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Abstract – Upon detecting a frequency event in a power system, the stepwise inertial control (SIC) of 
a wind turbine generator (WTG) instantly increases the power output for a preset period so as to arrest 
the frequency drop. Afterwards, SIC rapidly reduces the WTG output to avert over-deceleration (OD). 
However, such a rapid output reduction may act as a power deficit in the power system, and thereby 
cause a second frequency dip. In this paper, a hybrid reference function for the stable SIC of a doubly-
fed induction generator is proposed to prevent OD while improving the frequency nadir (FN). To 
achieve this objective, a reference function is separately defined prior to and after the FN. In order to 
improve the FN when an event is detected, the reference is instantly increased by a constant and then 
maintained until the FN. This constant is determined by considering the power margin and available 
kinetic energy. To prevent OD, the reference decays with the rotor speed after the FN. The 
performance of the proposed scheme was validated under various wind speed conditions and wind 
power penetration levels using an EMTP-RV simulator. The results clearly demonstrate that the 
scheme successfully prevents OD while improving the FN at different wind conditions and wind 
power penetration levels. Furthermore, the scheme is adaptive to the size of a frequency event. 
  

Keywords: Doubly-fed induction generator, Minimum rotor speed, Over-deceleration, Stepwise 
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1. Introduction 
 
The system frequency, which indicates a balance 

between power generation and consumption in a power 
system, should be kept within an allowable range at all 
times. If a mismatch between generation and consumption 
appears due to a large generator trip or a sudden load 
variation, synchronous generators (SGs) naturally release 
their kinetic energy (KE) stored in the rotating masses as 
an inertial response. The SGs then participate in primary 
control to arrest the system frequency drop [1]. 

Variable-speed wind turbine generators (WTGs), 
including doubly-fed induction generators (DFIGs) and 
fully rated converter-based WTGs, have been widely used 
because they perform maximum power point tracking 
(MPPT) control in order to capture maximum energy from 
wind. However, MPPT decouples the WTG frequency 
from the system frequency, thereby reducing system inertia. 
Consequently, frequency stability in the power system is 
jeopardized, particularly at high wind power penetration 
levels [2]. WTGs are thus forced or recommended to 
participate in frequency control so as to facilitate frequency 

stability in a power system [3]. 
In a number of studies on inertial control in WTGs, it 

has been reported that the output power can be increased 
by releasing the KE stored in the rotating masses of WTGs. 
Inertial control can be divided into two groups: frequency 
based inertial control (FBIC) [4–9] and stepwise inertial 
control (SIC) [10–15]. Based on the measured frequency, 
FBIC employs one or two auxiliary loops: a rate of change 
of frequency (ROCOF) loop [4], a frequency deviation 
loop [5], ROCOF and frequency deviation loops [6], and 
maximum ROCOF and frequency deviation loops [7]. 
While FBIC contributes to an increase in the frequency 
nadir (FN), it shows a relatively slow response, because the 
additional power from the auxiliary loops relies on 
frequency variations. On the other hand, to improve the 
performance of inertial control, the gain of frequency 
deviation loop was regulated depending on the rotor speed 
of WTGs [8] and the ROCOF [9]. 

To provide a faster response when a disturbance is 
detected, SIC switches the power reference for MPPT 
control to the reference for SIC. The reference is then 
instantly increased and maintained for a predefined time. 
Because the output is instantly increased at the initial stage 
of an event without using the measured frequency, SIC 
improves the FN more than FBIC. However, SIC schemes 
should decrease the output to prevent over-deceleration 
(OD) [10–13]. Such a decrease may act as a power deficit 
in a power system, thereby causing a second frequency dip 
(SFD). To reduce this drawback, ramp reduction has been 
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suggested as an alternative to instant reduction [14, 15]. 
While these schemes partly lessen the degree of an SFD, 
they are unable to completely prevent it. Furthermore, 
conventional SIC schemes may cause OD during inertial 
control under low wind conditions. 

