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Abstract — The frequency of a power system should be kept within limits to produce high-quality
electricity. For a power system with a high penetration of wind generators (WGs), difficulties might
arise in maintaining the frequency, because modern variable speed WGs operate based on the
maximum power point tracking control scheme. On the other hand, the wind speed that arrives at a
downstream WG is decreased after having passed one WG due to the wake effect. The rotor speed of
each WG may be different from others. This paper proposes an algorithm for assigning the droop of
each WG in a wind power plant (WPP) based on the rotor speed for the virtual inertial control
considering the wake effect. It assumes that each WG in the WPP has two auxiliary loops for the
virtual inertial control, i.e. the frequency deviation loop and the rate of change of frequency (ROCOF)
loop. To release more kinetic energy, the proposed algorithm assigns the droop of each WG, which is
the gain of the frequency deviation loop, depending on the rotor speed of each WG, while the gains for
the ROCOF loop of all WGs are set to be equal. The performance of the algorithm is investigated for a
model system with five synchronous generators and a WPP, which consists of 15 doubly-fed induction
generators, by varying the wind direction as well as the wind speed. The results clearly indicate that
the algorithm successfully reduces the frequency nadir as a WG with high wind speed releases more
kinetic energy for the virtual inertial control. The algorithm might help maximize the contribution of
the WPP to the frequency support.
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support and Wake effect.

1. Introduction

A power system frequency should be maintained within
the allowed limits to supply high-quality electricity. If a
large disturbance such as a generator outage or a load
increase occurs in the system, the frequency declines.
Without proper action, the frequency keeps decreasing and
consequently the power system might collapse. To avoid it,
as soon as the system frequency drops, the synchronous
generators (SGs) inherently release the kinetic energy
stored in the rotating masses of the SGs to the system and
this inertial response prevents the frequency from falling.
Simultaneously, the SGs, which have the spinning reserve,
activate the primary control by supplying the active power
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proportional to the frequency deviation based on the droop
characteristics. After the primary control, the secondary
and tertiary controls are activated successively by the
system operator to recover the frequency to the nominal
value [1].

On the other hand, due to the technical advances and
economic viability over the last decades, a large number of
wind generators (WGs) have been integrated into power
systems. The global installed wind generation capacity had
increased to 238 GW as of 2011 and is expected to increase
to 832 GW by 2020 [2]. Korea started a 2.5 GW off-shore
wind power plant (WPP) project on the southwestern coast
in 2011 [3].

WGs such as doubly-fed induction generators (DFIGs)
and fully-rated converter based WGs, which have good
controllability in terms of the active power and reactive
power and so on, are commonly used. Their variable speed
operation enables them to have a maximum power point
tracking (MPPT) control scheme. However, this reduces
the system inertia, and thus, a significant frequency
deviation is inevitable when a large disturbance happens in
the power system [4].

Wind generation frequency support schemes can be
classified into two groups, i.e. inertial control and primary
control. The former uses its kinetic energy that is stored in
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the rotor, whilst the latter uses the reserved power, which is
de-loaded by the pitch control or rotor speed control. Many
studies have been reported on the frequency support of
DFIG-based wind generation [5-8]. Only an inertial control
scheme was used in [5, 6], whilst [7, 8] used both inertial
and primary control schemes.

To generate a power reference signal to release the
power from the kinetic energy stored in the rotor of the
DFIG, an auxiliary loop based on the rate of change of the
frequency (ROCOF) was proposed in [5]. In addition,
another loop based on the frequency deviation was added
to the ROCOF loop in [6].

Frequency support schemes using both inertial and
primary control were suggested [7, 8]. Only the frequency
deviation loop was used in [7], whilst both the frequency
deviation loop and the ROCOF loop were used in [8]. The
schemes control the rotor speed for power de-loading.

