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Abstract—For the fixed-gain inertial control of wind power plants
(WPPs), a large gain setting provides a large contribution to
supporting system frequency control, but it may cause over-
deceleration for a wind turbine generator (WTG) that has a small
amount of kinetic energy (KE). Further, if the wind speed
decreases during inertial control, even a small gain may cause
over-deceleration. This paper proposes a stable inertial control
scheme using adaptive gains for a doubly-fed induction generator
(DFIG)-based WPP. The scheme aims to improve the frequency
nadir (FN) while ensuring stable operation of all DFIGs,
particularly when the wind speed decreases during inertial
control. In this scheme, adaptive gains are set to be proportional
to the KE stored in DFIGs, which is spatially and temporally
dependent. To improve the FN, upon detecting an event, large
gains are set to be proportional to the KE of DFIGs; to ensure
stable operation, the gains decrease with the declining KE. The
simulation results demonstrate that the scheme improves the FN
while ensuring stable operation of all DFIGs in various wind and
system conditions. Further, it prevents over-deceleration even
when the wind speed decreases during inertial control.

Index Terms—Inertial control, releasable kinetic energy (KE),
fixed-gain scheme (FGS), adaptive-gain scheme (AGS), frequency
nadir (FN), over-deceleration.

. INTRODUCTION

ystem frequency indicates the balance between the power

generation and consumption in an electric power grid and
should be maintained within an allowable range at all times to
ensure stable operation. If a frequency event occurs,
synchronous generators (SGs) inherently release part of the
kinetic energy (KE) stored in their rotating masses, then the
SGs that have operating reserve participate in primary and
secondary controls by increasing their active power [1]. If
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system frequency decreases below the predefined value, an
under-frequency relay sheds part of the load to prevent a further
decrease; thus, the frequency nadir (FN) is an important metric
for determining grid reliability [2].

Variable-speed wind turbine generators (WTGs) are widely
used because they can perform maximum power point tracking
(MPPT) operation and provide advanced control functions by
using converters. However, the MPPT function causes them not
to respond to the system frequency variation; thus, a significant
frequency reduction is inevitable if an event occurs in an
electric power grid. To minimize this problem, the grid codes in
some countries require inertial response from a large-scale
wind power plant (WPP) [3].

Many researchers have reported on the inertial control
schemes of variable-speed WTGs that temporarily releases the
KE stored in their rotating masses to arrest the FN [4]-[12]. To
do this, these schemes employ additional loops based on the
measured frequency: rate of change of frequency (ROCOF)
loop [4]-[6], droop loop [7], and ROCOF and droop loops
[8]-[12]. They can arrest the FN by releasing part of the stored
KE; however, in these schemes, control gains are set to be fixed,
and thus difficulty arises in finding a fixed gain of a WTG
suitable for various wind conditions. Comprehensive analysis
on the effects of different gains on the performance of inertial
control has been addressed [6], [10]-[12]. A large gain can
improve the FN while preventing over-deceleration of a WTG,
which causes an overvoltage and/or stall, only if a WTG has
sufficient KE. Conversely, a small gain can prevent over-
deceleration, but it provides a limited contribution to improving
the FN. In addition, if the fixed-gain scheme (FGS) is applied to
a WPP consisting of multiple WTGs, difficulties will arise in
setting the fixed and same gain suitable for all WTGs, which
have different amounts of stored KE because of the wake
effects. This means that a large gain is suitable for a WTG that
has a large level of KE, but it is unsuitable for a WTG that has a
small level of KE, and vice versa. Further, if the wind speed
decreases in the middle of inertial control, even a small gain
may be unable to prevent over-deceleration.

This paper proposes a stable inertial control scheme using
adaptive gains for a doubly-fed induction generator (DFIG)
-based WPP. The proposed scheme aims to improve the FN
while ensuring stable operation of all DFIGs, especially if the
wind speed decreases during inertial control. In this scheme,
adaptive gains are set to be proportional to the KE stored in a
DFIG, which is spatially and temporally dependent. To
improve the FN, at the instant of an event, large gains are
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initially set to be proportional to the KE, which is spatially
dependent; then, to ensure stable operation, they temporally
decrease with the declining KE. The performance of the
proposed adaptive-gain scheme (AGS) is investigated under
various wind and system conditions using an EMTP-RV
simulator.

Il. PROPOSED STABLE INERTIAL CONTROL USING ADAPTIVE

GAINS FOR A DFIG-BASED WPP

This section briefly describes the DFIG model used in this
paper and the conventional fixed-gain inertial control scheme;
then the overall features of the proposed AGS are described.