In this work, a hybrid reference function for the stable 
SIC of a DFIG is proposed to prevent OD while improving 
the FN. To achieve this objective, the proposed reference 
function is separately defined prior to and after the FN. In 
order to improve the FN when an event is detected, the 
reference is increased by a constant and maintained until 
the FN. This constant is determined by considering the 
power margin and available KE. To prevent OD, the 
reference decreases with the rotor speed after the FN. The 
performance of the proposed scheme was validated under 
various wind conditions and wind power penetration levels 
using an EMTP-RV simulator. 

 
 

2. Conventional SIC Schemes of a DFIG 
 
Fig. 1 illustrates the operational features of two 

conventional SIC schemes proposed in [10] and [14]. For 
convenience, the SICs [10] and [14] are denoted as SIC #1 
and SIC #2, respectively. Upon detecting an event, SIC #1 
and SIC #2 switch the reference for MPPT control, PMPPT, 
to the reference for SIC, PSIC, as shown in Fig. 1(a). The 
PSIC in SIC #1 and SIC #2 consists of two periods: an 
overproduction period, TOP, and an underproduction period, 

TUP (see Figs. 1(b) and 1(c)). In both schemes, a constant 
ΔPOP is added to P0, which represents the power reference 
prior to an event. This means that PSIC instantly increases 
from point A to point B and is maintained from point B to 
point C. 

To prevent OD, SIC #1 rapidly reduces the output at 
point C, which means that PSIC moves from point C to 
point D in Fig. 1(b). Such a large reduction rate may cause 
an SFD. In order to minimize this problem, SIC #2 reduces 
its output in a ramp-like rather than step-like manner (see 
Fig. 1(c)). To ensure a slow reduction rate, a large Tdrop is 
desirable. However, an excessively large Tdrop extracts too 
much KE from a WTG, which could in turn cause OD. 
Conversely, an excessively small Tdrop results in a rapid 
output drop, thereby causing an SFD. In [14], 10 s is used 
for Tdrop. Consequently, SIC #2 partly lessens the degree of 
an SFD, but is unable to completely prevent it. 

In SIC #1, ΔPOP and ΔPUP are assigned values of 0.10 
p.u. and 0.05 p.u., respectively, while TOP and TUP are 
respectively set to 10.0 s and 20.0 s. Conversely, ΔPOP is 
determined by the KE in SIC #2 so as to improve the FN 
more than in SIC #1, whereas ΔPrec is set to 0.05 p.u. (as in 
SIC #1). Unlike SIC #1, TUP is not fixed and lasts until PSIC 
reaches PMPPT. 

 
 
3. Proposed Hybrid Reference Function for SIC 
 
This proposed SIC scheme aims to (1) improve the FN 

more than in conventional SIC schemes and (2) prevent 
OD by converging the rotor speed into a stable operating 
region. To achieve these objectives, a hybrid reference 
function separately defined prior to and after the FN is 
proposed. Fig. 2 illustrates the operational features of the 
proposed scheme. 

To achieve the first goal, PSIC is defined in the time 
domain and maintained until the FN. Here, PSIC may be 
expressed as  

 
 0 ΔSICP P P= +  (1) 

 
where P0 is the power reference prior to a frequency event 
and ΔP is a constant. 

To raise the FN, ΔP in (1) is defined as 
 

 
2 2
0 min

0 2 2
max min

Δ ( )Tlimit
ω ω

P P P
ω ω

−
= − ×

−
 (2) 

 
where PTlimit, ω0, ωmin, and ωmax are the torque limit referred 
to power, the rotor speed prior to an event, and the 
minimum and maximum rotor speeds, respectively. 

The first term on the right hand side in (2) is the power 
margin, defined as the difference between PTlimit and P0. 
Both PTlimit and P0 depend on the wind and rotor speeds. 
The second term, which is a weighting factor of the power 

 
(a) Conventional SIC schemes 

 
(b) Reference function of SIC #1 [10] 

 
(c) Reference function of SIC #2 [14] 

Fig. 1. Operational characteristics of SIC #1 and SIC #2
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margin, is defined as the ratio of the releasable KE of a 
WTG to the maximum releasable KE. Note that the 
weighting factor is set to 1 at ωmax and 0 at ωmin. This 
means that, at ωmax, ΔP is set to the power margin in order 
to improve the FN, whereas at ωmin, ΔP is set to 0 to avoid 
OD. Fig. 3 illustrates the relationship between ΔP and ω0 at 
various rotor speeds for the proposed scheme. In the 
proposed scheme, ΔP has the maximum value at ω0 of 1.14 
p.u. 

