind farms without STATCOM, the reactive
current can only be supported by the DFIG, and the reac-
tive compensation capability is weak. It can only meet the
scenarios with a small reactive compensation coefficient,
so the reactive current compensation coefficient K can
be set to 1.5. For DFIG wind farms equipped with STAT-
COM, both STATCOM and the DFIG can provide reac-
tive current support. With reference to the STATCOM
capacity configured for the DFIG wind farm in [36], the
maximum reactive current output of the STATCOM
is set to 1 pu, so the reactive compensation capacity is
high, and the reactive compensation coefficient K can be
increased to 2 or higher to improve the LVRT capacity of
the wind farms.

3.3 The method of DFIG low voltage ride through
(1) The crowbar protection switching strategy.

From the analysis of rotor transient characteristics
in Sect. 2.2, when the voltage drop depth # is large, the
RSC cannot provide enough voltage to offset the rotor-
side induced electromotive force at the initial stage of
the fault. This will cause overcurrent at the rotor side.
To protect the converter from damage, it is necessary to
install a crowbar to protect the circuit. The structure of
the crowbar circuit is shown in Fig. 1. During the opera-
tion of crowbar protection, the DFIG is in an asynchro-
nous operational state, and the induced electromotive
force at the rotor side decays rapidly. When it decays to a
reasonable range, the crowbar circuit is disabled, and the
RSC restores the power control to the DFIG. Considering
whether the crowbar protection is in operation or not,
the LVRT process can be divided into two stages: crow-
bar protection input and reactive current support.

The short-time overcurrent capacity of power elec-
tronic devices is generally limited, e.g., twice the rated
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capacity [14, 18]. After considering a certain margin, the
crowbar protection scheme in this paper adopts a hys-
teresis strategy. When the rotor current is detected to
be greater than 1.7 pu, the crowbar is put into operation
and the RSC is locked. During crowbar operation, when
the rotor current becomes lower than 1.5 pu, the crow-
bar is disabled, and the converter resumes control of the
DFIG.

(1)Study on active and reactive power distribution
scheme of wind farms for the LVRT period.

From the previous analysis, wind farms should output
as much active current as possible while providing reac-
tive power support. For wind farms equipped with STAT-
COM, it is preferable to use the STATCOM to output
reactive current during the LVRT period. When the out-
put reactive current of the STATCOM does not meet the
demand, the DFIG is used to output the reactive current.
Therefore, the reactive current /, required for the DFIG
during the LVRT period is:

[ 0K(0.9 = Upec) < 1pu
7\ K(0.9 — Upee) — 1K (0.9 — Upee) > 1 pu

(16)
where U, is the per unit value of grid voltage at the PCC
during the LVRT period, and is given by U,,..= U (1 —h).

The reactive current of the wind farm without STAT-
COM can only be provided by the DFIG, so there is:
Iq = K (0.9 — Upcc) (17)
From (12) and (14), the total active power output Py
of the DFIG has the following relationship with the rotor
current i,y during the LVRT period:

3L .
Lm 1- S)Upcclrd

S

Pprig = (18)
It can be seen from (18) that the total active power out-
put of the DFIG (Ppp ) is maximized when the d-axis
current i 4 of the RSC reaches the maximum.
Under the constraint of rotor current I .., the rotor
dq-axes currents i .4 and i, have the constraint of:
2 402 2
lrd + qu = Ir max (19)
As can be seen from (19), to maximize the d-axis cur-
rent i of the RSC, the g-axis current modulus [i|
should be as small as possible to meet the requirements.
The reactive current of the DFIG during the LVRT
period is provided by both the GSC and the DFIG stator:

Iq = igq +isq (20)
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where i, and i,  are the reactive currents provided by the
GSC and the DFIG stator, respectively.

The relationship between DFIG stator output reac-
tive power Q, and stator reactive current iy, and rotor

g-axis current .4 is given as:

 BUpec

Q&= 2wsLg

. 3 .
(Upce + @sLimirg) = gupcclsq (21)
From (21), the relationship between i,  and i, can be
calculated as:

1 ,
- E (Upcc + a)sLmqu)

isq = (22)

From (22), only when the rotor g-axis current i,, is
less than 0 can the DFIG stator output reactive current
(isq is greater than 0), and the greater the rotor g-axis
current modulus |i,¢|, the greater the stator output reac-
tive current i,,. From (20) and (22), to make the current
modulus || of the rotor g-axis as small as possible, the
GSC should be used first to output reactive current, and
then the DFIG stator is used to output reactive current.

