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Abstract—This paper proposes a temporary frequency-support
scheme of a doubly fed induction generator (DFIG) that can
improve the frequency nadir while ensuring rapid frequency stabi-
lization, particularly for high wind power penetration levels (WP-
PLs). Upon detecting a disturbance, the power reference is in-
creased by the incremental power and maintained for a preset pe-
riod. The proposed incremental power varies with the rotor speed
and WPPL. Then, to force the rotor speed to converge to a stable op-
erating range, the reference decreases with the rotor speed. During
the deceleration period, the proposed scheme releases less kinetic
energy, which helps in the rapid recovery of the rotor speed. Dur-
ing the acceleration period, to accelerate the rotor speed recovery,
the reference smoothly decreases with time and rotor speed until it
reaches the maximum power point tracking curve. The test results,
which are based on the IEEE 14-bus system, demonstrate that even
though less kinetic energy is released, the proposed scheme can im-
prove the frequency nadir while rapidly recovering the rotor speed
under various wind conditions and penetration levels, but it is par-
ticularly effective for higher penetration levels. The scheme helps
providing a promising solution to the ancillary services of a DFIG
in a power system with high WPPLs.

Index Terms—Temporary frequency support, frequency nadir,
high wind power penetration, doubly-fed induction generator, fre-
quency stabilization.

Manuscript received July 31, 2017; revised December 19, 2017 and February
22, 2018; accepted February 26, 2018. Date of publication February 28, 2018;
date of current version April 17, 2018. This work was supported in part by
Korea Institute of Energy Technology Evaluation and Planning (KETEP) and
the Ministry of Trade, Industry & Energy (MOTIE), South Korea, under Grant
20163010140690 and in part by Human Resources Program in Energy Technol-
ogy of KETEP funded by MOTIE, South Korea, under Grant 20174010201620.
Paper no. TPWRS-01135-2017. (Corresponding author: Taiying Zheng.)

D. Yang and J. Kim are with the Department of Electrical Engineering, Wind
Energy Grid-Adaptive Technology Research Center, Chonbuk National Uni-
versity, Jeonju, Jeollabuk-do 561-756, South Korea (e-mail: dejian@jbnu.ac.kr;
jkim@jbnu.ac.kr).

Y. C. Kang and J. Hong are with the Department of Energy IT, Ga-
chon University, Seongnam, Gyeonggi-do 461-701, South Korea (e-mail: au-
gustinekang33@gmail.com; hongpa@gachon.ac.kr).

E. Muljadi is with the Department of Electrical and Computer Engineering,
Auburn University, Auburn, AL 36849 USA (e-mail: mze0018@auburn.edu).

N. Zhang is with the Department of Electrical Engineering, Tsinghua Uni-
versity, Beijing 100084, China (e-mail: ningzhang@tsinghua.edu.cn).

S.-H. Song is with the Department of Electrical Engineering, Kwangwoon
University, Nowon-gu, Seoul 01897, South Korea (e-mail: ssh7sy@gmail.com).

T. Zheng is with the Department of Electrical Engineering, Zhejiang Univer-
sity, Hangzhou 310027, Zhejiang China (e-mail: taiying_zheng@zju.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org

Digital Object Identifier 10.1109/TPWRS.2018.2810841

I. INTRODUCTION

TO ENSURE stable operation of an electric power system,
system frequency should be maintained within an allow-

able range at all times. If a frequency event occurs, such as a
generator trip, synchronous generators (SGs) intrinsically re-
lease kinetic energy as an inertial response; then, their primary
and secondary controls can be used to restore the frequency to
the nominal value [1]. If the frequency drops below the thresh-
old, an underfrequency load-shedding relay is activated to pre-
vent the frequency collapse [2]. Thus, the frequency nadir is an
important metric to determine the frequency stability of a power
system.

Variable-speed wind turbine generators (WTGs) perform
maximum power point tacking (MPPT) operation so that they
can extract the maximum energy from the wind; however, this
MPPT control function does not allow variable-speed WTGs to
respond to the frequency decline during an event. As a result,
the frequency stability might be jeopardized [3], particularly for
an electric power system that integrates high penetration levels
of wind power. To avoid this, some countries specify require-
ments on the temporary frequency support (TFS) of WTGs to
provisionally release the kinetic energy stored in the revolving
masses of the generator without using reserve power [4], [5].
TFS schemes can improve the frequency nadir, thereby prevent-
ing load shedding caused by low frequencies [6]. The authors of
[7] showed that the response from a WTG can be several times
more per megawatt than was observed for the primary response
from an SG.

