JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 2, March 2023

579

Dual-mode Switching Fault Ride-through Control
Strategy for Self-synchronous Wind Turbines

Xinshou Tian, Yongning Chi, Peng Cheng, Wei He, Yunpeng Zhou, and Jianzhu Hu

Abstract—The installed capacity of renewable energy genera-
tion has continued to grow rapidly in recent years along with
the global energy transition towards a 100% renewable-based
power system. At the same time, the grid-connected large-scale
renewable energy brings significant challenges to the safe and
stable operation of the power system due to the loss of synchro-
nous machines. Therefore, self-synchronous wind turbines have
attracted wide attention from both academia and industry.
However, the understanding of the physical operation mecha-
nisms of self-synchronous wind turbines is not clear. In particu-
lar, the transient characteristics and dynamic processes of wind
turbines are fuzzy in the presence of grid disturbances. Further-
more, it is difficult to design an adaptive fault ride-through
(FRT) control strategy. Thus, a dual-mode switching FRT con-
trol strategy for self-synchronous wind turbines is developed.
Two FRT control strategies are used. In one strategy, the ampli-
tude and phase of the internal potential are directly calculated
according to the voltage drop when a minor grid fault occurs.
The other dual-mode switching control strategy in the presence
of a deep grid fault includes three parts: vector control during
the grid fault, fault recovery vector control, and self-synchro-
nous control. The proposed control strategy can significantly
mitigate transient overvoltage, overcurrent, and multifrequency
oscillation, thereby resulting in enhanced transient stability. Fi-
nally, simulation results are provided to validate the proposed
control strategy.

Index Terms—Dual-mode switching, self-synchronous wind
turbine, transient stability, fault ride-through (FRT) control.

1. INTRODUCTION

Ii:NERGY is the basis for supporting human civilization
and is an indispensable basic condition for the develop-
ment of modern society [1]. To seek for safe and clean alter-
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native energy sources, the exploration of sustainable energy
models has become an important part of energy development
trends and strategies [2], [3]. As one of the most mature re-
newable energy generation methods, wind power has been
developing rapidly. By the end of 2020, the global installed
capacity of renewable energy generation reached 2799.10
GW. Compared with 2019, the installed capacity of renew-
able energy increased by 260.66 GW with a growth rate of
10.3%. Wind and solar power generations contributed 91%
of new installed capacity, which are 127 and 111 GW
(growth rates of 22% and 18%), respectively [4].

Traditional synchronous generator sets are constantly de-
creasing with the dramatic increase in wind power genera-
tion integrated in power system. There is an increasing num-
ber of converters in power system, and the influences of
power electronic devices and their control on the operation
characteristics of power system are becoming increasingly
obvious. Safety and stability problems related to power elec-
tronic devices and their unknown mechanisms continue to
occur, and the stability of power-electronics-based power sys-
tems is gradually undergoing some fundamental changes [5]-
[7]. In order to solve the stability problems of power sys-
tems, self-synchronous wind turbines have attracted wide at-
tention from both academia and industry [8]-[10].

In recent years, several research and practical investiga-
tions of the transient stability with a high penetration of
wind power generation have been carried out. When the grid
voltage decreases, various electrical quantities associated
with the wind turbine will undergo a series of transient elec-
tromagnetic processes. In terms of transient stability re-
search, [11] analyzes the transient performance of the power
system during the whole process of fault occurrence and
clearance. In addition, active power cannot be normally
transmitted to the power grid owing to the decrease in the
terminal voltage, which will lead to a series of problems
such as a rapid increase in the direct current (DC) capacitor
voltage and acceleration of the rotor speed. Permanent-mag-
net synchronous generator (PMSG) based wind turbines iso-
late the generator from the power grid through full-power
converters; thus, the main problems are the rapid increase in
the DC capacitor voltage and the acceleration of the rotor
speed caused by the unbalanced power between the convert-
ers on the generator and grid sides [12]-[14]. The transient
stability of a wind turbine with a self-synchronous control
technology is preliminarily explored in [15]-[17]. However,
these studies conduct phenomenological analyses without in-
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volving transient stabilization mechanisms of self-synchro-
nous control technology.

