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Torque Limit-Based Inertial Control of
a DFIG for Rapid Frequency
Stabilization

Yien Xu and Hongmei Wang *
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With the increasing penetration of renewable energy generation, the frequency stability
of a power grid can be significantly threatened. A doubly-fed induction generator (DFIG)
participates in the frequency support of a power grid by releasing kinetic energy (KE) to
boost the frequency nadir (FN). However, during rotor speed restoration, it is difficult to
counterbalance the size of a second frequency drop (SFD) and the rotor speed
recovery duration. This paper proposes an improved torque limit-based inertial
control (TLBIC) to raise the FN by releasing less kinetic energy while guaranteeing
rapid frequency stabilization with reduced SFD. To this end, when detecting a
disturbance, the DFIG enhances the active reference power to the torque limit, and
then the active power reduces smoothly based on an exponential function until the
maximum power point tracking (MPPT) curve is met, and the rotor speed reverts to the
initialization operating condition along the MPPT curve. A simulation system model with
various wind power penetrations is established in EMTP-RV. Results show that the
proposed scheme boosts the FN at a high level with less KE and guarantees rapid
frequency stabilization.

Keywords: frequency stability, torque limit-based inertial control, frequency nadir, second frequency drop, rotor
speed recovery

INTRODUCTION

Recently, wind power generation has developed rapidly due to the shortage of fossil fuel and
worsening environmental situations. Doubly-fed induction generators (DFIGs) are widely applied in
the field of wind power because of the relatively low price, decoupling control operation of the active
power and reactive power, maximum power point tracking (MPPT) control, deloading operation,
and other advanced control strategies (Bao et al., 2020; Xiong et al., 2020). In addition, DFIGs are
connected to the grid by power electronic converters, which decouple the rotor speed of the wind
turbine from the system frequency. Consequently, DFIGs are unable to sustain the system frequency
(Yangetal,, 2022; Yang et al., 2021; Xiong et al., 2021a). With the increasing penetration level of wind
power, the power system will face significant challenges in system frequency stability. Therefore,
more and more attention has been paid to DFIG active frequency support (Wang and Tomsovic,
2018; Xiong et al,, 2021b).

DFIGs supply inertial control using additional control strategies. In Kheshti et al. (2019), the
most characteristic inertial control can be roughly divided into two types: virtual inertial control
(PD control) (Morren et al., 2006; Fernandez et al., 2008; Lee et al., 2016; Van de Vyver et al.,
20165 Li et al., 2017; Hu and Wu, 2019; Peng et al., 2020) and stepwise inertial control (Ullah
et al., 2008; Lao, 2021). PD control emulates the inertia response and primary frequency
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response of synchronous generations (SGs) to provide a
frequency response. Compared with PD control, stepwise
inertial control can supply a rapid frequency response due
to the operating characteristics of a DFIG (Kheshti et al., 2019).
However, after DFIGs participate in frequency regulation by
releasing rotor kinetic energy, the rotor speed will deviate from
the optimal state corresponding to MPPT operation.
Therefore, the rotor speed needs to regain the optimal state
considering the economic benefits of the wind farm, but the
speed recovery is accompanied by power mutation, which
trend to cause a significant SFD (Xiong et al., 2021c).

In Hafiz and Abdennour (2015), the active power is
designed as a slope function. Even though this scheme
lessens the SFD to a certain extent, but it delays the rotor
speed recovery. Furthermore, the parameters of this function
in different scenarios need to be reset. In order to recover the
rotor speed, a constant power reference is addressed (Kang
et al., 2016a; Kang et al, 2016b). However, the tradeoff
between the depth of an SFD and the rotor speed
restoration is difficult to achieve. The study of Xu and Xu
(2017) suggests a constant accelerating power reference based
on the mechanical power curve, which realizes the smooth
recovery of the rotor speed. Nevertheless, the mechanical
power curve is difficult to acquire and SFD still exists due
to the sudden power drop. The authors of (Lao, 2021)
suggested a frequency regulation strategy based on logistic
regression function, which realizes smooth rotor speed
recovery. However, the function used in this strategy is too
complex, and too many parameters need to be defined, which
brings difficulties to engineering applications. To compensate
for the energy required for rotor speed recovery, a coordinated
frequency control strategy for the wind turbine and SG is
addressed (Xu et al., 2018). The rotor speed recovery can be
realized with reduced SFD by adjusting the primary frequency
modulation parameters of the SG. However, for a large-scale
power system with high wind power penetrations, this strategy
is not economical to regain the rotor speed. In Wu et al. (2017),
a frequency control strategy based on the energy storage
system is suggested, which realizes the rapid speed recovery
while eliminating the SFD. However, the overall operation and
maintenance cost of the power system increases due to the high
cost of the energy storage system.