TFS schemes that rely on the measured system frequency
were reported in [8]–[10]; these schemes provide a slow re-
sponse from a doubly-fed induction generator (DFIG). To
achieve a rapid response, the authors of [11]–[13] suggested
TFS schemes that instantly increase the output power upon de-
tecting an event. In [11], the power reference, which is defined
as a function of time, increases the output power. This value
is maintained for a preset period to arrest the frequency de-
cline; however, because this scheme is unable to prevent over-
deceleration in any wind conditions while performing TFS, only
a small increase in power is allowed regardless of the amount of
the releasable kinetic energy. Further, to recover the rotor speed,
after the preset period the output power is instantly reduced to a
predefined value, and this causes a significant second frequency
drop (SFD).
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Fig. 1. Typical configuration of a DFIG. ir , ic , ig : Current at RSC, GSC, and
terminal. vD C , vg : Voltage at DC-link and terminal. vr r ef , vc r ef : Reference
RSC and GSC voltages.

To release more kinetic energy while ensuring stable opera-
tion, the schemes in [12] and [13] defined the power reference
as a function of the rotor speed to converge the rotor speed to a
value in the stable operating range. The scheme in [12] added
a constant to the power reference for MPPT operation; in con-
trast, the scheme in [13] increased the reference to the torque
limit referred to power after detecting an event. The schemes in
[12] and [13] release more kinetic energy than the scheme in
[11], and thus improve the frequency nadir at a higher level. In
addition, the scheme in [13] can improve the frequency nadir
at a higher level than the scheme in [12]; however, the incre-
mental power in the scheme in [13] in low- and medium-speed
regions of the rotor is larger than it is in the high-speed region.
As a result, a late but significant frequency nadir might occur.
This phenomenon becomes more severe for higher wind power
penetration level (WPPLs).

This paper proposes a TFS scheme of a DFIG suitable for
a high penetration level of wind. To improve the frequency
nadir while ensuring rapid frequency stabilization, the proposed
power reference consists of four stages. Stage I and Stage II
occur during the deceleration period, and Stage III and Stage IV
occur during the acceleration period. During the deceleration pe-
riod, the proposed scheme increases the output power of a DFIG
by the incremental power for a preset time and then forces the
rotor speed to converge to a stable operating range. In this paper,
an analytical formula for the incremental power is proposed that
varies with both the rotor speed and WPPL. During the accel-
eration period, to rapidly restore the rotor speed, the reference
during Stage III smoothly decreases with both rotor speed and
time until it meets the MPPT curve. Finally, during Stage IV,
the rotor speed returns to the value prior to an event along with
the MPPT curve. The effectiveness of the proposed scheme is
verified under various wind speeds and penetration levels based
on an EMTP-RV simulator.

II. MODELING AND CONTROL OF A DOUBLY-FED

INDUCTION GENERATOR

Fig. 1 shows the typical configuration of a DFIG.
As in [14], the mechanical power captured by the wind turbine

from the wind, Pm , is given by:

Pm =
1
2
ρπR2v3

w cP (λ, β) (1)

where ρ, R, vw , cp , β, and λ are the air density, rotor radius,
wind speed, power coefficient, pitch angle, and tip-speed ratio,
respectively.

As in [15], cP (λ, β) in (1) can be represented as:

cP (λ, β)

= 0.645
{

0.00912λ +
−5 − 0.4(2.5 + β) + 116λi

e21λi

}
(2)

where:

λi =
1

λ + 0.08(2.5 + β)
− 0.035

1 + (2.5 + β)3 . (3)

To represent the mechanical dynamics between the turbine
and generator, a two-mass shaft model in [16] is used.

The dynamics between the mechanical torque, Tm , and the
low-speed shaft torque, Tls , is given by:

Jt
dωt

dt
= Tm − Tls (4)

where Jt and ωt are the moment of inertia of the turbine and
turbine rotor speed, respectively.

The dynamics between the high-speed shaft torque, Ths , and
electromagnetic torque of a generator, Tem , is expressed as:

Jg
dωr

dt
= Ths − Tem (5)

where Jg and ωr are the moment of inertia of the induction
generator and generator rotor speed, respectively.

Tls can be obtained by:

Tls = K(θt − θls) + B(ωt − ωls) (6)

where K, B, θt , θls , and ωls are the spring and damping constants,
angular displacements of the turbine rotor and low-speed shaft,
and rotor speed of the low-speed shaft, respectively.

The gear ratio, N, is given by:

N =
Tls

Ths
=

ωr

ωls
. (7)

The DFIG control system includes the rotor-side converter
(RSC) controller and grid-side converter (GSC) controller. The
former controls the reactive power injected into a power system
and performs MPPT operation; the latter focuses on controlling
the DC-link voltage [17]. The reference for MPPT operation,
PMPPT, is represented by (8), as in [18].