Considering a grid fault, the fault ride-through (FRT) con-
trol for wind power generation is essential [18]-[20]. Differ-
ent FRT control strategies are studied. The addition of a
crowbar resistance on the rotor side is the most commonly
used method for wind turbine manufacturers to achieve low-
voltage ride-through (LVRT). By improving the control strat-
egy, the generation of reactive power in the system by tran-
sient voltage control during a voltage drop and the voltage
recovery after a fault ensure that the terminal voltage (or
grid-connected point voltage) of a generator can be restored
and maintained at the prefault value after a fault [21]-[23].
At the same time, several researchers studied the FRT of
self-synchronous wind turbines [24] - [26]. However, these
studies are conducted in the context of a single control tech-
nology, which is not suitable for improving the transient sta-
bility of self-synchronous wind turbines.

In order to address these issues, an enhanced FRT control
strategy for self-synchronous wind turbines is proposed. The
rest of this paper is organized as follows. In Section II, the
transient stability of self-synchronous wind turbines under
nonideal grid conditions is analyzed. A dual-mode switching
FRT control strategy for self-synchronous wind turbines is
fully detailed in Section III. Simulation study is carried out
in Section IV to validate the effectiveness of the proposed
control strategy. Finally, conclusions are given in Section V.

II. TRANSIENT STABILITY OF SELF-SYNCHRONOUS WIND
TURBINES UNDER NONIDEAL GRID CONDITIONS

The transient process of self-synchronous wind turbines
under nonideal grid conditions can be divided into two stag-
es. The overvoltage and overcurrent phenomena of convert-
ers face great challenges during a grid fault. It is the usual
method to switch to a different control strategy for self-syn-
chronous wind turbines after clearing a grid fault, and there
are different stability events.

For grid-connected converters, the FRT challenges of pow-
er electronic devices based on self-synchronous control can
be analyzed from the perspective of the dynamics of the in-
ternal potential. The reactive power loop in the self-synchro-
nous mode can be simplified as:

E,= - [0,,~ 0+ DU~ U,)] M)
where E_is the amplitude of the internal potential; U, is the
steady-state terminal voltage; U/’ is the reference value of
the steady-state terminal voltage; D is the damping coeffi-
cient; 0, is the reference value of the reactive power; Q is
the reactive power; and K is the integral coefficient.

The mathematical expression of the active power loop is:

1 ref
ws: E[Pe/_Pe_D(ws_wO)]

1 ref (2)
= m(ﬂ -P,+Daw,)

where P, is the active power; P/¥ is the reference value of
the active power; 6, is the phase of the internal potential; w,
is the synchronous angular velocity; w, is the angular veloci-
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ty of the internal potential; and J is the rotary inertia.

The control logic of a grid-connected converter based on
self-synchronous control is shown in Fig. 1. The reference
value of the active power can be obtained by the speed-con-
trolled outer loop for a wind turbine, and the reference value
of the active power can be obtained by the DC-voltage-con-
trolled outer loop for photovoltaic generation. In Fig. 1, X, is
the internal reactance; J is the steady-state phase angle; 7’ is
the inertial time constant; U, is the grid voltage; X, is the
grid reactance; k, is the feedforward coefficient; w, is the
fundamental angular velocity; E,_,_ 1is the three-phase control
voltage; P, is the active power; and w,,, is the slip angular

i slip
velocity.
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Fig. 1. Control logic of a grid-connected converter based on self-synchro-
nous control.

A. Stability During a Three-phase Short-circuit Fault

When a short-circuit fault occurs in a power system, the
phase of the internal potential of the converter is determined
by an equation for the virtual rotor motion driven by the un-
balanced active power, and the amplitude of the internal po-
tential is determined by the terminal voltage control in Fig.
1. Owing to the relatively slow dynamic response character-
istics of the virtual rotor motion equation, the internal poten-
tial of the converter cannot quickly track a change in the
phase of the grid voltage when a grid fault occurs, and dy-
namic adjustment of the amplitude of the internal potential
is relatively slow. The transient characteristics of the internal
potential will inevitably lead to a larger impulse current and
threaten the operation of the converter.

According to the above analysis, the vector diagram of a
grid-connected converter based on self-synchronous control
before and after a grid fault is shown in Fig. 2.

In Fig. 2, U/ is the terminal voltage when a grid fault oc-
curs; 0’ is the phase angle when a grid fault occurs; 7 is the
steady-state current; /' is the short-circuit current; and [, is
the maximum allowed current of the converter.