On the other hand, the wind speed that arrives at the
downstream WG is decreased after having passed through
one WG, which is called the wake effect. Thus the rotor
speeds are different from one another because the WGs are
operating in MPPT mode. In other words, each WG has
different kinetic energy available for the frequency support
contribution. Therefore, the different gains for the inertial
control of each WG depending on the rotor speed can give
more contribution to the frequency support.

This paper proposes an algorithm that assigns the
droop of each WG in a WPP based on the rotor speed for
the virtual inertial control considering the wake effect. It
assumes that every single WG has two auxiliary loops for
the virtual inertial control, i.e. the frequency deviation
and ROCOF loops. In this paper, to allow the WGs with
high rotor speed to release more kinetic energy, the
smaller droop of the WG, which is the gain of the
frequency deviation loop, is assigned depending on the
rotor speed of the WG. On the other hand, the ROCOF
gain relies on the system and operating conditions, and
careful attention should be paid to the determination of
the gain. However, it is out of the scope of this paper, and
thus the gains for the ROCOF loops of all of the WGs are
set to be equal in this paper. The performance of the
proposed algorithm is investigated through a model
system, which consists of five SGs and a 75 MW WPP
with fifteen DFIGs, using an EMTP-RV simulator under
various conditions.

2. Rotor Speed-based Droop of a WG in a WPP for
the Virtual Inertial Control

The goal of this paper is to release more kinetic energy
to contribute more to the frequency support. On the other
hand, each WG has different kinetic energy depending on
the wind speed due to the wake effect. In this paper, it is
assumed that a WG in a WPP has two auxiliary loops for
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the virtual inertial control, i.e. the frequency deviation loop
and ROCOF loop. R and K are the gains of the frequency
deviation and ROCOF loops, respectively. In addition, this
paper assumes that all WGs are operating in MPPT control
mode, and thus have no de-loaded power.

To release more kinetic energy, a smaller value of R is
assigned to a WG with high rotor speed. However, the
same value of K is assigned to all WGs for convenience, as
mentioned in the Introduction.

2.1 Auxiliary loops of a WG for the virtual inertial
control [6, 8]

Fig. 1 shows the two auxiliary loops for the virtual
inertial control implemented in each DFIG in a WPP. The
top loop is based on the ROCOF and the bottom one is
based on the frequency deviation.

The active power reference for a DFIG, P,.; is composed
of three terms, i.e. Pyppy for the MPPT, AP, which is
derived from the frequency deviation loop, and AP;, from
the ROCOF loop.

In the bottom loop of Fig. 1, the droop, R, is used to
obtain AP from the frequency deviation. AP can be derived
from the droop characteristics.

1
AP—_E(fsys_fnom) (1)

When the system frequency is smaller than the nominal
frequency, AP becomes positive, and this makes the WG to
increase the active power.

Puprr
d Rotor side
S > — converter
dt controller
+¥ 1
fnam_>o—» —
- R

Jost system frequency Jrom: nominal frequency
K: gain of the ROCOF loop R: droop gain
Pyppr: reference for MPPT AP;,: reference from top loop

AP: reference from bottom loop P, reference for the RSC

Fig. 1. Virtual inertial control loops of a WG

2.2 Wake effect

In a WPP, which consists of multiple WGs, a WG
located upstream in the wind direction decreases the wind
speed at the WG locations on its downstream side, which is
called the wake effect [9]. Hence, the rotor speeds of the
WGs downstream are different from those of the WGs
upstream, because the WGs are assumed to be operating in
MPPT control mode.
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2.3 Assignment of the droop for a WG based on the
rotor speed

In this paper, to release more kinetic energy, different
values of R are assigned to all WGs, depending on their
rotor speeds.

Rearranging (1) yields

a1 o
f;‘ys - f;torn R

The unit of the left hand side is W-sec, which is the same
as that of the energy. Therefore, the kinetic energy to be
released from WG;, AE;, can be represented by:

AP 1
AE, c ————=——, fori=1,---,m 3)

i
f;'ys - f nom Ri

where R; is the droop of WG; and m is the number of WGs
in a WPP. Eq. (3) indicates that AE; is inversely
proportional to R;. In other words, the product of AE; and R;
is constant.