As shown in Fig. 2(b), PSIC instantly increases from 
point A to point B, and is maintained from point B to point 
C. This locus from point A to point C shows a pattern 
similar to those of SIC #1 and SIC #2. However, to achieve 
the second objective, PSIC is defined after the FN as 

 

 min
0

min
( ) ( )K

SICP P P
'
ω ω
ω ω
−

= + Δ ×
−

 (3) 

 
where ω, ω’, and K are the rotor speed, rotor speed at the 
FN, and a quotient, respectively. 

The reference in the form of (3) ensures stable operation 
of a DFIG during inertial control because it prevents OD. 
The reason for this is as follows. As shown in Fig. 2(c), 
PSIC meets the mechanical input, Pm, at point D under 
various wind conditions. Point D is also located within a 

stable operating range, i.e., between ω’ and ωmin. Thus, the 
rotor speed stays within a stable operating region. 

From (3), it can also be seen that PSIC decreases as ω is 
reduced. This means that the output of the DFIG gradually 
decreases. As shown in Fig. 2(b), PSIC exhibits a smooth 
decrease from point C to point D, thereby helping to 
prevent an SFD. 

To explain this scenario, differentiation of (3) gives 
 

 1min
0

min
( ) ( )KSICdP dP P K

dt ' dt
ω ω ω
ω ω

−−
= + Δ ×

−
 (4) 

 
The reduction rate of PSIC, dPSIC/dt, remains at a small 

value except in the initial stage. This serves to facilitate 
SFD prevention. 

To improve the FN upon detecting an event, the 
proposed scheme instantly increases the output until the 
FN. After the FN, the output is reduced with the rotor 
speed to prevent OD; this ensures stable operation of a 
DFIG. Furthermore, an SFD can be avoided due to the 
small output reduction rate. 

 
 

4. Model System 
 
Fig. 4 shows the model system used in this study to 

investigate the performance of the proposed scheme; it 
includes 900 MW SGs, 550 MW motor and static loads, 
and a 100 MW DFIG-based wind power plant (WPP). The 
model system is simulated using an EMTP-RV simulator.  

 
4.1 SGs 

 
Six SGs are included in the model: two 200 MVA SGs, 

2
min

2
max

2
min

2
0

0)(Δ
ωω
ωωPPP Tlimit −

−
×−=

0P ∑
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−ω

0ω
PΔ

PΔ
PP Δ0 +

 
(a) Control scheme 

 
(b) Proposed reference function 

 
(c) Power-speed locus (K = 0.5) 

Fig. 2. Operational characteristics of the proposed scheme

 
Fig. 3. ΔP versus ω0 for the proposed scheme 

Fig. 4. Model system employed in this work 
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two 150 MVA SGs, and two 100 MVA SGs. All SGs are 
assumed to be steam turbine governors to benchmark the 
Korean power system, which has a low ramping capability. 
In addition, IEEEG1 is used to model the steam turbine 
governors [16]; the droop gain of the SGs was set to 5%, a 
typical value for the governor setting. 

 
4.2 DFIG Model 

 
Fig. 5 illustrates the typical configuration of a DFIG, 

which consists of a wind turbine model, two-mass shaft 
model, and DFIG controllers [3]. 

The mechanical input power extracted from the wind, Pm, 
can be represented by 

 

 2 31 ( , )
2m PP R v cρπ λ β=  (5) 

 
where ρ, R, v, cP, λ, and β are the air density, blade length, 
wind speed, power coefficient, tip speed ratio, and pitch 
angle, respectively. Furthermore, cP may be expressed as 

 

 21
5 0.4(2.5 ) 116

( , ) 0.645{0.00912 }
i

i
Pc

e λ
β λ

λ β λ
− − + +

= +  (6) 

 
where 

 

 3
1 0.035

0.08(2.5 ) 1 (2.5 )iλ λ β β
= −

+ + + +
 (7) 

 
Because (6) is used in this work, the maximum cp and 

optimal λ become 0.5 and 9.95, respectively [17]. 
A two-mass shaft model is represented by 
 

 

2 ( )

2 ( )
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t
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r
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d
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d
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ω
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ω
θ ω ω ω

θ
ω ω ω

⎫= − − − − ⎪
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⎪
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 (8) 

 

where Ht, Hg, ωt, ωr, Tt, Tg, Dt, and Dg are the inertia time 
constants, angular speeds, torques, and damping constants 
of a wind turbine and a generator mass, respectively; Ks, Ds, 
θs, and ω are the shaft stiffness, damping constant, torsional 
twist, and base value of angular speed, respectively. 