The terminal voltage abruptly increases from U, to U/
when a grid fault occurs; however, the internal potential of
the converter cannot quickly track the change in the grid
voltage, as shown in Fig. 2. Then, there is a larger impulse
current that may exceed /. This is the physical mechanism
of the transient process of a grid-connected converter based
on self-synchronous control when a grid fault occurs.
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Self-synchronous control
driven by unbalanced £
active power

Fig. 2. Vector diagram of a grid-connected converter based on self-syn-
chronous control before and after a grid fault.

Taking a doubly-fed induction generator (DFIG) as an ex-
ample, its stator is directly connected to the power system.
The transient flux of the stator will induce a large opposite
transient potential on the rotor side when a grid fault occurs,
which causes an overcurrent in the rotor converter, an over-
voltage in the DC busbar, etc. The excitation voltage on the
rotor side under self-synchronous control is generated by the
slow dynamic response of the adjustment to the equation for
virtual rotor motion. Therefore, the suppression of the tran-
sient current at the moment of a fault, the fast dynamic reac-
tive power support during steady-state faults, and the fast co-
ordinated control of the active and reactive powers will be
the main challenges for the FRT control strategy for self-syn-
chronous wind turbines.

The rotor voltage of a DFIG can be expressed using the
stator flux linkage as:

Llﬂ dt//Y 3 R . L dir . . 3
dt _le'l)”S + rlr+ ro dt _Ja)rlr ( )

where i, is the rotor current; y, is the stator flux; R, is the ro-
tor resistance; L,  is the leakage inductance of the rotor; L, is
the self-inductance of the stator; L, is the mutual inductance
between the stator and the rotor; and w, is the angular veloc-
ity of the rotor.

The first term in (3) is the back electromotive force e, in
the rotor winding induced by the stator flux, and the second
term is the voltage drop associated with the leakage imped-
ance of the rotor loop.

L, (dy, .
€.= LS dt JwrWS

Assuming that the amplitude of the terminal voltage of a
DFIG is V, before the symmetric grid fault and that the volt-
age drop is /1 times the original value at t=0 s, the stator
flux linkage can be obtained by:

le _]()r (l j')I/ 7%
’ 5
= ®)

s @ s

u,=

“4)

where 7,=L /R, is the time constant of the stator winding.
The first term in (5) is the steady-state component of the sta-
tor flux linkage y,,, which corresponds to the stator voltage
when a grid fault occurs. The second term in (5) is the tran-
sient component of the stator flux linkage y,, which ensures
that the static flux maintains constant at the moment of a
voltage drop.

In the transient process of a symmetric grid fault, both the

steady-state and transient components of the stator flux will
induce the corresponding back electromotive force on the ro-
tor side, which are denoted as e, and e, respectively. Fur-
thermore, equation (6) can be derived from (4) and (5):

. m

€,.,=]0 " 7758

w slip sw
Ls

(6)
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s
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.

s

Since 1/, < w,, the term with the factor of 1/z, in (4) can
be ignored:

. L,
en:_Jwny W (7)
The rotor voltage and current of the DFIG satisfy:
—e, i, =i, (R.+joylL,)
_er1+un:in (Rr+ja)r m) (8)

l/'w’

where u,_, u, and i, are the steady-state and transient
voltages and currents of rotor, respectively. Since the exist-
ing self-synchronous control strategy ignores the adjustment
to the transient current, the control voltage of the rotor can-
not quickly respond to the transient process of a DFIG, i.e.,
u,,=0. Two problems will occur in the transient process.
Firstly, the larger transient back electromotive force of the
rotor directly acts on the leakage reactance of the smaller
loop, resulting in a transient overcurrent with a large ampli-
tude. The overcurrent protection of the power electronic de-
vices is likely to be triggered, which will cause an overvolt-
age on the DC bus and threaten the safe operation of the
converter. Secondly, the lack of a transient component in the
control voltage of the rotor causes the electric potential of
the stator to fail to generate the transient component e,,.
Thus, the existing control strategy for self-synchronous wind
turbines only realizes the synchronization of the DFIG in the
electromechanical dynamic process.