A. DFIG Model

Fig. 1(a) shows a typical configuration of the DFIG model
used in this paper, which consists of a mechanical power model,
two-mass shaft model, induction generator, and DFIG
controller; in addition, Fig. 1(b) shows a pitch control scheme
used in this paper.

The mechanical input power extracted from the wind, P, is
defined by

1
Pm = EPAV\::Iind CP (2’! ﬂ) 1)

where p, A, Vying, Cp, 4, and £ are the air density, rotor-swept
area of a WTG in m?, wind speed, power coefficient, tip-speed
ratio, and pitch-angle, respectively.

As in [13], this paper uses cp (4, f), as
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From (2), the maximum cp and optimum A are set to 0.5 and
9.95, respectively.

A two-mass model for the mechanical dynamics of a wind
turbine is represented by

2H ddT—T K0, - D, (@, - @,) - D
da)

ZHT K0, + D(o, —@,) - Dyar, — T,

ddﬂj[ = ay (o, - a))

(4)
where Hy, Hg, Dy, Dy, @, @y, Ty, and Ty are inertia time constants,
damping constants, angular speeds, and torques of a wind
turbine and a generator mass, respectively; K, Ds, &, and ay are
the shaft stiffness, damping constant, torsional twist, and base
value of angular speed, respectively.
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V,, I;: voltage and current at rotor circuit
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Fig. 1. Typical configuration and pitch control scheme of a
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Fig. 2 and Table | show the power curve and parameters of a
DFIG used in this paper [14]. The cut-in, rated, and cut-out
wind speeds are 4 m/s, 11 m/s, and 25 m/s, respectively. Fig. 3
illustrates the mechanical input and electrical output
characteristics of a DFIG and the power and torque limits. The
black solid lines are the mechanical power at different wind
speeds. The dashed red line represents the MPPT curve, which
is proportional to the cube of the rotor speed: kga)r3, where Ky is
set to 0.512 to produce the rated power at the maximum rotor
speed. To obtain realistic simulation results, the power and
torque limits are considered in this paper; the former is set to
1.20 p.u. [15], whereas the latter is set to 1.17 p.u. In addition,
in this paper the minimum and maximum operating speed
limits, wmin and wma, are set to 0.70 p.u. and 1.25 p.u,
respectively.

A DFIG controller determines the reference voltages for the
rotor-side converter (RSC) that regulates the active and reactive
powers injected into the grid and for the grid-side converter
(GSC) that maintains the DC-link voltage. To generate the
references, the voltages and currents at the rotor circuit and the
stator terminal of a DFIG and the rotor speed are measured. In
addition, a pitch-angle controller is used to prevent the rotor
speed from exceeding wmax. An error signal between w ., and



TABLE |

DFIG PARAMETERS

Units Values
Nominal Apparent Power MVA 6
Nominal Active Power MW 5
Nominal Stator Voltage kv 23
Stator Resistance p.u. 0.023
Stator Leakage Reactance p.u. 0.18
Magnetizing Reactance p.u. 29
Rotor Resistance p.u. 0.016
Rotor Leakage Reactance p.u. 0.16
Operating Speed Range p.u. 0.70-1.25
—_ —FP 11 mis: 7
S 1 mech ~
a - =~ "MPPT curve _-
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Fig. 3. Mechanical input and electrical output power
characteristics of a DFIG

w, is passed through a proportional-integral-derivative
controller. In addition, in this paper, the rate limiter and angle
limiter are included; and the maximum pitch angle limit is set to
30° and the pitch rate is set to £10°/s, as in [16].

B. Conventional Fixed-Gain Inertial Control Scheme

This subsection briefly describes a conventional fixed-gain
inertial control scheme [8]—[12], which uses two additional
loops: ROCOF and droop loops, as shown in Fig. 4. The top
and bottom loops in Fig. 4 indicate the ROCOF and droop
loops, respectively; K and 1/R are the control gains of the
ROCOF and droop loops. The outputs of the ROCOF and droop
loops, AP;, and AP, are added to the reference for MPPT
control, Pyppr, to generate the power reference of a DFIG, Py
Both loops mutually compensate the drawback of each loop,
because AP;, is dominant during the initial stage of a
disturbance, whereas AP is dominant around the FN.