To approach the above issues, this paper addresses an
improved torque limit-based inertial control (TLBIC) scheme
to raise the FN by releasing less rotational energy while
guaranteeing rapid frequency stabilization with reduced SFD.
To this end, when detecting a disturbance, the power reference
of the DFIG increases to the torque limit. Afterward, the power
reference decreases smoothly based on an exponential function
until it the maximum power point tracking (MPPT) curve is
met, and then the rotor speed reverts to the initialization
operating condition along the MPPT curve. In addition,
DFIGs are assumed to work in MPPT mode prior to
frequency disturbance. The benefits of the proposed TLBIC
scheme are verified under various wind power penetrations and
wind speed conditions based on an EMTP-RV simulator.

Torque Limit-Based Inertial Control

MODELING OF A DOUBLY-FED
INDUCTION GENERATOR

This section mainly introduces the typical structure of a DFIG, as
illustrated in Figure 1 which includes a wind turbine model, two-
mass shaft model, and DFIG controllers.

Wind Turbine Model

The mechanical input power captured by a wind turbine from
moving air is represented as:

P, = %Cp (L B)pAv. = %Cp (L, B)prR*v.) (1)
where ¢, represents the power coefficient; A and B are the tip-
speed ratio and pitch angle, respectively; p is the air density; A
indicates the swept area by blade; R means the blade length and v,,
means the wind velocity.

As in (Kang et al., 2016a; Kang et al., 2016b), ¢, employed in
Eq. 1 can be represented as:

cr(LB) = 0.645{0.00912A 2" 04(25+f)+ 116’1‘} (2)

221k
where
1 0.035
/li = - 3 (3)
A+0.08(25+p) 1+ (25+p)
and A is given as:
1=k (4)
Vu

where w, represents the rotor speed of the generator.

For capturing more wind energy resources, the DFIG usually
works in MPPT operation. As in Fernandez et al. (2008), the
MPPT operation power reference, Pyppr, is expressed as:

1 ,f wR } 3
Puppr = ECP, maxP7TR Tz = kw, (5)
op

where ¢, max is @ maximum value of ¢, when 8 =0°, 1 = A,,, and
set to 0.5 in this paper; A, is the optimal A of the wind turbine to
capture the maximum wind energy and set to 9.95 in this paper; k
is a calculation of the characteristic parameters of the wind
turbine and set to 0.512 in this paper.

Two-Mass Shaft Model

This paper uses a two-mass shaft model to express the mechanical
dynamics between the wind turbine and induction generator, the
model can be represented as Eqs 6-9 in (Boukhezzar and
Siguerdidjane, 2011).

dwt _
]t? =T,-T; (6)
dw,
]g? =Ty —Tem (7)
TL =K0+D(wt—a)L) (8)
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Fig. 1. Typical structure of a DFIG.
FIGURE 1 | Typical structure of a DFIG.
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Ve Ig: voltage and current at terminal Vpc: DC-link voltage.

Control System of a DFIG

The control system consists of a pitch angle controller, a rotor-
side controller (RSC) and grid-side controller (GSC). The pitch
angle controller adjusts the pitch angle according to the current
wind speed to ensure the maximum of DFIG output power on the
premise of the stable operation. An RSC realizes active and
reactive power decoupling control and MPPT control of the
DFIG. The GSC is mainly responsible for maintaining the
DC-link voltage.

When the wind turbine output power is abnormally excessive
or rapidly increased, the rapid change of the torque is inevitable.
Especially in severe cases, severer mechanical torsion may
damage the wind turbine. In order to protect the mechanical
structure of the wind turbine and ensure the safe operation, the
output power should meet Kang et al. (2016a)

Pen < Prijy = Tlimwr (10)

where P,,, is the electromagnetic output power; Pry;,, is the
maximum reference power based on torque limit; Ty,
indicates the torque limit of the wind turbine and set to 0.88
p. u. in this paper.

Furthermore, the maximum power is 1.10 p. u., the minimum
rotor speed is 0.70 p. u., and the maximum rotor speed is 1.25 p. u.
as in Yang et al. (2018) (Figure 2).