PM P P T =
1
2
ρπR2

(
ωrR

λopt

)3

cP,max = kgω
3
r (8)

where in this paper, cP,max is the maximum value of cP for
β = 0◦ and is set to 0.5; λopt is the optimal value of λ and is set
to 9.95; kg is constant and is set to 0.512.

The rapid and excessive increase of output power might result
in the mechanical torsion of a wind turbine. To avoid this, the
power limit, Plimit , and torque limit, Tlimit , are set to 1.1 p.u.
and 1.07 p.u., respectively. In addition, the rate limit of power is
set to 0.45 p.u./s, as in [19]. Further, the stable operating range
of ωr of a DFIG is from 0.70 p.u. (ωmin) to 1.25 p.u. (ωmax), as
represented by the two black dashed lines in Fig. 2.
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Fig. 2. Power characteristics and limitations of a DFIG model.

III. TEMPORARY FREQUENCY-SUPPORT SCHEMES OF A

DOUBLY-FED INDUCTION GENERATOR

To arrest the frequency decline, upon detecting an event the
TFS schemes release the kinetic energy stored in the revolving
masses of a DFIG. During this deceleration period, ωr decreases
because the electrical output power of a DFIG, Pe , is larger than
Pm , which varies with ωr . Note that during the deceleration
period, over-deceleration of ωr should be avoided to ensure
stable operation of a DFIG. To restore ωr to the optimal value
prior to an event, ω0 , TFS schemes should reduce Pe below Pm .
In the acceleration period, both the rapid ωr recovery and small
SFD are required for fast frequency stabilization.

This section briefly describes the operational characteristics
of the two conventional TFS schemes in [11] and [13], which
are referred to as Scheme #1 and Scheme #2, respectively, in
this paper. Afterward, the operational features of the proposed
TFS scheme are described in detail.

A. Scheme #1 [11]

PT F S in Scheme #1 was designed based on the assumption
that the released kinetic energy during the deceleration period,
tdec , is the same as the absorbed kinetic energy during the ac-
celeration period, tacc . As shown in Fig. 3(a), after detecting
an event Scheme #1 switches the power reference, Pref , from
P0 , which is the value of PM P P T prior to an event, to PT F S ,
which is defined in the time domain. At t0 , Pref is instantly
increased from P0 to P0 + ΔP , where ΔP is the incremental
power maintained for tdec . To recover ωr , at t0 + tdec , Pref

instantly decreases from P0 + ΔP to P0 − 0.5ΔP , which is
maintained for tacc [see Fig. 3(b)].

Scheme #1 is unable to ensure stable operation in any wind
conditions while performing TFS if ΔP is set to be large. In
addition, a significant SFD starts at t0 + tdec if 1.5ΔP is set
to be large. Therefore, ΔP should be set to be small so that
it ensures stable operation and reduces the size of an SFD. In
[11], ΔP is set to 0.1 p.u. in a wind speed more than 7.5 m/s
and 0.05 p.u. in a wind speed equal to or less than 7.5 m/s; in
addition, tacc and tdec are set to 20.0 s and 10.0 s, respectively.

B. Scheme #2 [13]

To improve the frequency nadir while ensuring stable op-
eration, Scheme #2 defines PT F S in the ωr domain, unlike
Scheme #1. As shown in Fig. 4(a), after detecting an event PT F S

is increased from P0 to PT lim(ω0), which is the torque limit

Fig. 3. Operational features of Scheme #1 [11]. (a) Control scheme of Scheme
#1. (b) PT F S for Scheme #1. (c) PT F S in the power–rotor speed plane of
Scheme #1.

Fig. 4. Operational features of Scheme #2 [13]. (a) PT F S in the power–rotor
speed plane of Scheme #2. (b) PT F S in the time domain of Scheme #2.

referred to power at ω0 . Scheme #2 can significantly improve
the frequency nadir at a higher level than Scheme #1 because
in Scheme #2 more kinetic energy is released during the early
stage of a frequency event.

Afterward, PT F S is linearly reduced with ωr from Point B to
Point C, as in:

PT F S =
PT lim (ω0) − PM P P T (ωmin)

ω0 − ωmin
(ωr − ωmin)

+ PM P P T (ωmin) (9)

where PM P P T (ωmin) is the value of PM P P T at ωmin.
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Note that PT F S in the form of (9) forces ωr to converge
to Point C, which is the intersection of (9) and the Pm curve.
Thus, Scheme #2 ensures that no over-deceleration occurs under
various wind conditions because ωC is in the stable operating
region.