C. Wake Effect Model

In this paper, the Park wake model, which is based on the
Jensen wake model [17], is used to obtain the arriving wind
speed at a WTG considering the wake effect. It assumes that the
wake wind speed is linearly expanded, as shown in Fig. 5. The
wake wind speeds at the WTGs are obtained by considering the
cumulative impact of multiple shadowing and the effect of the
wind direction [18]. The wind speed of WTG;, V;, can be
obtained by using

V, =V, [1- {2a (————
2020
J#i
where V, is the free wind speed, f; is the ratio between the
overlapping area and swept area of WTG;, a; is the axial
induction factor of WTG;, and n is the number of total WTGs.

) ¥l 6

fo——— RSC
controller

droop loop

R PR NP g T

from: Nominal frequency foys: system frequency
Fig. 4. Conventional inertial control scheme of a DFIG [8]-[12]

Dj: diameter of swept area of WTG;
xji: radial distance between WTG; and WTG;
Fig. 5. Shadow cone
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AGi(w): adaptive gain AP;: reference from the frequency deviation loop
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Fig. 6. Proposed adaptive-gain inertial control scheme of a DFIG

D. Proposed Adaptive-Gain Inertial Control Scheme for a
DFIG-Based WPP

As mentioned in the introduction, if the FGS is applied to a
WPP, difficulties arise in setting the fixed and same control
gain suitable for all WTGs. The reason for this is as follows.
WTGs within a WPP have different levels of KE because of the
wake effects. A large gain for improving the FN might cause
over-deceleration for a WTG that has a small amount of KE.
Further, it may cause over-deceleration even for a WTG that
has a large amount of KE if the wind speed decreases in the
middle of inertial control.

The proposed AGS aims to (1) increase the FN and (2)
ensure stable operation of all DFIGs during inertial control. In
this scheme, only the frequency deviation loop is used as an
additional control loop, because the ROCOF loop is vulnerable
to noise components contained in the measured frequency. In
addition, the slow response of the frequency deviation loop is
overcome by setting large initial gains at the instant of an event,
which depends on the KE stored in a DFIG. Fig. 6 shows the
proposed adaptive-gain inertial control scheme. In the AGS, to
achieve these objectives, the control gain of the frequency
deviation loop of DFIG;, AG;(w)), is set to be proportional to the
releasable KE of DFIG;, AE;, which is given as

AG, (@) < AE, = H (&)’ —a;,) (6)

where H is an inertia time constant in seconds, and w; and wpn
are the instantaneous rotor speed and the minimum rotor speed
limit of DFIG;, respectively.

Rewriting (6) gives



AG; () = C(a’i2 - a’riin)
AGi (a)l) = C(wriax - wriin '
where C is a constant.

In (7), w;i and AG;(«) are spatially and temporally dependent
variables. First, the meaning of the spatial dependency of the
AGi(@) is described as follows. As mentioned in the previous
subsection, each DFIG has a spatially different level of KE
because of the wake effects. To improve the FN, during the
early stage of an event, a larger gain is initially set for a DFIG
that has a larger amount of KE, whereas a smaller gain is
initially set for a DFIG that has a smaller amount of KE; in
addition, at w; = wmin, the control gain is set to zero. This helps
the AGS release more KE than the FGS during the initial stage
of an event. Second, the meaning of the temporal dependency
of the AGi(w) is as follows. w; keeps decreasing while
performing inertial control because of the large initial gain
setting, and it eventually causes over-deceleration. To avoid
over-deceleration, in the AGS, AGi(w) is set to temporally
decrease as w; declines. This ensures stable operation by
preventing over-deceleration. Therefore, the proposed AG;(w;)
can improve the FN when initially set to be proportional to the
spatially different KE, and it can prevent over-deceleration of
all DFIGs by reducing the gains depending on the temporally
decreasing KE.

C in (7) can be determined in many ways depending on the
design purposes and system configuration. A C that is too large
might cause a large power reduction rate after the FN and
thereby may cause a second frequency dip even though
over-deceleration can be prevented. Thus, C is set to 200 in this
paper to increase the FN while avoiding a second frequency dip
after the FN.

In addition, to obtain the realistic results, the limiter of the
output power is used; the upper limit is set to the minimum
value of the power and torque limitations, min(Pimit, @ Tiimit)- 1N
addition, to consider the mechanical stress, the rate limiter is
used and set to 0.45 p.u./s [19].

for @, < @,y
@

for o, > @,

I1l. MODEL SYSTEM

A model system used for the simulation is shown in Fig. 7.
To investigate the performance of the proposed inertial control
scheme, a DFIG-based WPP and a grid consisting of six SGs
and motor and static loads are modeled using an EMTP-RV
simulator. Total generation capacity of the model system is
1,020 MVA, and the consumption is 529 MW.