The DFIG controller determines the reference signals for 
a rotor-side convertor (RSC) and grid-side converter (GSC). 
The RSC controls the active and reactive power injected 
into a power system, whereas the GSC maintains the DC-
link and controls terminal voltages. 

 
4.3 DFIG-based WPP 

 
As shown in Fig. 6, the cut-in, rated, and cut-out wind 

speeds are 4 m/s, 11 m/s, and 25 m/s, respectively. The 
stable operating range of the DFIG is from 0.7 p.u. to 1.25 
p.u. To obtain realistic results, both power and torque 
limitations are considered here. The power limit was set to 
1.2 p.u., while the maximum torque limit was set to 1.17 
p.u. 

 
 

5. Case Studies 
 
The performance of the proposed scheme under various 

wind conditions and wind power penetration levels will 
now be discussed. Here, wind speeds of 11 m/s and 7 m/s 
were utilized, while wind power penetration levels of 
18.2% and 32.7% were employed. 

As a frequency event, SG6, which is generating 70 MW 
before the event, is tripped out at 40.0 s. In SIC #1, TOP and 
TUP are assigned values of 10.0 s and 20.0 s, respectively, 
while ΔPOP and ΔPUP are respectively set to 0.10 p.u. and 
0.05 p.u. In SIC #2, TOP and Tdrop are assigned values of 
20.0 s and 10.0 s; ΔPUP is set to different values under 
various wind conditions, whereas a value of 0.05 p.u is 
used for ΔPrec. To achieve fast frequency recovery, K is set 
to 0.5 in the proposed scheme. Note that secondary 
frequency control of a power system is not considered in 
this study and thus, the system frequency does not 
completely recover to 60 Hz in the case studies. However, 
such an issue was not addressed, as it lies beyond the scope 
of this work. 

Case 1: Wind Speed of 11 m/s and Wind Power 
Penetration Level of 18.2% 

Vr, Ir: voltage and current at the rotor circuit,  
Vc, Ic: voltage and current at the GSC 
Vg, Ig: voltage and current at the point of common coupling (PCC) 
Vr,ref, Vc.ref: voltage reference for the RSC and GSC 
ωr: rotor speed, β: pitch angle, VDC: DC-link voltage 

Fig. 5. Typical configuration of a DFIG 

 
Fig. 6. Power curve of the WPP used in this study 
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(a) System frequency 

 
(b) Active power of the WPP 

 
(c) Rotor speed 

Fig. 7. Results for Case 1 
 
Fig. 7 shows the results obtained for Case 1, in which 

the wind speed is the rated wind speed and thus, maximum 
KE is stored in the rotating masses of the DFIG. In the 
proposed scheme and SIC #2, ΔP was set to 0.24 p.u. and 
0.18 p.u., respectively. As shown in Fig. 7(a), the FNs for 
“no inertial control,” SIC #1, SIC #2, and the proposed 
scheme are 59.39 Hz, 59.48 Hz, 59.54 Hz, and 59.55 Hz, 
respectively. This is because the proposed scheme releases 
a slightly larger output than SIC #2 until the FN (at 43.1 s), 
and a significantly larger output than SIC #1 after an event 
(see Fig. 7(b)). Note that in this case, SIC #1, SIC #2, and 
the proposed scheme do not cause OD due to the large 
amount of KE. 