When ωr converges to ωC , Scheme #2 instantly reduces the
reference from PT F S (ωC ) to PT F S (ωC ) – 0.03 p.u so that
it starts restoring ωr ; this value is kept until PT F S meets the
PM P P T curve. At Point D, Pref is changed back to PM P P T

in (8), and then ωr is restored to ω0 . Note that to restore ωr ,
Scheme #1 instantly reduces PT F S by 0.15 p.u. [segment CD
in Fig. 3(c)], whereas Scheme #2 reduces by 0.03 p.u. [segment
CC’ in Fig. 4(a)]; thus, Scheme #2 can significantly reduce the
size of an SFD.

C. Proposed Temporary Frequency-Support Scheme

As mentioned in Subsection III-B, Scheme #2 increases Pref

from P0 to PT lim(ω0) and then decreases with ωr . For medium
and low ω0 , dPT F S /dt during the deceleration period (from
Point B to Point C) might have a large value. This can cause
a late but significant frequency nadir. The reason for this is as
follows.

dPT F S /dt during the deceleration period can be
expressed as:

dPT F S

dt
=

dPT F S

dωr
× dωr

dt
. (10)

dPT F S /dωr in (10) refers to the slope of the segment BC
in Fig. 4(a), i.e., the slope of (9); dωr/dt is proportional to
the length of the segment AB in Fig. 4(a), which indicates
PT lim(ω0) − P0 .

As ω0 decreases, Point B moves to the left along the PT lim

curve, but PM P P T (ωmin) stays; as a result, dPT F S /dωr in-
creases (see Fig. 2). In addition, dωr/dt at Point B is larger for a
low ω0 than for a high ω0 because PT lim(ω0) − P0 for a low ω0
is larger. Thus, dPT F S /dt at Point B—which is the maximum
reduction rate during the deceleration period—is much larger
for a low ω0 than for a high ω0 ; as a result, a large dPT F S /dt
lasts for a longer time. Consequently, SGs in the power system
should release more power to compensate for the output power
reduction of a DFIG for a longer period. Therefore, the system
frequency declines further, which causes a late but significant
frequency nadir. This phenomenon becomes more severe for a
higher WPPL.

To avoid this, the proposed TFS scheme suggests PT F S that
instantly increases Pref to a value upon detecting an event and
then maintains this value for the preset period, as shown in
Fig. 5(a). The proposed PT F S can improve the frequency nadir
for medium and low ω0 by avoiding a large dPT F S /dt, particu-
larly for a higher WPPL. The preset period is set in association
with the occurrence time of the frequency nadir in the power
system, and thus the proposed scheme releases less kinetic en-
ergy than Scheme #2; as a result, ωC in the proposed scheme
becomes higher. This helps speed up the ωr recovery.

The rest of this subsection describes the proposed PT F S ,
which consists of four stages. Stage I and Stage II occur during

Fig. 5. Operational features of the proposed scheme. (a) PT F S in the power–
rotor speed plane for the proposed scheme. (b) PT F S in the time domain for
the proposed scheme. (c) ΔP versus ω0 with different settings of n.

the deceleration period, and Stage III and Stage IV occur during
the acceleration period.

1) Stage I—Supporting the Frequency: Stage I aims to arrest
the frequency decline by supplying constant power to the power
system for a preset period. Upon detecting an event, PT F S

increases up to P0 + ΔP , which is maintained for tF N , as in:

PT F S (t) = P0 + ΔP, for t0 < t ≤ t0 + tF N (11)

where tF N is the period to maintain (11) after an event and is set
to an average value of the times of occurrence of the frequency
nadir in a power system, which is obtained from a number of
simulation results by possible power imbalances.

As mentioned in Subsection III-B, in Scheme #2 ΔP is set
to PT lim(ω0) − P0 , which is monotonously decreasing with re-
spect to ω0 (see Fig. 2). This means that the power margin is
small for a high ω0 but large for a low ω0 . If ΔP is set to
the power margin as in Scheme #2, over-deceleration of ωr is
more likely to occur for a small ω0 , in which the releasable
kinetic energy (H(ω2

0 − ω2
min)) is small, because more kinetic

energy than the releasable kinetic energy can be released. In ad-
dition, to avoid over-deceleration, at ω0 ∼= ωmin ΔP should be
negligible. Further, for low ω0 regions, dPT F S /dt becomes sig-
nificant during Stage II because of a large power margin. As
a result, a late but significant frequency nadir will occur even
though the frequency nadir is higher than that in Scheme #2.
To avoid these, ΔP should be set to be increasing with re-
spect to ω0 . Thus, in the proposed scheme, ωn

0 − ωn
min , which is

monotonously increasing with respect to ω0 depending on n and
is negligible for ω0 ∼= ωmin, is multiplied to the power margin,
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as in:

ΔP = [PT lim (ω0) − P0 ] × (ωn
0 − ωn

min) (12)

where n is an index depending on the WPPL.
As the WPPL increases, ΔP should be reduced; otherwise,

a late frequency nadir might occur. Thus, n is included in (12)
depending on the WPPL. As shown in Fig. 5(c), ΔP decreases
as the WPPL increases. Note that this paper suggests (12) as
an example of an explicit equation for analytically determining
ΔP depending on ω0 and the WPPL. An alternative equation
instead of (12) can be derived; however, this is beyond the scope
of this paper.