A. SGs

To benchmark the Korean power system, which has a low
ramping capability, in this paper all conventional SGs are
modeled as steam turbine generators. There are two 100-MVA
SGs, two 150-MVA SGs, and two 200-MVA SGs in the model
system, and the inertia time constants are setto 4 s, 4.3 s,and 5
s, respectively, depending on the rated capacity [20]. Fig. 8 and
Table 1l show the IEEEG1 steam governor model in [21] and its
coefficients, respectively; and the droops for the SGs are set to
5%, which is the typical droop setting of the SGs used in the

WPP Static load

26.4/345KV  345/13.8 kV
DFIG, DFIG, DFIG; DFIG, 100 MW 208 MW
.y | | ! 80 MVAr W
e Motor load
2.3/33 KV 321 Mw 66345kv | T2 sGy, sG,
| | | | 150 MVA
| | | | 33/154 kv TLs %
PCC 154385kV [T77
4 SGs, SG4
L 1 I 1 g Cable, R 200 MVA
2
IS ISR b SIS ) E— 450 - -(D’—@
_Ef’_@_@
*ﬂx.rﬂx.rﬂr.rﬂr__i o L 5G,, SGe
Cable; Cable; Cable, Cable; Wind direction 100 MVA

Fig. 7. Model system

A |K{+sT,)|
1+sT,

Fig. 8. IEEEGL1 steam governor model

Korean power system.

Secondary frequency control, known as automatic
generation control, is not considered because it is beyond the
scope of this paper; thus, the system frequency is not fully
recovered to the nominal value after the frequency rebound.

B. DFIG-Based WPP

The WPP consists of 20 5-MW DFIGs. The distance
between two DFIGs is 1,139 m, which is 9 D, where D is a
diameter of the swept area of a wind turbine. Five feeders are
connected to a collector bus, and each feeder has four DFIGs.
The inner grid is connected through two 72-MVA substation
transformers and a 22-km submarine intertie cable to the grid.
The voltage level of the inner and outer grids is 33 kV and 154
kV, respectively.

In this paper, the DFIG estimates the system frequency to
perform inertial control without the additional information
from a higher level controller. To do this, the DFIG samples the
terminal voltage at the sampling frequency of 3,840 Hz; the
measured voltages are passed through a second-order,
anti-aliasing, low-pass filter with a cutoff frequency of 1,920
Hz. In addition, a phase-locked loop is used to calculate the
system frequency [22], and the rotor speed of the DFIG is
measured to obtain the adaptive gain from (7). Inertia time
constant for a 5-MW DFIG is set to 5 s in this paper. Table 11l
shows the parameters of cables and transformers for inner and
outer grids of the WPP.

C. System Loads

Typically, a motor load highly dependent on the system
frequency has 60% to 70% in total loads of a typical electric



TABLE Il
COEFFICIENTS OF THE IEEEG1 STEAM GOVERNOR MODEL

TABLE IV
WIND SPEEDS FOR ALL CASES

K Ky K, Ks Ky Ks Ks K7 Kg Pwviax
20 0.3 0 0.4 0 0.3 0 0 0 1

Ty T2 T3 Ts Ts Ts Tz Uo Ue Pumin
0.1 0 0.25 0.3 10 0.4 0 0.3 -0.5 0.33

TABLE Il
PARAMETERS OF CABLES AND TRANSFORMERS

Unit Cable; Cable, Cable; Cable,
Rated Voltage kv 33 33 33 154
Cross-Section Area mm? 70 185 400 500
Resistance Q/km 0.344 0.130 0.064 0.056
Reactance Q/km 0.172 0.148 0.132 0.151
Capacitance uF/km  0.117 0.160 0.209 0.141

Unit TRy (Y/A) TR, (AY) TRy (Y/Y)
Rated Capacity MVA 6.25 72 150
Rated Frequency Hz 60 60 60
Turns Ratio kv 2.3/33 33/154 154/345
% Impedance % 5.4 7 9

power grid [23]. Thus, the motor load can also support the
frequency control of a grid by reducing the consumption after a
disturbance. To consider the operating characteristic of the
motor load, in this paper 61% of the total load is implemented
to the motor load, and the rest of the total load is static.

IV. CASE STUDIES

The performance of the proposed AGS was investigated by
comparing it to the “FGS” with different fixed gains and “no
inertial control” under various wind and system conditions in a
model system. At 40 s, SGs supplying 70 MW is tripped as an
event and the system frequency drops.