The proposed scheme does not cause an SFD, as the rate 
of change in the output is smaller than that in SIC #1 and 
SIC #2. In SIC #1, the output is maintained until 50.0 s, at 
which point it instantly decreases. Consequently, a large 
SFD begins at 50.0 s. In SIC #2, the output decreases along 
with PTlimit up to 54.2 s, which means that the reference 
exceeds PTlimit. The output then starts decreasing in a ramp-
like manner. Thus, when compared to SIC #1, a smaller 
and slower SFD starts in SIC #2 at 53.8 s. 

In SIC #1, the rotor speed decreases from 40.0 s to 50.0 
s, and then recovers from 50.0 s to 70.0 s. In SIC #2, the 
rotor speed decreases from 40.0 s to 57.0 s, and then 
recovers after 57.0 s. Conversely, the rotor speed for the 
proposed scheme decreases and eventually converges to 

1.01 p.u. 
Case 2: Wind Speed of 7 m/s and Wind Power 

Penetration Level of 18.2% 
Fig. 8 shows the results for Case 2, which is identical to 

Case 1 except for the smaller wind speed. Thus, ΔP for the 
proposed scheme and SIC #2 are set to 0.07 p.u. and 0.13 
p.u., respectively. Note that in the proposed scheme, ΔP is 
reduced to 29% of that obtained in Case 1, whereas in SIC 
#2, it is reduced to 72% of the ΔP in Case 1. 

In Case 2, SIC #1 and SIC #2 cause OD, while no OD is 
produced with the proposed scheme (see Fig. 8(c)). 
Consequently, SIC #1 and SIC #2 produce SFDs, but they 
are caused by OD rather than a significant output reduction 
rate, as in Case 1. As shown in Fig. 8(a), the FN of the 
proposed scheme is 59.40 Hz, which is 0.03 Hz higher than 
that for “no inertial control”, but lower than those of SIC 
#1 and SIC #2. This is because SIC #1 and SIC #2 provide 
a larger ΔP than the proposed scheme (see Fig. 8(b)). Thus, 
OD occurs at 48.8 s for SIC #1 and 46.7 s for SIC #2. At 
those particular times, SIC is disabled, leading to a sizable 
decrease in the outputs of SIC #1 and SIC #2. Note that in 
this case, the second FNs in SIC #1 and SIC #2 are larger 
than the first FNs. 

As in Case 1, the rotor speed in the proposed scheme 
decreases and eventually converges to 0.74 p.u., which is 
within the stable operating range. In contrast, the rotor 
speeds in SIC #1 and SIC #2 reach a minimum and then 

(a) System frequency 

(b) Active power of the WPP 

(c) Rotor speed 

Fig. 8. Results for Case 2 
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increase because of the disabled SIC. 
Case 3: Wind Speed of 7 m/s and Wind Power 

Penetration Level of 32.7% 
Fig. 9 shows the results for Case 3, which is identical to 

Case 2 except for a higher wind power penetration level. In 
this case, the ΔP values for the proposed scheme and SIC 
#2 are the same as those obtained for Case 2 due to the 
identical wind conditions. 

As expected, the FN for “no inertial control” decreases 
to 59.29 Hz because of the reduced system inertia. The 
proposed scheme increases the FN by 0.13 Hz to 59.42 Hz. 
However, as in Case 2, this value is smaller than the first 
FNs of SIC #1 and SIC #2 since ΔP in these SICs is larger 
than that in the proposed scheme. 

Note that the second FNs in SIC #1 and SIC #2 are 
59.47 Hz and 59.41 Hz, respectively, which are lower than 
the first FNs. Furthermore, the second FN of SIC #2 is 
lower than the FN of the proposed scheme. The reason for 
this is as follows. As in Case 2, the two conventional SICs 
release more power than in the proposed scheme at a low 
wind condition. Therefore, OD occurs at 48.6 s for SIC #1 
and 46.8 s for SIC #2. In contrast, the proposed scheme 
does not cause OD. The significant output reduction rate in 
SIC #1 and SIC #2 causes an SFD, while no SFD is 
produced in the proposed scheme. The value of ΔP for SIC 
#2 is larger than that for SIC #1 and thus, OD occurs 
earlier than in SIC #1. 

As in Case 2, the rotor speed in the two conventional 
schemes reaches a minimum operating speed. However, the 
rotor speed in the proposed scheme decreases and 
eventually converges to 0.74 p.u., which is the same value 
reached in Case 2. 