Under vector control based on phase-locked synchroniza-
tion, the existing control strategy provides a reliable phase
reference for the control system with fast and accurate fault
identification through phase-locked control. An appropriate
rotor excitation voltage can be quickly produced through cur-
rent control, which can suppress the transient overcurrent of
the rotor or fast demagnetization, and realize rapid dynamic
support for the reactive power.

m?

B. Stability During an Asymmetric Short-circuit Fault

When there is an asymmetric short-circuit fault, the rotor-
induced back electromotive force induced by the stator volt-
age or the negative sequence component of the stator flux is
larger, which is about 2 —s times the negative sequence com-
ponent of the stator voltage. The converter outputs a relative-
ly balanced three-phase voltage, and the unbalanced voltage
drop acts on the inductance between the converter and the
power grid, which generates a relatively large negative se-
quence current. Moreover, the output power has a large nega-
tive sequence. A self-synchronous wind turbine has no cur-
rent loop, and it is difficult to perform closed-loop control of
a negative sequence current. Therefore, the power system
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switches to an asymmetric low-through control strategy
based on the phase-locked control mode when an asymmet-
ric fault occurs.

C. Stability After Clearing a Grid Fault

According to the above analysis, self-synchronous wind
turbines need to switch back to vector control based on
phase-locked synchronization when a grid fault occurs to
protect itself. At this time, the self-synchronous wind tur-
bines are the same as conventional wind turbines, which can-
not provide the system with inertia or damping. In addition,
the oscillation issues associated with the fast-scale control of
conventional wind turbines may also appear. There are two
control modes: phase-locked synchronization control and
self-synchronous control after clearing a grid fault; therefore,
the stability is complicated. Multifrequency oscillation is an
important stability issue after clearing a grid fault. In order
to analyze the stability after clearing a grid fault, the control
strategy can be divided into the initial vector and self-syn-
chronous control stages.

The vector control of a wind turbine is still used in the ini-
tial stage after clearing a grid fault, and the typical imped-
ance characteristics based on vector control are shown in
Fig. 3. Considering the effects of the wind turbine control
system and the frequency characteristics of PWM delay, the
phase frequency lag of the conventional vector control sys-
tem is greatly increased in the high-frequency oscillation re-
gion. When there is no high-frequency damping control strat-
egy, the phase frequency characteristic of the system has a
high probability of being in the range of 90°-270°. In the
range of positive feedback, the gain of the amplitude and fre-
quency is not small enough to meet the stability criterion,
which easily leads to divergence.
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Fig. 3. Typical impedance characteristics based on vector control.

In the subsynchronous oscillation region, the induction
generator effect (IGE) and subsynchronous control interac-
tion (SSCI) are the two main types of subsynchronous oscil-
lation of a DFIG. The IGE is a self-excited electrical oscilla-
tion between the DFIG and the series compensation. When
the control of the rotor-side converter of the wind turbine
participates in the IGE process, the risk of oscillation signifi-
cantly increases, and the oscillation form is SSCI. Both oscil-
lation frequencies depend on the transformer, series compen-
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sation, and equivalent circuit capacitance and inductance pa-
rameters of the grid-connected system of the wind turbine.

The control of a DFIG aggravates the degree of negative
damping after clearing a grid fault. It can be understood that
when the converter control participates in the IGE, the sub-
synchronous current will gradually increase under the influ-
ence of the control if the current of the subsynchronous com-
ponent forms positive feedback in the control system due to
the deviation in the phase angle at a subsynchronous oscilla-
tion frequency. When the IGE is not sufficient to cause oscil-
lation, the system may oscillate owing to an SSCI because
of the motivation between the positive feedback of the con-
troller and the IGE. When there is oscillation because of a
slight IGE, the oscillation will diverge faster owing to the
SSCI. When the motor speed is lower, the absolute value of
the negative damping provided by the DFIG control is larg-
er, and the system damping is weaker.

In the low-frequency oscillation region, the phase-locked
synchronization mode is determined by its control structure,
which has strong damping in the low-frequency range of 0-2
Hz.

Then, the wind turbines switch back to the self-synchro-
nous control after clearing a grid fault, and the typical im-
pedance characteristics based on self-synchronous control
are shown in Fig. 4. There is no current loop in the control-
ler in the self-synchronous control mode. The control band-
width of the phase angle and amplitude is lower than the fre-
quency band of the high-frequency resonance, which does
not weaken or enhance the damping of the high-frequency
band. Therefore, the high-frequency resonance will not occur
in the system.