In the FGS, K is set to 10, as in [4], whereas 1/R is set to 45
and 18. The larger gain was selected so that it maximizes the
inertial control performance while ensuring stable operation of
all DFIGs in medium wind conditions; whereas the smaller gain
was chosen so that it maximizes the FN while ensuring stable
operation of all DFIGs in low wind conditions. Note that these
gains provide only an example of the large or small FGS in the
model system; they can be changed if the system is changed. At
the instant of an event, the initial adaptive gains are set
depending on spatially different levels of KE; afterward,
adaptive gains decrease with the temporally declining KE by
using (7).

In Case 1, Case 2, and Case 3 the wind speed is assumed to
be constant during inertial control; whereas in Case 4 and Case
5 the wind speed is assumed to be reduced at the instant of an
event, from 10 m/s to 7 m/s for 10 s and 1 s, respectively. In
Case 6 the wind power penetration level increases from 19% to
30% for the wind speed of 10 m/s. Table IV and Table V
represent the wind speeds of all DFIGs obtained by using (5)
and the initial gains obtained by using (7) at the instant of the
disturbance for all cases. Each cell in Tables IV and V means
the DFIG location. In all cases, if the rotor speed, «, reaches
@min, the inertial control schemes are disabled by disconnecting
the additional inertial control loops. Table VI shows the outputs
and reserve powers of SGs and a WPP prior to a disturbance.

Case 1 (m/s)
Col.1 Col.2 Col.3 Col.4

Case 2 (m/s)
Col.1 Col.2 Col.3 Col4

Case 3 (m/s)
Col.1 Col.2 Col.3 Col.4

10.00 9.06 8.97 8.95 8.00 7.25 7.18 7.16 13.00 11.78 11.67 11.63
10.00 9.06 8.97 8.95 8.00 7.25 7.18 7.16 13.00 11.78 11.67 11.63
10.00 9.06 8.97 8.97 8.00 7.25 7.18 7.18 13.00 11.78 11.67 11.67
10.00 9.06 9.06 9.06 8.00 7.25 725 7.25 13.00 11.78 11.78 11.78

10.00 10.00 10.00 10.00 8.00 8.00 8.00 8.00 13.00 13.00 13.00 13.00

Case 4 (m/s) Case 5 (m/s)
Col.1 Col.2 Col.3 Col.4 Col.1 Col.2 Col.3 Col4

Case 6 (m/s)
Col.1 Col.2 Col.3 Col.4 Col.5

10.00 8.71 856 8.51 10.00 8.71 856 851
10.00 8.71 856 8.51 10.00 8.71 856 851
10.00 871 856 851 10.00 8.71 8.56 851
10.00 871 856 851 10.00 8.71 8.56 851
10.00 8.71 856 851 10.00 8.71 856 851

10.00 8.71 8.56 8.51 8.49
10.00 8.71 8.56 8.51 8.49
10.00 8.71 8.56 8.51 8.49
10.00 8.71 8.56 8.51 8.49
10.00 8.71 8.56 8.51 8.49
10.00 8.71 8.56 8.51 8.49

TABLE V
INITIAL GAINS FOR ALL CASES

Case 1 Case 2 Case 3
Col.1 Col.2 Col.3 Col.4 Col.1 Col.2 Col.3 Col4 Col.1 Col.2 Col.3 Col.4

159 113 110 109 65 36 34 33 215 215 215 215
159 113 110 109 65 36 34 33 215 215 215 215
159 113 110 110 65 36 34 34 215 215 215 215
159 113 113 113 65 36 36 36 215 215 215 215
159 159 159 159 65 65 65 65 215 215 215 215

Case 4 Case 5 Case 6
Col.1 Col.2 Col.3 Col.4 Col.1 Col.2 Col.3 Col4  Col.1 Col.2 Col.3 Col.4 Col.5

159 96 90 89 159 96 90 89 159 97 91 89 89
159 96 90 89 159 96 90 89 159 97 91 89 89
159 96 90 89 159 96 90 89 159 97 91 89 89
159 96 90 89 159 96 90 89 159 97 91 89 89
159 96 90 89 159 96 90 89 159 97 91 89 89

159 97 91 89 89

TABLE VI
OUTPUTS AND RESERVE POWERS OF GENERATORS FOR ALL CASES

Output power (MW)/Reserve power (MW)