 
 

6. Conclusions 
 
In this paper, a hybrid reference function for the stable 

SIC of a DFIG is proposed to prevent OD while improving 
the FN. To achieve this objective, the proposed reference is 
separately defined prior to and after the FN. In order to 
improve the FN, the reference is instantly increased by 
additional power prior to the FN, and then maintained until 
the FN. After the FN, the reference decreases with the rotor 
speed to prevent OD. 

The obtained results demonstrate that the proposed 
scheme can prevent OD while improving the FN under 
various wind conditions and wind power penetration levels. 
In addition, the rotor speed of a DFIG converges within a 
stable operating region. The proposed reference also results 
in a small output reduction rate, thereby preventing an SFD. 

The advantage of the proposed scheme is that it provides 
fast frequency support to a power system and stable 
operation of a DFIG under various wind conditions. 
Furthermore, the scheme is adaptive to both the size of an 
event and the level of inertia available in a power system. 

 
 

Acknowledgments 
 
This work was partly supported by the National 

Research Foundation of Korea (NRF) grant funded by the 
Korea government (MSIP) (No. 2010-0028509) and partly 
by research funds of Chonbuk National University in 2014. 

 
 

References  
 

[1] T. Ackermann, Wind Power in Power System, 2nd 
Edition, U.K.: John Wiley & Sons, Ltd, 2012. 

[2] S. E. Lee, D.-J. Won and I.-Y. Chung, “Operation 
scheme for a wind farm to mitigate output power 
variation,” J. Elect. Eng. Technol, vol. 7, no. 6, pp. 
869–875, Nov. 2012. 

[3] O. Anaya-lara, N. Jenkins, J. Ekanayake, P. Cart-
wright, and M. Hughes, Wind Energy Generation 
Modeling and Control, U.K.: John Wiley & Sons, Ltd, 
2009. 

[4] J. Ekanayake and N. Jenkins, “Comparison of the 
response of doubly fed and fixed-speed induction 
generator wind turbine to changes in network 
frequency,” IEEE Trans. Energy Convers., vol. 19, no. 
4, pp. 800–802, Dec. 2004. 

[5] J. Morren, J. Pierik, and S. W. H. de Haan, “Inertial 

(a) System frequency 

(b) Active power of the WPP 

(c) Rotor speed 
Fig. 9. Results for Case 3 



Hybrid Reference Function for Stable Stepwise Inertial Control of a Doubly-Fed Induction Generator 

 92 │ J Electr Eng Technol.2016; 11(1): 86-92 

response of variable speed wind turbines,” Electric 
Power Systems Research, vol. 76, no. 1, pp. 980–987, 
Dec. 2006. 

[6] J. Morren, S. Haan, W. L. Kling, and J. A. Ferreira, 
“Wind turbines emulating inertia and supporting 
primary frequency control,” IEEE Trans. Power Syst., 
vol. 21, no. 1, pp. 433–434, Feb. 2006. 

[7] H. Lee, J. Kim, D. Hur, and Y. C. Kang, “Inertial 
control of a DFIG-based wind power plant using the 
maximum rate of change of frequency and the 
frequency deviation,” J. Elect. Eng. Technol, vol. 10, 
no.2, pp. 496–503, Mar. 2015. 

[8] J. Lee, J. Kim, Y.-H. Kim, Y.-H. Chun, S.-H. Lee, J.-
K. Seok, and Y. C. Kang, “Rotor speed-based droop 
of a wind generator in a wind power plant for the 
virtual inertial control,” J. Elect. Eng. Technol, vol. 8, 
no. 5, pp. 742–749, Sep. 2013. 

[9] M. Hwang, Y.-H. Chun, J.-W. Park, and Y.C. Kang, 
“Dynamic Droop-based Inertial Control of a Wind 
Power Plant,” J. Elect. Eng. Technol, vol. 10, no. 3, 
pp. 1363–1369, May 2015. 

[10] N. R. Ullah, T. Thiringer, and D. Karlsson, “Tem-
porary primary frequency control support by variable 
speed wind turbines — Potential and applications,” 
IEEE Trans. Power Syst., vol. 23, no. 2, pp. 601–612, 
May 2008. 