The control target of the GSC is the stability of the
DC side voltage. The d-axis reference value iy 1ygr Of
the current loop for the GSC during the LVRT period is
obtained from the voltage outer loop, and needs to be
guaranteed first, as:

igd_LVRT = igdref (23)

where iy, is the reference value of active current
obtained by the DC voltage loop of the GSC.

To ensure that the DFIG can output more active power,
the GSC should be preferentially used to output reactive
current during the LVRT period, and the q-axis current
reference value iy, |yrr can be set to:

. _ . 2 2
lgq_LVRT = min (, /IgmaX ~ gdrep IQ)

where I,,.. is the maximum current allowed to pass
through the GSC, and usually I, is 0.3 pu.

When the reactive current output capacity of the GSC
can meet the reactive current demand of the power sys-
tem, ie., sqrt(/2 gmax-i2 gdref) > Iy, only the GSC pro-
vides the reactive current and the DFIG stator does not
need to output reactive current (i.e., iy, =0). From (22),
the g-axis reference value i, ;g for the current loop of
the RSC should be set as follows:

(24)

Upcc

il (25)

irq LVRT = —

To ensure that the DFIG can output as much active
power as possible while satisfying the reactive power
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needs of the power system, the d-axis reference value
i,q Lvrr for the current loop of the RSC should be set as:

. . / 0 ,
Iyd_LVRT = Min ( Irzmax - quiLVRT’ lrdref)

where I, is the maximum current allowed to pass
through the RSC, and usually 1, is 1.2 pu. i . is the
active current reference value obtained by maximum
power tracking control.

When the reactive current output capacity of the GSC
cannot meet the reactive current demand of the power
system, i.e., sqrt(/2 gmax-i2 gdref) <Jy the DFIG stator
is also required to output reactive current. To prioritize
the reactive current output, from (22), the g-axis refer-
ence value i,; ;ygr for the current loop of the RSC should
be set to:

(26)

. - upcc L (IQ - igq_LVRT)
lrq LVRT = -

wsLm L

(27)

To meet the reactive power demand of the system, and
to ensure that the DFIG can output the maximum active
power, the d-axis reference value i,4 |ygr for the current
loop of the RSC is still given by (26).

Wind farms equipped with STATCOM can increase
the value of K to be higher than 2 to enhance the LVRT
capability. From (23-27), the reference value of the cur-
rent loop of the STATCOM, GSC, and RSC during the
LVRT period can be as given in Fig. 8.

Wind farms without STATCOM set the value of K to
1.5. From (23-27), the reference value of the current loop
of the GSC and RSC during the LVRT period is given by
the block diagram shown in Fig. 9.

When adopting the reactive current distribution strat-
egies shown in Figs. 8 and 9 during the LVRT period,
the DFIG wind farm has the ability to output more
active power while meeting the national standard GB/T
19963.1-2021 reactive current support. This slows down
the rising rate of rotor speed and improves the LVRT
operation capability of the wind farm.

4 Simulation analysis of the DFIG’s low voltage
ride through strategy

To verify the effectiveness of the LVRT scheme pro-
posed, a DFIG wind turbine model as shown in Fig. 1
is constructed on the PSCAD/EMTDC simulation
platform. The simulation parameters are detailed
in the Appendix. The reactive current compensa-
tion coefficient K for the wind farm equipped with
STATCOM is set to 2.5, while for the wind farm with-
out STATCOM it is set to 1.5. To better simulate the
actual operating conditions of the wind farms and to
satisfy the LVRT curve in Fig. 5, three fault scenarios
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are designed in this paper, and the proposed scheme
is compared with traditional crowbar protection
schemes in [11, 12].

Scenario 1 The wind farm is operating normally at
rated power when a fault occurs at 2 s, causing a volt-
age drop of depth 4 =0.3. The fault lasts for 1.608 s.

Scenario 2 The wind farm is operating normally at
rated power when a fault occurs at 2 s, causing a volt-
age drop of depth 4 =0.8. The fault lasts for 0.625 s.