Casel Case2 Case3 Cased4 Case5 Case6
WPP 62/0 32/0 99/0 54/0 54/0 78/0
SG; | 77/73  84/66  67/83 7773 7773 7773
SG, | 77/73  80/70  68/82 78172 78172 78172
SG; | 94/106 106/94 91/109 99/101 99/101 98/102
SG, | 99/101 108/92 93/107 103/97 103/97 103/97
SGs | 70/30  70/30  70/30 70/30  70/30  70/30
SGs | 53/47  55/45  47/53 53/47 53/47 -

A. Effects of Wind Speeds

The inertial control capability of a WPP depends on the KE
stored in the DFIGs. Thus, this subsection describes the effects
of high (13 m/s), medium (10 m/s), and low (8 m/s) wind
speeds with 45° wind direction on the performance of inertial
control.

Case 1: Wind Speed of 10 m/s and Wind Direction of 45 °

Fig. 9 illustrates the results for Case 1. In this case, the wind
speed of DFIG; is 10 m/s, whereas the wind speeds of DFIG,,
DFIG;, and DFIG, are 9.06 m/s, 8.97 m/s, and 8.95 m/s,
respectively, as shown in Table V. This means that the DFIGs
in the first column and fifth row have the largest KE, whereas
other DFIGs have the smaller KE.

As shown in Fig. 9(a), the FN of the small FGS is 0.13 Hz
higher than that for “no inertial control” but 0.11 Hz lower than
that in the large FGS, and 0.15 Hz lower than that in the AGS.
The large and small gains are selected to ensure stable
operation for all DFIGs while maximizing the inertial control
performance in medium and low wind conditions; thus,



over-deceleration does not occur in the large and small FGSs
(see Figs. 9(d) and 9(f)). The AGS also prevents the «; of all
DFIGs from reaching an,, no matter how much KE they have.
This is done by reducing the gains depending on the temporally
decreasing KE, as shown in Fig. 9(g).

Note that in the proposed AGS the power output of all DFIGs
is confined by the torque limit, as shown in Figs. 9(c) and 9(e).
Conversely, in the small FGS, the DFIGs release smaller
additional power than that in the large FGS and the AGS only
during the early stage of an event even though the DFIGs have
enough KE; thus, the small FGS provides a limited contribution
to improving the FN.

, in the AGS converges to a smaller value than in the large
FGS because in the AGS, more KE from DFIG; is released than
in the large FGS. Conversely, a, in the AGS converges to a
larger value than in the large FGS because in the AGS less KE
from DFIG, s released than in the large FGS. The output and o,
of DFIG, and DFIG; are similar to those of DFIG,, and thus
they are not shown herewith.

As shown in Fig. 9(g), the adaptive gain has a large value at
the initial stage of an event, depending on the spatially different
level of KE, and the initial gains of the four DFIGs are larger
than that of the large FGS; then they temporally decrease with
the square of . This helps a; converge to a value within the
stable operating region. In addition, the adaptive gain of DFIG;
decreases slower than that of DFIG,, DFIG;, and DFIG,,
because the released KE of DFIG; is smaller than that of the
other DFIGs. This is because the output of DFIG; is confined
by the torque limit. Therefore, the proposed AGS can improve
the FN by setting spatially different gains to the DFIGs, and it
can prevent over-deceleration by temporally reducing the gains
with the KE.

Case 2: Wind Speed of 8 m/s and Wind Direction of 45°

Fig. 10 shows the results for Case 2, which is identical to
Case 1 except for the lower wind speed. Thus, the WPP has less
KE than that in Case 1. In this case, system frequency in the
large FGS reduces at a slower rate than in the small FGS and
the AGS, because the large FGS releases more power during
the initial stage of an event (see Fig. 10(b)). In this case, the
initial gains of the downstream DFIGs in the AGS are smaller
than the gain of the large FGS. In the large FGS, the @, of all
DFIGs reaches amin, even in DFIGy, which has the largest KE.
The additional loops in DFIG; and DFIG, are disabled at 48.1 s
and 44.2 s, respectively, and thus their outputs significantly
decrease. Thus, the WPP output abruptly decreases at 44.2 s.
This will cause a subsequent frequency dip and the second FN
is 59.57 Hz, which is 0.06 Hz smaller than the first FN.
Afterward, the WPP output abruptly decreases at 48.1 s once
again and the third frequency dip occurs and the third FN is
59.57 Hz. The small FGS ensures stable operation of all DFIGs,
as in Case 1, but it still gives a limited contribution; thus, the
FN is 0.05 Hz lower than it is in the AGS.