For n = 3, the second brackets in (12), ωn
0 − ωn

min , range
from 0 at ω0 = ωmin (0.7 p.u.) to 1.61 at ω0 = ωmax (1.25 p.u.).
As shown in Fig. 5(c), ΔP is set to 0 at ω0 = ωmin and is
convex upward with respect to ω0 . The proposed ΔP for medium
and low ω0 is significantly smaller than that in Scheme #2.
As a result, dPT F S /dt during the deceleration period becomes
smaller, thereby avoiding a late but significant frequency nadir.
In other words, the proposed scheme can improve the frequency
nadir at a higher level than Scheme #2 even though the proposed
scheme releases less kinetic energy during the initial stage of
an event; this helps the rapid ωr recovery. In addition, if ω0 ∼=
ωmin, ΔP is negligible, and thus no over-deceleration occurs.

In this paper, n for the WPPL of 20%, 30%, and 40% is set to
3, 2, and 1, respectively. For a WPPL more than 40%, a rational
number less than one should be set.

2) Stage II—Converging ωr : The objective of Stage II is to
converge ωr to a stable region. To do this, PT F S after t0 + tF N

is defined as:

PT F S (ωr )

= (P0 + ΔP )
ωr − ωmin

ωF N − ωmin
, for ωC ≤ ωr < ωF N (13)

where ωF N and ωC are the rotor speed at Point B’ and Point C,
respectively.

PT F S in (13) keeps decreasing with ωr along the straight line
from Point B’ to the point (ωmin, 0) until PT F S meets Pm at
ωC , which lies in a stable operating range. Note that ωC in the
proposed scheme is larger than that in Scheme #2 because the
proposed scheme releases less kinetic energy; this helps ensure
a faster ωr recovery during the acceleration period.

It is decided that ωr is converged to ωC if (14) is satisfied.

|ωr (t) − ωr (t − T )| ≤ 4.0 × 10−7 p.u. (14)

where T is the sampling interval.
When ωr converges to ωC , Stage II ends, and Stage III starts.
3) Stages III and IV—Rapidly Recovering ωr to ω0: To re-

cover ωr , Scheme #2 instantly reduces its output by 0.03 p.u.
at the start of the acceleration period. An output reduction of
more than 0.03 p.u. is required for faster ωr recovery; however,
an instant output reduction of more than 0.03 p.u. will cause a
significant SFD, thereby adversely affecting the frequency sta-
bilization. To smoothly reduce the output more than 0.03 p.u.
instead of instantly reducing it, the proposed scheme adopts ΔT,

which is the period of Stage III, in PT F S as in:

PT F S (ωr , t) = kgω
3
r + ΔPC[

− 1
ΔT

(t − tC ) + 1
]

, for ωC < ωr ≤ ωD

(15)

where ΔPC is PT F S (ωC ) − PM P P T (ωC ) [see Fig. 5(a)], and
tC is the instant of the ωr convergence.

As time goes on, ωr increases; thus, kgω
3
r increases while the

second term decreases to zero at tC + ΔT , where PT F S meets
the MPPT curve at Point D. ΔT in (15) can be set depending
on the design objectives. Because ΔT in (15) gives the effects
on both the size of an SFD and the ωr recovery time, special
attention should be paid on setting ΔT. For a small ΔT, the
reduction rate of the second term in (15) becomes large; con-
sequently, the difference between PT F S at the start and end of
Stage III becomes larger. Thus, a small ΔT is desirable for fast
ωr recovery, but it can cause a significant SFD because of the
large difference between PT F S at the start and end of Stage III.
Conversely, a large ΔT ensures a small SFD, but it slows the
ωr recovery. In this paper, ΔT is set to 15.0 s based on a large
number of simulation results by varying wind conditions and
penetration levels so that the proposed scheme can significantly
improve the ωr recovery time with a slightly increased SFD
compared to that in Scheme #2.

When ωr reaches ωD , ωr returns to ω0 along the PM P P T

curve.
The novelties of the proposed scheme can be summarized

as follows. First, the frequency nadir is improved particularly
for a higher WPPL by using (12). Second, less kinetic energy
than that in Scheme #2 is released, thereby helping the faster
ωr recovery; nevertheless, the proposed scheme can improve
the frequency nadir at a higher level. Third, (15) is proposed to
achieve the faster ωr recovery with a slightly increased SFD.