AF; can be expressed by:

1
AE; == J(@] =L, fori=liwm @)

min

where w; and w,,;, are the operating rotor speed and the
minimum rotor speed, respectively. In this paper, since the
WG is in MPPT control mode, w; is set to be a constant
prior to the disturbance, and w,y;, is set to 0.7pu

AEiRi :AEmameina fori:ls"'ym (5)

where AE,.. and R_;, are the maximum energy to be
released and the minimum droop, respectively. AE ., in (5)
can be obtained by inserting w,,,, which is set to 1.25 pu,
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into (4).

In (5), Ry, can be determined in various ways. In this
paper, R, is determined so that the rotor speed of the WG
rotating at the smallest rotor speed in a WPP should not
drop below 0.7 pu, which is the minimum operating rotor
speed, after the inertial control.

Therefore, R; can be obtained by:

AE,
Ri = Rmin X — 6
v ©

3. Model system

To investigate the performance of the proposed WPP
virtual inertial control algorithm, a model system as shown
in Fig. 2 is chosen. The system consists of five SGs, one
DFIG-based WPP, and a load of 600 MW and 9 MVAr. The
detailed information on the generators will be described in
the following subsections.

3.1 Synchronous generators

Five SGs (two 200 MVA SGs, two 150 MVA SGs, and
one 100 MVA SQG) are interconnected in the model system.

Load
600 MW
9 MVAr

SG2 Wind Power Plant |
15 DFIGs

SG1 .
150 MVA 26.4/345 KV

13.8/345 kv

i

90° %
13.8/345 kV | I [
SG5 SG3, SG4 > %
100 MVAI 200 MVA Wind direction 0°
S -

Fig. 2. Model system configuration

Aw | K(1+sT)

Y

1+sT}

> > >
1+sT, 1+ 5T 1+sTg 1+ sT,

Fig. 3. IEEEGI steam governor model
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Table 1. Coefficients of the IEEEG1 model

K Kl Kz K3 K4 Ks K{, K7 KX PMAX
20 0.3 0 0.4 0 0.3 0 0 0 1
T\ T Ty Ty Ts Ts 7; Us Us: | Puin
0.1 0 025 | 0.3 10 0.4 0 0.3 -0.5 | 0.33
slope=k .-~
. - .
Y - ry
—_— —_—
—_— —_—

Vi/l —_— d d-\' —_— V.\‘
—_— —_—
—_— —_—

............... D
~ X
~ .
~ .
~ .
» .
~ .
~ .

V. wind speed at distance x
C;: thrust coefficient
d,=d+2r,=d+2

Vin: incoming wind speed
d: wind turbine diameter
k: wake decay constant

Fig. 4. Jensen’s wake model

For convenience, it is assumed that all of the generators in
the system are steam turbine generators, and their steam
turbine governor model is shown in Fig. 3. In addition,
Table 1 shows the coefficients of the governor. The droop
on all steam governors is set to 5%.

3.2 WPP configuration

In the WPP configuration shown in Fig. 2, which is a
tentative configuration for the first stage of the Korea’s 2.5
GW off-shore WPP project, three feeders are connected to
the collector bus, and five SMW DFIGs are connected to
each feeder. The distance between the two WGs is 1,080 m,
which is 9D, where D is the wind turbine diameter. In
addition, the collector bus is connected to the intertie
through the two 60 MVA substation transformers, and a 22
km submarine intertie cable connects the transformers to
the on-shore grid.

In this paper, Jensen’s model is used as a wake model
[10] as shown in Fig. 4. In Jensen’s model, the relationship
between the wind speeds of the two WGs can be
represented by:

V.=V, {1—@—\/1—(?,)(%) } )

Fig. 5 shows the characteristics of a DFIG. The

operational rotor speed range of the DFIG is 0.7 pu-1.25 pu.