40;

Magnitude (dB)

Angle (°)

-100}

-200
10°

i

10°

10 10
Frequency (Hz)

— Theoretical calculation; — Sweep frequency simulation

Fig. 4.
trol.

Typical impedance characteristics based on self-synchronous con-

We now consider the condition where the self-synchro-
nous DFIG is connected to the power system by series com-
pensation. In the subsynchronous oscillation region, the con-
trol method does not affect the equivalent resistance in the
subsynchronous frequency band since there is no current
loop in the self-synchronous control method. Moreover, the
angular frequency of the natural oscillation for self-synchro-
nous control is generally not in the subsynchronous frequen-
cy band, and it will not affect the damping characteristics of
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subsynchronization.

In the low-frequency oscillation region, self-synchronous
DFIGs are similar to synchronous machines, and there is a
low-frequency oscillation mode. The low-frequency oscilla-
tion mode is jointly determined by 7,/D, the grid-connected
inductance of the converter, and the short-circuit capacity at
the point of common coupling (PCC).

III. DUAL-MODE SWITCHING FRT CONTROL STRATEGY FOR
SELF-SYNCHRONOUS WIND TURBINES

According to the above analysis of the transient stability
of a self-synchronous wind turbine, a dual-mode (i.e., vector
control and self-synchronous control) switching FRT control
strategy is presented in the section. When a grid fault oc-
curs, a self-synchronous wind turbine switches to current-
limiting control during the grid fault. At this time, in order
to make the reactive current of the wind turbine meet the
technical requirements of the grid guidelines, the converter
of the wind turbine generates a reactive current command ac-
cording to the magnitude of the decrease in the terminal volt-
age, and the residual capacity of the converter is allocated to
the active current. When the fault is cleared, the wind tur-
bine experiences an increase in the active current due to the
rate of increase in the command value of the active current.
However, the wind turbine adopts vector control based on
phase-locked synchronization for a long time, and the above-
mentioned oscillation problem may occur. Therefore, the
wind turbine needs to switch from vector control to self-syn-
chronous control at an appropriate time to reduce the risk of
broadband oscillation and to make the wind turbine provide
inertial support to the system as soon as possible after clear-
ing the grid fault.

A. Dual-mode Switching FRT Control Strategy and Its Prin-
ciples

The principles of the proposed strategy for self-synchro-
nous wind turbines are shown in Fig. 5.

In the steady state, the amplitude and phase of the rotor
voltage are calculated using the self-synchronous control
strategy. When a minor grid fault occurs, the voltage drop at
the terminal busbar is not sufficient to trigger the transient
switching control, and the self-synchronous control strategy
of the wind turbine is still adopted.

When a serious grid fault occurs, the FRT process can be
divided into three stages. The first stage is the voltage drop
period, during which the self-synchronous wind turbine
switches to vector control based on a phase-locked loop to
limit the current. During this period, the self-synchronous
control is inactive, and the wind turbine directly controls the
current loop according to the magnitude of decrease in the
grid voltage. During vector control of the second stage after
clearing a grid fault, the wind turbine experiences an in-
crease in the active current due to the rate of increase in the
command value of the active current. During self-synchro-
nous control of the third stage after clearing a grid fault, the
wind turbine switches to self-synchronous control when the
active current returns to a certain level, and an initial value
is assigned to the integrator of the self-synchronous loop.

583
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Fig. 5. Principles of dual-mode switching FRT control strategy for self-

synchronous wind turbines.

1) Direct Control for Coordination of Active and Reactive
Currents During a Grid Fault

The wind turbine adopts DC control in the FRT process,
and the output characteristics of the active and reactive pow-
er depend on the command values of the active and reactive
currents. The curve for an actual wind turbine shows that it
will also provide large reactive current support for different
voltage drops. However, the active current will automatically
decrease when the reactive current is large owing to the limi-
tations of the converter capacity. Therefore, in order to re-
duce the influence of the active and reactive power on the
voltage fluctuations at the PCC, the active and reactive pow-
er should be correlated with the voltage during a grid fault.
The increase in the dynamic reactive current of the wind
power responds to the change in the voltage, which meets
the equality constraint:

Aiy=K, (0.9-U)I, 02<U,<0.9 9)

where Ai, is the increase in the dynamic reactive current
injected by the wind turbine; /, is the rated current of the
wind turbine; and K| is the proportional coefficient of the dy-
namic reactive current.