IV. MODEL SYSTEM AND CASE STUDIES

Simulations using an EMTP-RV simulator were conducted to
verify the efficacy of the proposed TFS scheme. As shown in
Fig. 6, the IEEE 14-bus system includes five SGs, static loads,
and one aggregated DFIG-based wind power plant (WPP). To
simulate a power system that has a low ramping capability, all
SGs are assumed to be steam turbine generators; the IEEE G1
steam governor model was chosen in [20]. The droop setting for
the primary response of the steam turbine was set to 5%, which
is the typical setting for SGs in Korea’s power system.

The performance of the proposed TFS scheme is compared
to that of MPPT operation, Scheme #1, and Scheme #2 under
various wind speeds and WPPLs. The WPPL in this paper is
defined as the installed capacity of a WPP divided by the total
load [21]. As a frequency event, SG2 generating approximately
60.0 MW is tripped out at 50.0 s.

Table I shows the DFIG parameters used in this study. Table II
shows the output power of the SGs and the WPP for all cases. As
shown in Table III, ΔP in Scheme #1 is set to 0.1 p.u. for 9 m/s
and 0.05 p.u. for 7.5 m/s, but it is independent of WPPL; ΔP in
Scheme #2 depends on the wind speed, but it is independent of
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Fig. 6. IEEE 14-bus system with an aggregated DFIG-based WPP.

TABLE I
DFIG PARAMETERS

Values Units

Nominal Apparent Power 5.5 MVA
Nominal Active Power 5.0 MW
Nominal Stator Voltage 2.3 kV
Stator Resistance 0.023 p.u.
Stator Leakage Reactance 0.18 p.u.
Magnetizing Reactance 2.9 p.u.
Rotor Resistance 0.016 p.u.
Rotor Leakage Reactance 0.16 p.u.
Rated, Cut-in, and Cut-out Wind Speeds 11.0, 4.0, and 25.0 m/s

TABLE II
OUTPUT POWER OF SGS AND THE WPP FOR ALL CASES PRIOR TO AN EVENT

Case Load
(MW)

SG1
(MW)

SG2
(MW)

SG3
(MW)

SG4
(MW)

SG5
(MW)

WPP
(MW)

1 539 238 60 90 60 38 58
2 539 263 60 90 60 38 32
3 539 288 60 90 60 – 47
4 539 331 60 90 – – 64

the WPPL; ΔP in the proposed scheme obtained from Fig. 5(c)
depends on both the wind speed and WPPL. tF N in the proposed
scheme is set to 3.0 s. In this study, n in (12) is set to 3 for a
WPPL of 20%, 2 for a WPPL of 30%, and 1 for a WPPL of 40%.
The secondary control of SGs is not included in this study, and
thus the frequency will not be recovered to the nominal value.

TABLE III
ΔP OF EACH SCHEME FOR ALL CASES

Case Scheme #1 (p.u.) Scheme #2 (p.u.) Proposed Scheme (p.u.)

1 0.10 0.34 0.23
2 0.05 0.40 0.10
3 0.05 0.40 0.09
4 0.05 0.40 0.06

A. Effects of Wind Speeds

The TFS capability is affected by the kinetic energy stored
in the DFIG; thus, this subsection describes the effect of wind
speeds of 9 m/s (medium ω0) and 7.5 m/s (low ω0) at a WPPL
of 20% on the performance of the TFS schemes.

1) Case 1—WPPL = 20% and Wind Speed = 9 m/s: In
Case 1, the releasable kinetic energy in the DFIG is 2.65 s,
which is 50% of the maximum releasable kinetic energy. ΔP in
the proposed scheme is 0.23 p.u., which is significantly smaller
than that in Scheme #2 (0.34 p.u.). Nevertheless, the frequency
nadir in the proposed scheme is 59.73 Hz, which is more than
that in Scheme #2 by 0.01 Hz, as shown in Fig. 7(a). The reason
for this is as follows. Scheme #2 reduces the output of the DFIG
in accordance with (9) after its output is increased by 0.34 p.u.
As mentioned in Subsection III-C, a large dPref /dt is kept
during the initial stage of an event. Consequently, the frequency
is decreased further; this causes a slow but significant frequency
nadir. Conversely, the proposed scheme maintains the output for
tF N after the output power is increased by 0.23 p.u.

ωr in the proposed scheme and Scheme #2 converge to
0.868 p.u. at 65.4 s and to 0.852 p.u. at 65.7 s, respectively; and
the corresponding released kinetic energies are 50% and 55%
of the releasable kinetic energy, respectively. Nevertheless, the
frequency nadir in the proposed scheme is slightly higher than
in Scheme #2.