In the power curve of the DFIG in Fig. 5(b), the cut-in,
rated, and cut-out wind speeds are 4, 10.5, and 25 m/s,
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(a) DFIG configuration
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(b) Power curve of a DFIG
Fig. 5. Characteristics of the DFIG used

05

04 .

0.3f .
-

0.2t .

01}t .

0 1 1 1 1 1
0.7 0.8 0.9 1 11 12 13

Rotor speed (pu)
Fig. 6. Assigned droop of the WG (R, = 0.015)

respectively. For the MPPT control, the control method in
[11] is used in this paper, and the reference for the total
output of the DFIG is set to be k,w;?.

As shown in Fig. 6, the relation between the droop of the
WG and the rotor speed is obtained from (6), where R,;, is
set to be 0.015. On the other hand, the ROCOF gain K is
set to be 10 in both the conventional and proposed
algorithms.

4. Case studies

In the model system, as a disturbance, SGS5, which
supplies 70 MW to the load, is assumed to be tripped out at
t =40 s. Three cases are tested with wind directions of 0°
and 90°, and wind speeds of 8 m/s and 10 m/s. Due to the
wake effect, the input wind speeds of the WGs in the WPP
are different from one another, and Table 2 shows the wind
speeds of the WGs for the three cases.
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Table 2. Wind speeds of WGs for three cases considering
the wake effect

Case 1 (m/s) Case 2 (m/s) Case 3 (m/s)
8.0 | 6.8 | 6.2 10.0 | 8.6 | 8.0 74 | 74 | 74
8.0 | 6.8 | 6.2 10.0 | 8.6 | 8.0 76 | 7.6 | 7.6
80 | 6.8 | 6.2 10.0 | 8.6 | 8.0 8.0 | 8.0 | 8.0
80 | 6.8 | 6.2 10.0 | 8.6 | 8.0 86 | 8.6 | 8.6
80 | 6.8 | 6.2 10.0 | 8.6 | 8.0 10.0 | 10.0 | 10.0

In cases 1-3, the performance of the proposed algorithm
is compared with that of a conventional algorithm [6]. Figs.
7(a)-9(a) show the system frequencies before and after the
disturbance, and Figs. 7(b)-9(b) indicate the active power
of the WPP. In these figures, the bold, thin, and dotted lines
represent the results for the proposed algorithm, the
conventional algorithm, and no inertial control, respectively.

4.1 Case 1: wind speed of 8 m/s, wind direction of 0°

Fig. 7 shows the results for case 1. As shown in Fig. 7(b),
the conventional and proposed algorithms start to release

Frequency (Hz)

== Proposed algorithm
Conventional algorithm [
"""" Mo inertial control

T T T T

592 1 1 1 1 1 1
38 40 42 44 46 48 50 52 54 56 58 @0

time (s)
(a) System frequencies
1 T T T T T T
. w15t COlUMN
é 2nd column
<09 N | 3rd column ||
(]
@
Q
w
508 ”ﬁ -
[s]
T
07? 1 1 1 L ) 7777| 77777777 \777777777\ 77777777 T \7 7777777
0 10 20 30 40 50 60 70 80 90 100
time (s)
(c) Rotor speeds for the proposed algorithm
200 T T T T T T T T T
== 5G4
b= — — 5G3 1
150%.,_:.::_:.:_:1‘ """" SG1
----5G2
é o LTSI TI —— 565
W 100gE T T T T T —— WPP H
o
&
o e
50+ B
D 1 1 1 ] 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

time (s)

the kinetic energy based on the frequency deviation and the
ROCOF. The maximum released power values for the
conventional and proposed algorithms are 5.8 MW and 9.0
MW, respectively. The proposed algorithm assigns
different droops, i.c. 0.038 for the WGs at the 1* column,
0.100 for the 2™ column, and 0.281 for the 3™ column,
whilst the conventional algorithm uses the same droop of
0.281 for all of the WGs. We can see that the droops for the
proposed algorithm are less than those of the conventional
algorithm. Thus, the proposed algorithm could release
more kinetic energy than the conventional algorithm. Thus,
after the disturbance, the frequency nadir for the proposed
algorithm is the highest, i.e. 59.44 Hz.