ANALYSIS THE INERTIAL CONTROL OF A
DFIG ON THE DYNAMIC SYSTEM
FREQUENCY

When the DFIG implements the inertial control, the relationship
between the active power variation (APjc) and the rotor speed of
the DFIG can be represented as:

APjc = ]DFIGwrdwr/dt (11)

where Jpric means the moment of inertia of the DFIG.
According to the definition of the inertia constant of the SG,
the inertia constant of the DFIG (Hpgsg) can be expressed as:

Hprig = ]DFIwa,/ZSDHG (12)

where w,, and Sppjg indicate the rated rotor speed and rated
capacity of the DFIG, respectively.
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FIGURE 3 | Operational features of the conventional TLBIC scheme: (A) Power trajectory in the w, domain; (B) Active power in the time domain.

Time

Rearranging Eq. 11 and converting it to a per unit (p.u.)
system, the expression of Eq. 11 can be modified as in Eq. 13

dw
APIC_pu = ZHDFIGwpuT (13)
t
where APy¢ p, and w,,, are APjc and the rotor speed of the DFIG
in p. u., respectively.
By integrating both sides of Eqs 13, 14 is obtained

AE,, = Hprig [w;u (t) - wfm (to)] (14)

where AE,, is the released kinetic energy of the DFIG in p. u.
during the inertia response, w,(t;) and w,,(t,) are the rotor speed
of the DFIG at #; and £, in p. u., respectively.

As in Miao et al. (2015), since the system frequency in p. u. is
the same as wy,,, W, in Eq. 14 is replaced by the frequency in p. u.,
thus, the expression of Eq. 14 can be modified as:

AE,,

HDF[G

Fou(t)) = + 2, (1) (15)

where f,,(t;) and f,,,(t,) are the system frequency at t; and ¢, in p.
u., respectively.

Therefore, the frequency deviation, Af,y, = fou(t1)—fpu(to)s is
given by Eq. 16:

AE,,

HDFIG

Afpu = _fpu (to) + +f2u (tO) (16)

As shown in Eq. 16, it is evidenced that the DFIG can support
the system frequency by inertia response. The large AE,, can
reduce the system frequency deviation so as to boost the FN.

TORQUE LIMIT-BASED INERTIAL
CONTROL OF A DFIG

After the KE stored in rotor is released to support the system
frequency, the rotor speed will deviate from the initial operation
state, and even cause the wind turbine stalling. Furthermore, the
rotor speed recovery trends to cause a significant SFD due to the
reduction on the output power. In order to effectively heighten
the FN without a stalling and recover the rotor speed with
reduced SFD, the inertial control strategy of the DFIG should
be carefully designed.

The following section briefly introduces the characteristics of
the conventional TLBIC scheme of (Kang et al, 2016a).
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Thereafter, the proposed TLBIC scheme is described in detailed
in the second part of this section.

Conventional Torque Limit-based Inertial
Control Scheme of a DFIG.

To improve the FN without causing the wind turbine stalling, the
process of the TLBIC contains two periods: period of supporting
the system frequency (A-B-C trajectory) and period of recovering
rotor speed of the wind turbine (C-C-D-A trajectory)
(Figure 3A).

Period of Supporting the System Frequency

As shown in A-B-C trajectory of Figure 3A, the DFIG operates at
MPPT mode prior to a disturbance, which corresponds to Point
A. Upon detecting a disturbance, the power reference of a DFIG
instantly increases to Point B (which is the torque limit) along
Line A-B so as to boost the FN effectively. To avoid the wind
turbine stalling, the reference power P,.rdecreases along Point B
to Point C. During the period of supporting the system frequency,
the reference power P, is given by:

Prijm (00) = Prppr (@min) (
Wy — Wmin

Pref = Puppr (wmin) + r— wmin)

17)

where w,,;, is the minimum rotor speed; w, is the rotor speed
prior to a disturbance; Pyppr{@wmin) and Pyppr(wy) are the value
of Pyppr at w,,;, and wg, respectively; Pry;,,(wo) is the maximum
power corresponding to torque limit at w,.

Since P, is greater than the input mechanical power P,,, w,
decreases continuously based on the swing equation. Besides, as
described in Eq. 17, the power reference P,.fis a linear function of
w,, the active power output will decrease along the Line B-C with
w, (see B-C trajectory in Figure 3A). When P,.rbecomes equal to
P, at Point C, the rotor speed converges to wc. Accordingly, wc is
higher than the minimum speed limit w,,;,, so that this strategy
effectively avoids the stalling of the wind turbine.