To recover ωr , Scheme #1 instantly reduces its output by
0.15 p.u. at 60.0 s, where a significant SFD starts. Scheme #2 in-
stantly reduces the output by 0.03 p.u. after ωr converges, which
ensures a small SFD but delays the ωr recovery. In contrast, the
proposed scheme smoothly reduces the output by 0.08 p.u.,
which is 53% of that in Scheme #1 and 267% of that in Scheme
#2, for 15.0 s after ωr converges. As a result, an SFD, which is
significantly smaller than that in Scheme #1 and slightly larger
than that in Scheme #2, is caused.

As shown in Fig. 7(c), ωr in the proposed scheme recovers
to ω0 at 102.2 s, which is 13.9 s faster than in Scheme #2 and
is 2.5 s slower than in Scheme #1. Therefore, the proposed
scheme stabilizes the system frequency faster than Scheme #2
with a slightly larger SFD.

2) Case 2—WPPL = 20% and Wind Speed = 7.5 m/s: In
this case, the releasable kinetic energy is 1.08 s, which is 41%
of that in Case 1 because of a slower wind speed than in Case 1.
ΔP in the proposed scheme in Case 2 is 43% of that in Case 1,
whereas ΔP in Scheme #2 in Case 2 is 118% of that in Case 1
(see Table III). In addition, ΔP in Scheme #1 is set to 0.05 p.u.
(see Subsection III-A). In Scheme #2, a larger ΔP than in Case 1
causes a larger dPref /dt during the initial stage of an event and
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Fig. 7. Results for Case 1. (a) System frequency. (b) Output power of the
WPP. (c) Rotor speed. (d) Power-speed trajectory.

thereby reduces the frequency further to 59.65 Hz, which is
0.07 Hz less than that in Case 1 and 0.01 Hz more than that
in the proposed scheme. This is because ΔP in the proposed
scheme is only 25% of that in Scheme #2, and thus the released
kinetic energy until around the frequency nadir is significantly
smaller. Further, the proposed scheme and Scheme #2 cause a
negligible SFD, whereas Scheme #1 does a significant SFD.

ωC in the proposed scheme and Scheme #2 are 0.775 p.u. and
0.727 p.u., respectively. This means that the released kinetic
energy in Scheme #2 is 1.68 times that in the proposed scheme.
Thus, ωr in the proposed scheme is recovered to ω0 faster than
Scheme #2. The duration for the ωr recovery in the proposed
scheme is 41.6 s, which is 8.1 s faster than that in Scheme #2, as
shown in Fig. 8(c). Thus, the system frequency in the proposed
scheme is stabilized faster than in Scheme #2.

The results of Case 1 and Case 2 indicate that the proposed
TFS scheme improves the frequency nadir at a similar level to
Scheme #2 while ensuring the rapid ωr recovery under medium
and low wind speeds.

Fig. 8. Results for Case 2. (a) System frequency. (b) Output power of the
WPP. (c) Rotor speed. (d) Power-speed trajectory.

B. Effects of Wind Power Penetration Levels

The TFS capability of a DFIG also depends on the WPPL.
This subsection describes the effects of the WPPL on the per-
formance of the TFS schemes for WPPLs of 30% and 40%
with the wind speed of 7.5 m/s. To achieve a high WPPL in a
power system, the capacity of the WPP is increased, whereas
the number of operating SGs is reduced.

1) Case 3—WPPL = 30% and Wind Speed = 7.5 m/s: In
this case, the capacity of the WPP is increased from 110 MW
to 160 MW while SG5 is out of service; thus, four SGs are
operating prior to an event. Because the wind speed is the same
as that in Case 2, the releasable kinetic energy is the same.
Thus, ΔP in Scheme #1 and Scheme #2 are the same as they
are in Case 2. Conversely, ΔP in the proposed scheme is set
to 0.09 p.u., which is 0.01 p.u. smaller than that in Case 2.
In Scheme #2, because of a higher WPPL the frequency is
decreased further to 59.61 Hz, which is 0.04 Hz less than that in
Case 2; conversely, the frequency nadir in the proposed scheme
is 59.64 Hz, which is the same as that in Case 2. This is because in
Scheme #2 a larger ΔP than in Case 2 causes a larger dPref /dt
during the initial stage of an event, as in Case 2.
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Fig. 9. Results for Case 3. (a) System frequency. (b) Output power of the
WPP. (c) Rotor speed. (d) Power-speed trajectory.