Scenario 3 The wind farm is operating at 40% of the
rated power when a fault occurs at 2 s, causing a voltage
drop of depth 2=0.8. The fault lasts for 0.625 s.

Figure 10 shows the voltage at the PCC (U/,), the rotor
current magnitude (/;,,,,,), the total reactive current out-
put of the wind farm (/,), the total DFIG reactive power
output (Qppg), the total DFIG active power output
(Pppig)> and the slip rate s in Scenario 1.

From Fig. 10a, d, it can be seen that the grid voltage
drops to 0.7 pu when no LVRT measures are taken by the
wind farm. The traditional crowbar protection scheme
causes the DFIG to absorb a large amount of reactive
power for excitation, further reducing the grid voltage
to 0.605 pu. From Fig. 10e, f, it can be seen that the tra-
ditional crowbar protection scheme cannot effectively
control the output power of the DFIG through the RSC,
resulting in a decrease in the DFIG’s active power output.
At this time, the wind turbine’s input mechanical power
is greater than the output electromagnetic power, caus-
ing the DFIG rotor speed to increase and the slip rate to
decrease. For the proposed method, it can be seen from
Fig. 10b that the crowbar protection scheme does not
activate because the depth of voltage drop is small, and
the rotor-side current does not exceed the limit. In the
case of the wind farm without STATCOM, the DFIG sta-
tor and GSC jointly provide 0.262 pu reactive current, as
shown in Fig. 10d, of which 0.09 pu is provided by the
GSC and 0.172 pu is provided by the DFIG stator. With
the support of reactive current, the grid voltage increases
to 0.726 pu, as shown in Fig. 10a. The wind farm equipped
with STATCOM only relies on STATCOM to provide
0.41 pu reactive current, as shown in Fig. 10c, while the
DFIG no longer provides reactive power support. With
the support of reactive power from the STATCOM, the
grid voltage rises to 0.736 pu, as shown in Fig. 10a. From
Fig. 10e, f, it can be seen that the proposed method has
good LVRT capability when the depth of voltage drop is
small, and the DFIG can output active power to the grid
with only small changes in the wind turbine rotor speed
and slip rate.

Figure 11 shows the voltage at the PCC (U[), the rotor
current magnitude (/;,,,,,), the total reactive current out-
put of the wind farm (/,), the total DFIG reactive power
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Fig.10 Simulation results of LVRT for the wind farm in Scenario 1. a is the voltage at the PCC; b is the rotor current magnitude; ¢ is the total reactive
current output; d is the total DFIG reactive power; e is the total DFIG active power; f is the slip rate

output (Qppg), the total DFIG active power output
(Pppg), and the slip rate (s) in Scenario 2.

It can be seen from Fig. 11a that when the wind farm
does not take any LVRT measures, the DFIG rotor cur-
rent magnitude /,,,,, exceeds 2 pu when the voltage at
the PCC drops to 0.2 pu, as shown in Fig. 11b. This can
cause damage to the DFIG converter. For the traditional
crowbar protection scheme, Fig. 11d shows that the
DFIG absorbs a large amount of reactive power from the
system, causing the voltage at the PCC to drop further to
0.162 pu. Also, because of the voltage drop and the ina-
bility of the RSC to effectively control the DFIG output
power, the active power output of the DFIG is reduced.
For the proposed scheme, it can be seen from Fig. 11b
that when the crowbar circuit is switched in accordance
with the hysteresis strategy, the RSC current can be lim-
ited within 1.7 pu, and the converter can recover control
of DFIG within 50 ms. The wind farm without STAT-
COM relies on the reactive current of DFIG to provide
0.93 pu, as shown in Fig. 11c, where the DFIG stator pro-
vides 0.70-0.71 pu reactive current and the GSC provides
0.23~0.22 pu reactive current. With the support of the
reactive current, the voltage at the PCC is increased to
0.28 pu, as shown in Fig. 11a. The wind farm equipped
with STATCOM provides 1.44 pu reactive current jointly
from the DFIG and STATCOM, as shown in Fig. 11c,
where the STATCOM provides 1 pu, the DFIG stator
provides 0.25-0.27 pu, and the GSC provides 0.19-0.17
pu. At this time, the voltage at the PCC is increased to
0.32 pu, as shown in Fig. 11a. It can be seen from Fig. 11e,
f that when the voltage at the PCC drops significantly,
the active power output of the DFIG is less than the
input mechanical power. This causes the rotor speed of

the wind turbine to increase rapidly and the slip rate to
change greatly. Compared with the wind farm without
STATCOM, the wind farm equipped with STATCOM
can provide more active power output, the rotor speed
increases slower, and the LVRT capability is better.