In this case, @ in the AGS converges to a smaller value than
in the small FGS, whereas ay in the AGS converges to a larger
value than in the small FGS.
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Even though the initial gain of DFIG; in the AGS is 1.4 times
bigger than that of the large FGS, the AGS prevents w, from
reaching i, by reducing the adaptive gain. Thus, no second
frequency dip appears. In this case, the AGS provides less KE
than in Case 1, and thus the FN decreases to 59.57 Hz, which is
0.09 Hz smaller than it is in Case 1. This is because the KE in
Case 2 is smaller. In addition, the adaptive gain of DFIG;
decreases faster than that in Case 1.

Case 3: Wind Speed of 13 m/s and Wind Direction of 45 °

Fig. 11 shows the results for Case 3, in which the wind
speeds of DFIGs exceed the rated wind speed and all DFIGs
operate in the full load region (see Table IV). In this case, the
KE prior to a disturbance is the largest. As shown in Table V,
the initial gains of all DFIGs are set to be maximum value of
215 because prior to a disturbance, they are operating at the
same rotor speed of 1.25 p.u. (see Figs. 11(c) and 11(e)).

The FNs of the large FGS and AGS are 0.18 Hz higher than
that of “no inertial control” and 0.03 Hz higher than that of the
small FGS. The contribution of the large FGS and AGS to
improving the FN is the same because the WPP outputs during
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Fig. 11. Results for Case 3
the initial stage of the disturbance are the same. Unlike the
previous cases, in the proposed scheme the WPP keeps
providing the active power of 1.2 p.u., which is the power limit
of the DFIG, for a long duration because the curtailed power is
released by reducing the pitch angle (see Figs. 11(d) and 11(f)).
Thus, in this case, the frequency is stabilized to a higher value

than those in Case 1 and Case 2.



After the disturbance, @y increases after the short decrease
and then exceeds 1.25 p.u. because the pitch angle reduction
increases the mechanical input power of the DFIG. After a
while, @y returns to 1.25 p.u. In contrast, ay in the proposed
scheme decreases and is kept at a value smaller than 1.25 p.u.;
then @, keeps increasing while the pitch angle is kept at zero.

As shown in Fig. 11(g), the adaptive gain of DFIG; is
returned to the maximum value after a short period. In contrast,
the gains of DFIG,, DFIG3, and DFIG, return to the maximum
value when g returns to amay.

The results of the above three cases clearly indicate that the
AGS can improve the FN by setting the spatially dependent
gains to DFIGs, and it can prevent over-deceleration of all
DFIGs by temporally reducing the gains with the declining KE
under the high, medium, and low wind conditions.

B. Effects of Varying Wind Speeds

The performance of inertial control is critically dependent on
the stored KE, which can be decreased because of a decrease in
the wind speed and as a result of inertial control. Thus, as an
example of extreme cases, this subsection describes the test
results for two cases in which the wind speed decreases from
high to a lower wind speed and using different intervals at the
instant of a disturbance.

Case 4: Decreasing Wind Speed from 10 m/s to 7 m/s for 10 s
and Wind Direction of 0°

Fig. 12 shows the result for Case 4, in which the free wind
speed to the WPP starts decreasing at 40 s from 10 m/s to 7 m/s
for 10 s. However, as shown in Fig. 12(a), because of the travel
time of the wake wind, only DFIG; experiences the wind speed
reduction during the simulation time.

Because of the wind direction change to 0°, the WPP has less
KE than in Case 1 prior to an event. In the large FGS, the
decreasing wind speed causes DFIG; to decelerate faster than in
Case 1 (see Fig. 12(e)); unlike Case 1, ay reaches wm;, at 54.3 s
because of the wind speed reduction. At that instant, a second
frequency dip starts because inertial control of DFIG; is
disabled. Note that in this case, ay reaches ami, at 57.1 s unlike
Case 1. The reason for this is as follows. The output of DFIG,
decreases faster than in Case 1 because of the wind speed
reduction; this can be seen by comparing Figs. 9(c) and 12(d).
This causes further decrease of system frequency than that in
Case 1. That is why DFIG, releases more power than in Case 1
and thus «, decreases more rapidly (see Figs. 12(f) and 12(g)).
The third FN is 59.51 Hz, which is 0.11 Hz smaller than the first
FN. In the small FGS, «, also reaches an, at 70.2 s because of
the wind speed reduction; thus, the small FGS does not ensure
stable operation in this case.