Period of Recovering Rotor Speed of the Wind Turbine
Asin (Kang et al,, 2016a), if w, satisfies the following condition, w,
converges.

lw(t+T) - w(t)] <3.45 x 107 p.u. (18)

where T is the sampling interval of w,.

At Point C, the active power P,.{w¢) instantly reduces AP, to
Point C' so as to recover w,, and keep the value until the MPPT
curve is met. At Point D, P,¢is switched to Pyppr. Afterwards, w,
returns from Point D to Point A by the action of the MPPT curve.
P, for C-C'-D stage can be expressed as in Eq. 19.

Pref:Pref(wC)_APs (19)

where AP; is a constant.
As displayed in Figure 3B, since the condition Eq. 18 is
difficult to achieve. Accordingly, this period of w, convergence

Torque Limit-Based Inertial Control
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No

f <59.98 Hz

| Read the rotor speed w,

*

Perform frequency response
according to (20)
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FIGURE 4 | Operational features of the proposed TLBIC scheme: (A)
Flowchart of the proposed TLBIC scheme; (B) Block diagram of the proposed
TLBIC scheme; (C) Power trajectory in the w, domain; (D) Active power in the

time domain.
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DFIG-based WPP

FIGURE 5 | Model system with an aggregated wind farm.

154/345 kV

M Static load
otor 240 MW
350 MW 100 Mvar
25.6/
345 kV
345/
13.8 kV
SG,.SG» SG,,SGs  SGs,SGe
150 MVA 200 MVA 100 MVA

TABLE 1 | Parameters of the DFIG.

Units Values
Inertia constant s 5.0
Apparent power MVA 55
Active power MW 5.0
Stator voltage kV 2.3
Stator resistance p.u 0.023
Stator leakage reactance p.u. 0.18
Rotor resistance p.u. 0.016
Rotor leakage reactance p.u. 0.16

PW

FIGURE 6 | IEEEG1 model (type B).

remains for a long time and leads to a waste of the KE which is
unnecessary. In addition, to accelerate w, recovery, a large AP is
desirable. However, too large AP; may result in a severe SFD
undoubtedly. Therefore, it is difficult to counterbalance the size of
an SFD and the rotor speed recovery duration.

Proposed Torque Limit-based Inertial
Control Scheme of a DFIG

To approach the above issues of the conventional TLBIC scheme,
a proposed TLBIC scheme is carried out in this study.

The proposed TLBIC scheme aims to 1) improve the FN at a
high level with less released kinetic energy and 2) ensure the

frequency stabilization with reduced SFD. To this end, P, is
represented as in Eq. 20, as shown in Figure 4B.

Pref (t) = Priim (wo) X >ty (20)

where « is the frequency control parameter; f; is the moment of
disturbance occurrence.

The flowchart and the power operation features of the
proposed TLBIC scheme are presented in Figures 4A,C,
respectively. As the conventional TLBIC scheme, the
proposed reference power increases instantly from Pyppr(wo)
to Pryin(wo) at ty (see A-B trajectory in Figure 4C), so as to
provide short-term frequency response. Different from the
conventional reference power (which is a function of w,), the
proposed reference power is a function of the time. As time goes
on, P,.¢continues to decrease smoothly until the MPPT curve is
met (see B-C trajectory in Figure 4C). At Point C, P,.sequals P,,
and w, converges to wc. Afterwards, P,.sof the DFIG switches to
Pyppr> and the rotor speed returns to the initial state along the
Pyppr curve for optimum power production (see C-A trajectory
in Figure 4C).

Compared with the conventional TLBIC scheme, the
proposed TLBIC scheme is more manageable, which can
control the output active power at the initial period of the
frequency response by adjusting a. In addition, the proposed
TLBIC scheme starts the restoration of w, earlier without the
period of w, convergence and avoids the release of
unnecessary KE. As shown in Figure 4D; Eq. 20, with the
assistance of time-varying power function, P, decreases
smoothly with time and switches to MPPT mode without
an active power mutation, which effectively ensures frequency
stabilization.

It is quite important to remark that the setting of « in Eq. 20:
a small « is instrumental in rapid w, restoration. However, a
small « is not benefit to release the rotating KE and boost the
FN; On the contrary, a large a could rise the FN effectively, but
it delays w, recovery and causes a severe SFD. Therefore, the
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setting of « is critically important. Besides, P, should be
limited by an active power rate limiter and a maximum
power limiter.