The relationship between the absolute value of the in-
crease in the reactive current of the stator and the absolute
value of the increase in the reactive current of the rotor is:

U,
wSLS

Ai

‘Ai +

Lm
LS

saref raref (10)

where Ai y is the increase in the reference value of the ro-

rqre

tor current. Substituting (9) into (10), A, can be obtained:
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Then, the reference value of the rotor current during a
grid fault is given by:

Lrgron = Lrgrep + Ai raref (12)
where i, is the steady-state reactive current. The reactive
power is the priority in the proposed control strategy, and
the remaining converter capacity is used to generate active
power. Taking the current control logic as an example, the
limiting loop of the converter controller adopts the limiting
logic of the reactive power priority, and the capacity of the
converter first meets the control needs of the reactive current
Iy~ The limiting loop of the reference value of the reactive
current of the rotor is only constrained by / ,, which is ex-
pressed as:

ax?

<7

— T max

irqreﬂ
diVef: Imax irqrefl >Imax (13)
-1 Lgren <=1,

max

Lrgren

The limiting loop of the reference value of the active cur-
rent of the rotor is constrained by /7, and /.., which is
given by:

X

max rqref

. . 2 -2
lrdref() lrdreﬂ) ‘ < I -1

; _ 2 -2
lm'ref B RY Imax - quref
2 -2 . 2 2
RV [max - quref lrLirq/U <- Imax -1

rqref

i (14)

max  “rgref

Lydre ™

2) Hpysteresis Control Design After Clearing a Grid Fault

Considering the changes in the wind power system condi-
tions, the value at which the voltage threshold is set for en-
try/exit FRT control is optimized, and the value of the differ-
entiation threshold is set. According to the technical require-
ments of grid connection standards, the value of the voltage
threshold when entering FRT for wind turbines is usually 0.9
p.u.. The value of the voltage threshold when exiting FRT
can be set to another value to form hysteresis control, and
the typical value of the voltage threshold when the exiting
FRT is set to be 0.95 p.u.. The scheme can reduce the possi-
bility of a wind turbine repeatedly entering and exiting FRT
control.
3) Logical Judgment Design for Switching to Self-synchro-
nous Control

In view of the fact that the stability is mainly affected by
the active power after clearing a grid fault, the value of the
active power is used as a threshold for judgment. According
to the above analysis, the wind turbines under vector control
have the risks of high-frequency oscillation and subsynchro-
nous oscillation. The value for the active power limit can be
given by a stability analysis, and the upper limit on the ac-
tive power for switching to self-synchronous control is denot-
ed by P_,.. In order to reduce the impact of control strategy
switching on the wind turbine, the active and reactive cur-
rents need to be continuous. Then, an initial value needs to
be assigned to the self-synchronous loop integrator during
the switching process. The initial value is easy to obtain
when the active power output is high. Therefore, the above
influencing factors are comprehensively considered, and the
active power threshold for switching to self-synchronous con-

trol is given by:
Pmax1:(1 _k)Pmax (15)

where £ is the active power margin.

B. Control Flow of Proposed FRT Control Strategy

The proposed FRT control strategy for self-synchronous
wind turbines mainly includes three parts: LVRT control,
fault recovery vector control, and self-synchronous control.
The detailed implementation of the FRT optimization control
in Fig. 6 can be summarized as follows.

Move to the next control
v calculation cycle
| Detect terminal voltage

Perform the self-synchronous

terminal voltage over the
control

Directly calculate the

N | amplitude and phase of the

internal potential according
to the voltage drop

Does the
terminal voltage drop
deeply?

Perform LVRT control
based on vector control

Is it voltage
drop process?

At early stage, perform active
power recovery control of wind
turbine based on vector control;

at later stage, perform
self-synchronous control
T

Fig. 6. Control flow of proposed FRT optimization strategy.

Step I: detect the terminal voltage and determine the con-
trol mode adopted by the wind turbine based on the terminal
voltage.

Step 2: when the terminal voltage is normal, perform the
self-synchronous control.