Figure 12 shows the voltage at the PCC (U/,), the rotor
current magnitude (/;,,,,,), the total reactive current out-
put of the wind farm (/), the total DFIG reactive power
output (Qppg), the total DFIG active power output
(Pprig)s and the slip rate s in Scenario 3.

From Fig. 12a, when no LVRT measures are taken
by the wind farm, the grid voltage drops to 0.2 pu. Fig-
ure 12d shows that the traditional crowbar protection
scheme causes the DFIG to absorb reactive power from
the system, causing the grid voltage to further drop to
0.175 pu. At the same time, the DFIG active power out-
put decreases, causing the DFIG rotor speed to increase.
For the proposed scheme, it can be seen from Fig. 12b
that the rotor over-current can be effectively limited by
using the crowbar, and the converter can quickly recover
control of the DFIG. The wind farm without STATCOM
relies on the DFIG to provide 0.93 pu reactive current, as
shown in Fig. 12c, where the DFIG stator provides 0.70
pu and the GSC provides 0.23 pu. With the support of the
reactive current, the grid voltage is raised to 0.28 pu, as
shown in Fig. 12a. In the wind farm equipped with STAT-
COM, the DFIG and STATCOM jointly provide 1.44 pu
reactive current, as shown in Fig. 12¢, where the STAT-
COM provides 1 pu, the DFIG stator provides 0.23 pu,
and the GSC provides 0.21 pu. At this point, the grid
voltage is raised to 0.32 pu, as shown in Fig. 12a. From
Fig. 12e, f, it can be seen that when the depth of the grid
voltage drop is large, the DFIG output active power will
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be limited. In contrast to Scenario 2, where the wind
farm operates at rated power, the wind farm operates at
only 40% of the rated power in Scenario 3, so the differ-
ence between the DFIG input mechanical power and the
output electromagnetic power is relatively small, and the
wind turbine rotor speed rises more slowly. For the wind
farm equipped with STATCOM, it can even fully output
the generated active power, and the change in rotor speed
is thus insignificant.

From the LVRT simulation results for the wind farms
under Scenarios 1-3, it is found that both the pro-
posed scheme and the traditional crowbar protection
scheme can effectively limit the rotor current and avoid

large-scale disconnection of wind turbines during faults.
However, the traditional crowbar protection scheme
absorbs a large amount of reactive power for excitation
during the operation of the crowbar circuit, causing
a further drop in the grid voltage at the PCC and fail-
ing to meet the requirement of reactive current support
in the standard. In contrast, the proposed scheme can
output reactive current according to the standard dur-
ing LVRT, effectively supporting the recovery of the grid
voltage at the PCC. Additionally, when the voltage drop
is high, the traditional crowbar protection scheme can-
not effectively control the DFIG output power because of
the RSC being locked, resulting in a significant reduction
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in its output active power and a rapid increase in the
DFIG rotor speed. In contrast, the proposed scheme can
quickly recover the control of the DFIG through RSC
and maintain its output power, thereby suppressing the
rate of rotor speed increase to some extent and improv-
ing the LVRT capability of the wind farm. In summary,
compared to the traditional crowbar protection scheme,
the proposed scheme has better performance in limit-
ing rotor overcurrent and controlling reactive power and
active power outputs, thus improving the LVRT capabil-
ity of the wind farm.