Because of faster @y reduction than in Case 1, the AGS
reduces the gain more quickly (see Fig. 12(h)); @ eventually
converges to 0.73 p.u., which is in the stable region. The FN of
the AGS is 59.60 Hz, which is 0.09 Hz higher than that of the
large and small FGSs. Note that in this case, AG;(@,) becomes
smaller than those of the other DFIGs after 49.7 s, because @,
decreases faster than in Case 1 because of the wind speed
reduction and inertial control.
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Fig. 13. Results for Case 5

Case 5: Decreasing Wind Speed from 10 m/s to 7 m/s for 1 s
and Wind Direction of 0°

Fig. 13 shows the results for Case 5. In this case, the wind speed
decreases at 40 s from 10 m/s to 7 m/s for 1 s. The more rapid
wind speed reduction than in Case 4 reduces o, faster than in
Case 4. Thus, the AGS reduces the WPP output faster than in
Case 4 to ensure stable operation of all DFIGs, and system
frequency is lower than in Case 4. As in the previous cases, the
AGS ensures stable operation of all DFIGs. Conversely, in the
large FGS, @, and wj,reach an,, at 50.3 s, and 54.9, respectively,
whichare 4.0 sand 2.2 s earlier than in Case 4; thus, subsequent
frequency dips appear earlier. In the small FGS, @, reaches wmin
at 64.9 s, which is 5.3 s earlier than in Case 4 because of the
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Fig. 14. Results for Case 6

rapid wind speed decrease, and thus it is unable to ensure stable
operation of all DFIGs. However, the AGS successfully
prevents over-deceleration even in this case by rapidly reducing
the gain, as shown in Fig. 13(f); thereby @, converges to 0.73
p.u., which is also within the stable operating region.

The results of Case 4 and Case 5 demonstrate that the AGS
ensures stable operation of all DFIGs within the WPP while
improving the FN even when the wind speed significantly
decreases at the instant of a disturbance.

C. Effects of Different System and WPP Configuration

This subsection describes the investigation results of the
proposed scheme for different system inertia and wind power
penetration level. To do this, the number of DFIGs is increased,
whereas the number of SGs is reduced.

Case 6: Wind Speed of 10 m/s, Wind Direction of 0 ¢ and Wind
Power Penetration Level of 30%
In this case, the installed capacity of a WPP increases from



100 MW to 150 MW; to do this, one row and column of the
WPP in the model system were added. In addition, the active
load consumption decreases from 529 MW to 499 MW. Further,
SGg is not operating and only five SGs are operating.

Fig. 14 shows the results for Case 6. The FN of “no inertial
control” is 59.32 Hz, which is lower than those in the previous
cases because of the smallest system inertia. In the large FGS,
the first FN is 59.67 Hz. However, a second frequency dip
occurs at 61.1 s caused by the disablement of the inertial control
loop of DFIG,; the second FN is 59.47 Hz, which is smaller
than that of the small FGS. The AGS has the highest FN, which
is 59.62 Hz, and also ensures stable operation of all DFIGs as in
the previous cases.

V. CONCLUSION

This paper proposes a stable inertial control scheme based on
adaptive gains for a DFIG-based WPP. To improve the FN, at
the instant of an event, high gains are initially set to be
proportional to the spatially different levels of KE stored in the
DFIGs prior to an event; then, to ensure stable operation of all
DFIGs, the gains decrease with the temporally declining KE.

The results clearly indicate that the proposed scheme shows
better performance than the FGSs in terms of improving the FN
and preventing over-deceleration under various wind and
system conditions. Further, even when the wind speed
decreases at the instant of an event, the AGS ensures stable
operation of all DFIGs in a WPP.

The advantage of the scheme is that it improves the FN by
using spatially dependent gains during the initial stage of an
event; it reduces the gains with the temporally declining KE
and thereby ensures stable operation of all DFIGs even when
the wind speed decreases.
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VII. APPENDIX

A. Generator Parameters

Rated voltage (kV) = 13.8, Xq (p.u.) = 1.028, X4 (p.u.) = 0.34,
X4 (p.u) = 0.253, X, (p.u.) = 0.654, X, (p.u.) = 0.653, X,
(p.u.) =0.298, X, (p.u.) =0.15, R, (p.u.) =0.0025, Ty (S) =7.5,
Tao () =0.07, Ty (5) =3.0, Ty (s) =0.09.

B. Transmission Line Parameters

R (Q/km) = 0.3, L (mH/km) = 3, C (uF/km) = 0.008.
Transmission line length (km): TL; =200, TL, =220, TL; = 220,
TL, =200, TLs = 150, TLe = 150.
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