Torque Limit-Based Inertial Control

MODELING OF SIMULATION SYSTEM

Simulations on various wind power penetrations and wind speed
conditions are conducted in EMTP-RV simulator to demonstrate
the effectiveness of the proposed TLBIC scheme. As displayed in
Figure 5, the model system consists of one aggregated DFIG-
based wind farm, six synchronous generators, a 350-MW
asynchronous motor, and a 240-MW static load. The main
parameters of the DFIG are shown in Table 1.

As in (Byerly et al.,, 1973), all synchronous generators use the
IEEEGI governor and SEXS exciter. The classical configurations
of the IEEEG1 model (type B) and SEXS exciter are displayed in
Figure 6, 7, respectively. Note that the secondary frequency
response is not implemented in this study, thus the frequency
will not eventually return to the acceptable range.

CASE STUDIES

In this section, the performances of the proposed scheme under
the scenarios by varying the wind power penetration levels of 30
and 40% are verified. Moreover, the average wind speed is set to
8.0 m/s and a stochastic wind speed model is employed in this
study. As a disturbance, SG, which generates 150 MW prior to a
disturbance is tripped at 40.0s.

The following several subsections will compare the
performances of the proposed scheme with the conventional
scheme and MPPT operation in terms of the system frequency
nadir, second frequency drop, starting time of rotor speed
recovery, and released kinetic energy, respectively.

The released kinetic energy AE,, in this paper is defined as:

AE, = Hprig (wé - w(z;) (21)

Case 1: Wind Power Penetration = 30% and
Wind Speed = 8 m/s

Figure 8 shows the simulation results for case 1, in which the
wind power penetration level is 30% and wind speed condition is
8.0 m/s. In addition, AP, for the conventional scheme is set to
0.05p. u., as suggested in (GB/T19963, 2011), and the KE
available from the wind turbine is 1.708 s.

Since SGy is offline at t = 40 s, the system active power is out-oft-
balanced so that the frequency drops. As shown in Figure 8A, the
frequency nadirs of the proposed TLBIC scheme, conventional
TLBIC scheme, and MPPT control are 59.043, 59.014, and 58.665
Hz, respectively. When the DFIG operates at MPPT mode, it does
not participate in system frequency response including inertia
response and governor response, thus, its active power output
and rotor speed remain unchanged. In addition, compared with the
conventional strategy, the FN of the proposed TLBIC strategy is
slightly boosted by 0.029 Hz. This is mainly because « is set to 0.1
so that the active power of the proposed TLBIC scheme is larger in
the initial period of the inertial response (Figure 8D).

Figure 8C displays the rotor speeds of case 1, w, in the proposed
TLBIC strategy drops faster and decreases to 0.784 p. u. at 47.6s,
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TABLE 2 | Simulation results for all cases.

Frequency nadir (Hz) MPPT

Conventional scheme
Proposed scheme
Conventional scheme
Proposed scheme
Conventional scheme
Proposed scheme
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Proposed scheme

Second frequency nadir (Hz)
Starting time of rotor speed recovery (s)

Released kinetic energy (s)
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Case 1 Case 2 Case 3
58.665 58.501 58.614
59.014 58.953 58.930
59.043 58.977 59.010
59.368 59.265 59.330
57.0 57.0 57.4
47.6 47.6 471
1.209 1.221 1.350
1.085 1.167 1.203

and then gradually returns to w,. Due to the slow rotor speed
convergence, w, in the conventional TLBIC scheme converges to
0.768 p. u. at 57.0 s. Consequently, the proposed TLBIC scheme
begins the restoration of the rotor speed earlier than the
conventional TLBIC scheme by 9.4 s. Moreover, the KE released
from the wind turbine during the inertial response in the proposed
TLBIC scheme is 1.085 s, while the released KE in the conventional
TLBIC scheme is 1.209s (Table 2). The reason for this
phenomenon is that w¢ is more in the proposed TLBIC scheme.

In order to recover w,, the conventional scheme instantly reduces
the output power by 10 MW at 57 s to accelerate the recovery of w,,
which causes a severe SFD of 0.632 Hz (Figures 8A,B). In contrast,
the proposed reference power P, decreases smoothly with time by
Eq. 20, which effectively ensures the rapid rotor recovery and
frequency stabilization without a fluctuation, as shown in Figure 8A.