ωC in the proposed scheme and Scheme #2 are 0.782 p.u.
and 0.727 p.u., respectively, as shown in Fig. 9(c). This means
that the proposed scheme releases less kinetic energy than that
in Case 2, whereas Scheme #2 releases the same amount of
kinetic energy as Case 2. Nevertheless, the frequency nadir in
the proposed scheme is higher than in Scheme #2.

ωr in the proposed scheme is returned to ω0 at 92.4 s, which
is 10.5 s faster than it is in Scheme #2. As in Case 2 the proposed
scheme and Scheme #2 cause a negligible SFD.

2) Case 4—WPPL = 40% and Wind Speed = 7.5 m/s: In
this case, the capacity of the WPP is increased to 215 MW; SG4
and SG5 are out of service, and thus three SGs are operating
prior to an event. ΔP in the proposed scheme is 0.06 p.u., which
is smaller than that in Case 3 by 0.03 p.u. and larger than that
in Scheme #1 by 0.01 p.u. Note that in Scheme #2 a significant
spike occurs immediately after an event [see Fig. 10(a)] because
of the excessive increase and decrease in the output of the WPP.
The spike reduces the frequency nadir further to 59.52 Hz, which
is 0.09 Hz less than that in Case 3 and 0.05 Hz less than that in
the proposed scheme.

Fig. 10. Results for Case 4. (a) System frequency. (b) Output power of the
WPP. (c) Rotor speed. (d) Power-speed trajectory.

ωC in the proposed scheme is 0.801 p.u., which is more than
that in Scheme #2 by 0.074 p.u. and Scheme #1 by 0.026 p.u.
This means that the proposed scheme releases less kinetic energy
than Case 3, whereas Scheme #2 releases the same amount of
kinetic energy as Case 2 and Case 3. As in Case 3, the proposed
scheme can improve the frequency nadir at a higher level than
in Scheme #2 even though less kinetic energy is released.

The proposed scheme recovers ωr at 41.3 s, which is 10.0 s
faster than that in Scheme #2. Thus, the system frequency is
stabilized faster than that in Scheme #2.

The results for Case 3 and Case 4 indicate that the proposed
scheme is able to improve the frequency nadir in a higher WPPL
more than in a lower WPPL while rapidly stabilizing the fre-
quency even though the released kinetic energy in the proposed
scheme is much less than in Scheme #2.

Table IV summarizes the results for the four cases in this paper
in terms of the frequency nadir and time for the ωr recovery.
The proposed scheme can improve the frequency nadir at a
higher level than Scheme #2, except for Case 2, even though
the proposed scheme releases less kinetic energy than Scheme
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TABLE IV
SUMMARY OF THE RESULTS FOR THE FOUR CASES

Case 1 Case 2 Case 3 Case 4

Lowest
Frequency (Hz)

Proposed
Scheme

59.73 59.64 59.64 59.57

Scheme #2 59.72 59.65 59.61 59.52
Scheme #1 59.63 59.59 59.58 59.55
MPPT
Operation

59.54 59.54 59.52 59.45

Time for the
Rotor Speed
Recovery (s)

Proposed
Scheme

52.2 41.6 42.4 41.3

Scheme #2 66.1 49.7 52.9 51.3
Scheme #1 49.7 38.6 38.6 38.6

#2, particularly for a higher WPPL. ωr is recovered to ω0 faster
than in Scheme #2, thereby rapidly stabilizing the frequency.
Further, as the WPPL increases, the proposed scheme shows
better performance in terms of improving the frequency nadir
and rapidly stabilizing the frequency.

V. CONCLUSION

This paper proposes a TFS scheme of a DFIG to improve
the frequency nadir while rapidly stabilizing the frequency, par-
ticularly for a high WPPL. During the deceleration period, the
proposed scheme supplies constant power for a preset time and
forces the rotor speed to converge to a stable operating region.
During the acceleration period, the scheme smoothly decreases
the output of a DFIG with both the rotor speed and time until
the reference meets the MPPT curve.

The test results clearly indicate that the proposed TFS scheme
improves the frequency nadir at a higher level than the conven-
tional schemes, except for Case 2, under various wind conditions
and WPPLs even though less kinetic energy is released, partic-
ularly for a high WPPL; in addition, it rapidly recovers the rotor
speed.

The advantages of the proposed TFS scheme are that the
proposed incremental power varies with both the rotor speed
and WPPL; thus, it is suitable for a power system that has a high
wind penetration, where the WPPL frequently varies because
of the intermittency of wind. The scheme releases less kinetic
energy than Scheme #2, thereby helping the fast rotor speed
recovery. Further, the proposed power reference during Stage III
can speed up the rotor speed recovery. Therefore, the proposed
scheme helps provide a promising solution to the TFS of a WTG
in a power system that has a high WPPL.
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