Step 3: when the terminal voltage is smaller than the mini-
mum voltage constraint, directly calculate the amplitude and
phase of the internal potential according to the voltage drop
when a minor grid fault occurs. Wind turbines are controlled
using the calculated amplitude and phase of the internal po-
tential.

Step 4: when the terminal voltage decreases steeply, adopt
LVRT control based on vector control for the wind turbine,
where the fast DC control program achieves effective dynam-
ic reactive power support, and a coordinated control of the
active and reactive power is activated.

Step 5: when the terminal voltage exceeds the voltage
threshold when exiting FRT, restore the active power of the
wind turbine based on a certain grade rate using vector con-
trol.

Step 6: when the active power returns to the preset active
power threshold, switch the wind turbines to the self-syn-
chronous control.

Step 7: move to the next control calculation cycle.
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The proposed dual-mode switching FRT control strategy
for self-synchronous wind turbines improves reactive power
support and power control coordination during grid faults.
The strong interaction between the grid-connected converter
and the power system is reduced during the recovery period
after clearing a grid fault. The FRT capability of the self-syn-
chronous wind turbines has been significantly improved.

IV. SIMULATION STUDY

To verify the proposed dual-mode switching FRT control
strategy for self-synchronous wind turbines, a simulation
study is carried out using the MATLAB/Simulink platform.
Figure 7 shows the structure of the simulated power system.
The simulation step size is 10 ps, and the sampling and con-
trol step sizes are 100 ps. All parameters are listed in Tables
I-III. In Table I, P, is the rated power; H is the inertia time
constant; R is the resistance; T, is the direct-axis transient
open-circuit time constant; 7, is the quadrature-axis tran-
sient open-circuit time constant; X is the direct-axis tran-
sient reactance; X, is the quadrature-axis transient reactance;
X, is the direct-axis reactance; and X, is the quadrature-axis
reactance. In Table 1I, P, is the rated power; R, is the stator
resistance; L_is the stator inductance; C,, is the capacitance;
and H is the inertia time constant. In Table III, R is the resis-
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tance; X is the impedance; and B is the reactive power capac-
ity.

Sending-end power system Receiving-end power system

Fig. 7. Structure of simulated power system.

In the simulation, a three-phase short-circuit fault arises at
40 s with a duration of 300 ms on bus 7. For clarity, two
cases for the transient stability of a power system with high
penetration of wind power are investigated. The transmitted
active power in two zones is 247 and 620 MW in Cases 1
and 2, respectively. For the ease of simulation design, the
electrical parameters used to determine the moment of
switching are changed from active power to the recovery
time after clearing a grid fault. Four calculation examples
are designed for the simulation analysis in each case, where
the switching time for self-synchronous control is set to be
0.1, 0.5, and 1 s, respectively, and the normal value is set
for active power recovery.

TABLE 1
PARAMETERS OF SYNCHRONOUS GENERATORS

Unit P, (MVA) H (s) R, ! T}, X, X, X, X, X,
Gl 900 6.500 1.89x107° 8 0.4 0.0023 0.0042 0.0136 0.0128 0.15
G2 900 6.500 1.89x107° 8 0.4 0.0023 0.0042 0.0136 0.0128 0.15
G3 900 6.175 1.89x 107 8 0.4 0.0023 0.0042 0.0136 0.0128 0.15
TABLE II are 1130 and 1595 MW in sending- and receiving-end power
PARAMETERS OF WIND TURBINE systems, respectively, and the active power transmitted be-
O G TS ) o tween t}.le sending- and receiving—end power systems is 247
2 s : - MW. Figures 8-10 show the simulation results for a low
2 0.0135 0.00578 90000 502 transmitted active power, i.e., Case 1. The transient stability
of power system is guaranteed during the grid fault. It can
TABLE IIl be observed from Fig. 8 that there is a close 5 Hz oscillation
PARAMETERS OF LINES during the active current recovery stage after clearing the
T Length (km) R om) X om B2 (o) grid fault, which.is close.Iy related tolthe. fast ti.me scale of
s o 0,058 100000 the control.of Wlnq turblr'le. The oscillation quickly decays
2 0 0.058 100000 after the wind turbine switches to self-synchronqus contr.ol.
However, the system may be unstable if the wind turbine
311 0 0.058 100000 fails to switch back to self-synchronization control in time.
4-10 0 0.058 1.00000
5-6 25 0.0025 0.025 0.04375 = 137
6-7 10 0.0100 0.100 0.17500 S L1t
7-8 55 0.0550 0.550 0.96300 g‘) 0.9}
8-9 55 0.0550 0.550 0.96300 £
9-10 10 0.0100 0.100 0.17500 E
10-11 25 0.0025 0.025 0.04375 £ 03
03 s ‘ ‘ ‘ ‘ ‘ S
39.5 40.0 405 41.0 415 420 425 430