Case 2: Wind Power Penetration = 40% and
Wind Speed = 8 m/s

Figure 9 shows the simulation results for case 2, in which the
wind power penetration level is more than it is in case 1 by 10%.

As illustrated in Figure 9A, the FN of the MPPT operation is
58.501 Hz, which is lower than that of case 1 by 0.164 Hz
obviously. This mainly suffers from the higher wind power
penetration. Furthermore, the frequency nadirs of the proposed
and conventional TLBIC strategy are 58.977 Hz, 58.953 Hz,
respectively. Compared with the conventional TLBIC scheme,
the FN of the proposed TLBIC scheme is improved by 0.024 Hz
due to the setting of a in Eq. 20. In addition, the system
frequencies for the proposed and conventional TLBIC strategy
reach the steady state at 68.0 and 85.0 s, respectively.

w, in the proposed and conventional TLBIC scheme start the
restoration at 47.6 and 57.0 s, respectively. Moreover, a significant
SED occurs at 60.3 s in the conventional TLBIC scheme while
there is no frequency fluctuation in the proposed TLBIC scheme
during the restoration of w,. The size of the SFD for the
conventional TLBIC scheme is 0.735 Hz, which is larger than
that in case 1 by 0.103 Hz because of a bigger AP,.

Table 2 presents the simulation results for case 2, the released
KE in the proposed and conventional TLBIC scheme are 1.167
and 1.221s, respectively. Obviously, the released KE of the
proposed TLBIC scheme is less.

Simulation results of the above two cases clearly illustrate that
the proposed TLBIC strategy can heighten the FN at a high level
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with less KE while guaranteeing the fast frequency stabilization
under high wind power penetrations.

The above two cases have demonstrated the benefits of the
proposed TLBIC strategy under constant wind speed. Whereas,
considering the wind velocities are variable in a realistic scenario,
the availability of the proposed TLBIC strategy will be investigated
on a stochastic wind speed model in the following section.

Case 3: Wind Power Penetration = 30% and

Random Wind Speed Condition

The stochastic wind speed model is presented in Figure 10A. As
displayed in Figure 10B, the frequency nadirs of the proposed TLBIC
scheme, conventional TLBIC scheme, and MPPT control occur at 44.2,
43.7 and 43.2 s and are 59.043, 59.014, and 58.665 Hz, respectively, and
the frequency nadirs of three control schemes is all lower than those of
case 1 due to the influence of the wind speed drop (Figure 10A).

Torque Limit-Based Inertial Control

Moreover, the system frequencies for the proposed and conventional
TLBIC scheme reach the steady state at 62.0 and 72.0 s, respectively.
Since the DFIG output power is closely related to the wind
speed, the output power raise at 73 s with the increase of the wind
speed (Figures 10A,C). As displayed in Table 2, w, of the proposed
TLBIC scheme starts the recovery at 47.1 s which is earlier than
that of the conventional TLBIC scheme by 10.3 s. Furthermore, the
released KE during the frequency response in the proposed and
conventional TLBIC scheme are 1.203 and 1.350 s, respectively.
Simulation results displayed in case 3 also demonstrate that
the advantages and effectiveness of the proposed TLBIC scheme.
Even though in a stochastic wind speed, the proposed TLBIC
scheme still heightens the FN at a high level with less KE while
guaranteeing the rapid frequency stabilization with reduced SFD.

CONCLUSION

This study suggests an optimized inertial control of a DFIG for
heightening the FN at a high level with less KE and guaranteeing the
fast frequency stabilization under high wind power penetrations
with reduced SFD. To this end, when detecting a disturbance, the
active power of the DFIG increases to the torque limit so that
enough rotor kinetic energy is released into the power grid, and then
the power reference smoothly reduces until the MPPT curve is met.
Afterwards, the rotor speed reverts to the initialization along the
MPPT curve without a frequency fluctuation.

Simulation results on various wind penetrations and wind
velocities significantly demonstrate that the proposed TLBIC
scheme shows better performances during the frequency response
over the conventional TLBIC scheme: 1) during the period of
supporting the system frequency, the proposed TLBIC strategy
heightens the FN at a high level with less released KE; 2) during
the period of recovering the rotor speed, the proposed TLBIC
scheme guarantees the rapid frequency stabilization with reduced
SED effectively. Consequently, the optimized scheme can provide an
effective approach for reducing the waste of the KE and balancing
the depth of the SFD and the duration of rotor speed restoration.
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