5 Conclusion

To enhance the LVRT capability of DFIG wind farms
during symmetrical faults, this paper considers the reac-
tive and active current output capabilities of wind farms
whether or not wind farms are equipped with STAT-
COM. While satisfying the standard requirements for
reactive current output, an optimized scheme for allo-
cating reactive and active currents during LVRT is pro-
posed. The main contributions and innovations of this
paper are as follows:

1. Revealing the relationship between the limit of the
reactive current output of DFIG and the depth of
voltage drop. Through research on the current con-
straints of the converter, it is shown that the reactive
current output limit of the GSC is independent of the
depth of voltage drop, and its limit is the maximum
current allowed by the converter, which is around 0.3
pu. The reactive current output limit of the DFIG sta-
tor is a linear function of the depth of voltage drop,
and the slope of the function is positive, while the
specific value is related to the internal parameters of
the DFIG.

2. Proposing an optimized scheme for allocating reac-
tive and active currents among the STATCOM, DFIG
stator, and GSC during the LVRT period. Unlike tra-
ditional LVRT strategies that only focus on the reac-
tive current output, the proposed scheme considers
the impact of active current output on LVRT perfor-
mance. By ensuring that the reactive current output
of the wind farm meets the standard requirements
while maximizing the active current output, this
scheme can better suppress the rate of rotor speed
increase and enhance the LVRT performance and
fault recovery capability of wind farms.

The results provide useful ideas and methods for
improving the LVRT capability of DFIG wind farms. In
the future, we will continue to conduct in-depth research
on the zero voltage ride-through (ZVRT) scheme of
DFIG wind farms, a LVRT scheme under asymmetric
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faults, and LVRT optimization scheme for other types of
wind farms.

Appendix 1

The main parameters of the DFIG used in this paper
are as follows: the rated power is 5 MW the system fre-
quency is 50 Hz; the rated voltage of PCC is 690 V; the
stator resistance R, is 0.0054 pu; the stator inductance
L, is 2.5 pu; The excitation inductance L, is 2.4 pu; The
rotor resistance R, is 0.00607 pu; The rotor inductance
L, is 2.51 pu; The maximum output reactive current of
STATCOM is 1 pu.

Abbreviations

DFIG Doubly-fed induction generator

LVRT Low voltage ride-through

ZVRT Zero voltage ride-through

PMSG Permanent magnet synchronous generator
PCC Point of common coupling

RSC Rotor side converter

GSC Grid side converter

STATCOM  Static synchronous compensator

SvVC Static var compensator

List of symbols

ut Stator voltage vector in the rotor coordinate system

R, Resistance of DFIG stator

I Stator current vector in the rotor coordinate system
! Stator flux vector in the rotor coordinate system

w, Rotor speed

u; Rotor voltage vector in the rotor coordinate system

R, Resistance of DFIG rotor

W Synchronous speed

Wylip Slip speed, g, = Wy — w,

I Rotor current vector in the rotor coordinate system

r Rotor flux vector in the rotor coordinate system

L Excitation inductance

L, Inductance of DFIG stator

L Inductance of DFIG rotor

o Magnetic leakage coefficient, 0=1— (2 /(L,Ls)

E Induced electromotive force at the rotor side

U Grid voltage modulus during normal operation

Uge DC voltage of the converters

Py Active power of the stator

Py Active power of the grid-side converter

Q, Reactive power of the stator

Qq Reactive power of the grid-side converter

s Rate of slip, s=(w, — wJ)/w,

T Stator time constant, 7= L/R,

Ermax Maximum value of the rotor side induced electromotive force
Al Reactive current increment

K Reactive compensation coefficient

Upee Unit value of the PCC voltage

Iy Rated current of wind farm

Igmax Maximum current allowed through the grid-side converter
Porig Total output active power of DFIG

g d-Axis component of the grid-side converter current

iq g-Axis component of the grid-side converter current

g d-Axis component of the rotor current

i g-Axis component of the rotor current

Lrmax Maximum current allowed through the rotor-side converter
lo Reactive current required for output by DFIG during the LVRT

period
i Reactive current provided by the DFIG stator
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Igd_LvRT d-Axis reference value of the current loop for the GSC during the
LVRT period

Igdref Reference value of active current obtained by the voltage loop of
the GSC

Igq_LvRT g-Axis reference value of the current loop for the GSC during the
LVRT period

frd_LVRT d-Axis reference value of the current loop for the RSC during the
LVRT period

frq_LVRT g-Axis reference value of the current loop for the RSC during the
LVRT period

Igqstarcom~ Reactive current reference value of STATCOM during the LVRT
period
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