A. Transient Stability of Power Grid with Low Transmitted
Active Power

In the simulation study system in Fig. 7, the active loads

Time (s)
— Normal value of active power recovery; — Switching time is 0.1 s
— Switching time is 0.5 s; — Switching time is 1.0 s

Fig. 8. Terminal voltage in Case 1.
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Fig. 9. Active and reactive currents of wind turbine in Case 1.

;:\ 0.020
£ 0.015

Slip of synchronous

39 40 41 42 43 44 45 46
Time (s)
— Normal value of active power recovery; — Switching time is 0.1 s
— Switching time is 0.5 s; — Switching time is 1.0 s

Fig. 10. Slips of synchronous machines G1 and G3 in Case 1.

It can also be observed from Figs. 9 and 10 that the
change in the rotor speed is small when the wind turbine
quickly switches back to self-synchronous control after clear-
ing the grid fault. The change in the slip between synchro-
nous machine 1 in the sending-end power system and syn-
chronous machine 3 in the receiving-end power system is al-
so smaller, and the system can become stabilized more
quickly.

B. Transient Stability of Power Grid with High Transmitted
Active Power

The active loads are 730 and 1995 MW in the sending-
and receiving-end power systems, respectively, and the ac-
tive power transmitted between the sending- and receiving-
end power systems is 620 MW in Case 2. Figures 11-13
show the simulation results for a high transmitted active
power, i.e., Case 2. The simulation results for transient stabil-
ity are similar to those for a low transmitted active power.
The transient stability of the power system is optimized dur-
ing the grid fault. When the wind turbine fails to switch
back to self-synchronous control in time, there is an oscilla-
tion of about 4.5 Hz in Figs. 11 and 12. Similarly, Fig. 13
shows that the change in the slip between synchronous ma-
chine G1 in the sending-end power system and G3 in the re-
ceiving-end power system is also smaller using the dual-
mode switching FRT control strategy for self-synchronous
wind turbines. The system is observed to be stable.
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Time (s)
— Normal value of active power recovery; — Switching time is 0.1 s
— Switching time is 0.5 s; — Switching time is 1.0 s

43.0

Fig. 11. Terminal voltage in Case 2.
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Fig. 12. Active and reactive currents of wind turbine in Case 2.
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Fig. 13.  Slips of synchronous machines G1 and G3 in Case 2.

V. CONCLUSION

This paper analyzes the transient stability of a power sys-
tem with self-synchronous wind turbines and discusses the
transient stability of the power system separately during and
after clearing the grid fault. Moreover, an FRT control strate-
gy for self-synchronous wind turbines is proposed. The fol-
lowing conclusions can be drawn.

1) The transient process of self-synchronous wind turbines
under nonideal grid conditions can be divided into two stag-
es. The internal potential of the converter based on self-syn-
chronous control cannot quickly track the change in the
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phase of the grid voltage when a grid fault occurs. The over-
voltage and overcurrent of the converter are significant chal-
lenges. It is another significant challenge to switch to a dif-
ferent control strategy after clearing the grid fault.

2) In order to deal with these issues, the advantages and
disadvantages of vector control and self-synchronous control
are considered, and a dual-mode switching FRT control strat-
egy for self-synchronous wind turbines is proposed. Minor
and deep grid faults are considered, respectively. One meth-
od directly calculates the amplitude and phase of the internal
potential based on the voltage drop. The other method
switches the control strategy between vector control and self-
synchronous control.

3) With the proposed FRT control strategy for self-syn-
chronous wind turbines, theoretical analysis and simulation
results are presented to validate that the transient overvolt-
age, overcurrent, and multifrequency oscillation in the power
system can be significantly mitigated with enhanced tran-
sient stability when a grid fault occurs.
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