[11] G. Tarnowski, P. Kjaer, P.Sørensen, and J. Østergaard, 
“Variable speed wind turbines capability for temporary 
over-production,” in Proc. IEEE PES General Meeting 
2009, Calgary, Canada, pp. 1–7, Jul. 2009. 

[12] M. Juelsgaard, J. Bendtsen, and R. Wisniewski, 
“Utilization of wind turbines for upregulation of 
power grids,” IEEE Trans. on Ind. Electron., vol. 60, 
no. 7, pp. 2851–2863, Jul. 2013.  

[13] A. D. Hansen, M. Altin, I. D. Margaris, F. Iov, and G. 
C. Tarnowski, “Analysis of the short-term overpro-
duction capability of variable speed wind turbines,” 
Renewable Energy, vol. 68, pp. 326–336, Mar. 2014. 

[14] S. E. Itani, U. Annakkage, and G. Joos “Short-term 
frequency support utilizing inertial response of DFIG 
wind turbines,” in Proc. 2011 IEEE Power & Energy 
Society General Meeting, Detroit, USA, Jul. 2011. 

[15] F. Hafiz and A. Abdennour, “Optimal use of kinetic 
energy for the inertial support from variable speed 
wind turbines,” Renewable Energy, vol. 80, pp. 629–
643, Mar. 2015. 

[16] IEEE Committee Report, “Dynamic models for steam 
and hydro turbines in power system studies,” IEEE 
Trans. Power App. Syst., vol. PAS-92, no. 6, pp. 1904–
1915, Nov. 1973. 

[17] V. Ajjarapu, J. D. McCalley, D. Rover, Z. Wang, and 
Z. Wu, “Novel sensorless generator control and grid 
fault ride-through strategies for variable-speed wind 
turbines and implementation on a new real-time 
simulation platform,” Ph.D. dissertation, Dept. Elect. 
Eng., Iowa State Univ., Ames, Iowa, 2010. 

Dejian Yang He is currently pursuing 
a M.Sc. degree from the Department 
of Electrical Engineering at Chonbuk 
National University. He is also an 
assistant researcher at the Wind energy 
Grid-Adaptive Technology (WeGAT) 
Research Center supported by the 
Ministry of Science, ICT, and Future 

Planning (MSIP), Korea. His research interests include 
frequency support for wind power plants. 
 
 

Jinsik Lee He received his B.S. and 
M.S. degrees from the Department of 
Electrical Engineering at Chonbuk 
National University, Korea, in 2011 and 
2013. He is currently pursuing a Ph.D. 
degree at Chonbuk National University, 
and is also an assistant researcher at the 
WeGAT Research Center, supported by 

the MSIP, Korea. His research interests include plant-level 
control schemes for wind power plants. 
 
 

Kyeon Hur He received his B.S. and 
M.S. degrees in electrical engineering 
from Yonsei University, Seoul, Korea, 
in 1996 and 1998. He received his 
Ph.D. in electrical and computer engi-
neering from The University of Texas 
at Austin in 2007. He was with Samsung 
Electronics as an R&D engineer 

between 1998 and 2003, and was associated with the 
Electric Reliability Council of Texas (ERCOT) and Electric 
Power Research Institute (EPRI) between 2007 and 2010. 
He rejoined Yonsei University in 2010 and currently leads 
a research group for Smart Grid. His research interests 
include the integration of variable generation and 
controllable loads and flexible ac transmission systems. 
 
 

Yong Cheol Kang He received his 
B.Sc., M.Sc., and Ph.D. degrees in elec-
trical engineering from Seoul National 
University, Korea, in 1991, 1993, and 
1997, respectively. He has been with 
Chonbuk National University, Korea, 
since 1999. He is currently a professor 
at Chonbuk National University and 

the director of the WeGAT Research Center supported by 
the MSIP, Korea. At present, he is a visiting scholar at the 
National Renewable Energy Laboratory in Golden, Colorado, 
and a member of the International Electrotechnical Com-
mission working group TC88/WG27. His research interests 
include the development of control and protection 
techniques for wind power plants. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX3:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [545.000 394.000]
>> setpagedevice