From Figs. 7(c) and 7(d), the rotor speed reductions for
the proposed algorithm are 0.09 pu for the 1% column, 0.04
pu for the 2™ column, and 0.02 pu for the 3™ column. On
the other hand, the rotor speed reductions for the
conventional algorithm are 0.01 pu for the 1% column, 0.02
pu for the 2™ column, and 0.02 pu for the 3™ column. For
the conventional algorithm, the rotor speed reduction of the
WG with small rotor speed is larger than that with high

= Proposed algorithm
Conventional algarithm [
"""" Mo inertial control

151 B
L L L !

1 1
38 40 42 44 48 48 50 52 54 56 58 60
time (s)

(b) Active power of the WPP

1 T T T T T T
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2 2nd colurmn |
- 0o 3rd column [
@
@
&
5 08f i
[}
[
07 | | | I R R o T
0 10 20 30 40 50 60 70 80 90 100
time (s)
(d) Rotor speeds for a conventional algorithm
200 T T T T T T T
- GG
psmim e — — SG3
150 w;—:':-_'-:':-'_'r ------- SG1 N
—-—5G2
g e ;‘:'_":'_"_"_"_"_".':'_':'_':'_': — SG5
w 100fen T T — WPP
=
5
o e
50+ k B
D L 1 1 I 1 1 1 1 1
1] 10 20 30 40 50 60 70 80 a0 100

time (s)

(e) Active power of generators for the proposed algorithm (f) Active power of generators for a conventional algorithm

Fig. 7. Results for case 1
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rotor speed. This might increase the probability that the
WG with small rotor speed is over-decelerated below the
operating range. Thus, for the conventional algorithm,
careful attention should be paid to the selection of the
droop so that no WGs will be over-decelerated.

As shown in Figs. 7(e) and 7(f), the increase of the SG
output for the proposed algorithm is smaller than that for
the conventional algorithm, because more energy with the
proposed algorithm are released than with the conventional
algorithm. Therefore, the frequency drop for the proposed

algorithm is smaller than that of the conventional algorithm.

4.2 Case 2: wind speed of 10 m/s, wind direction of 0°

Fig. 8 shows the results for case 2, which is identical to
case 1 except for the wind speed. In this case, the

= Proposed algorithm
Conventional algorithm [
No inertial control

T T T

Frequency (Hz)

592 Il 1 Il Il 1 1 T
38 40 42 44 46 48 50 52 B4 56 58 60
time (s)
(a) System frequencies

65 T T T T r : r :

sl = Proposed algorithm ||
. Conventional algorithm
e S N N No inertial control H
=3
o G0 B
=
£ 45t i A

at ]

35 1 1 1 1 Il Il Il 1 1 1

38 40 42 44 46 48 a0 52 54 56 58 &0
time (s)
(b) Active power of the WPP

1.3 T T T T T T
. =15t column
2 12 2nd column ||
R \ """" 3rd column ||
o 1
(7]
o
w
5
©°
14

1.3 T T T T T T

m— 15t column
2nd column ||
3rd column []

Rotor speed (pu)

(d) Rotor speeds for a conventional algorithm

Fig. 8. Results for case 2
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maximum released power for the conventional and
proposed algorithms are 13.5 MW and 18.0 MW,
respectively. The droops assigned for the proposed
algorithm are 0.017 for the WGs at the 1* column, 0.029
for the 2™ column, and 0.039 for the 3™ column, whilst the
conventional algorithm uses the same droop of 0.039 for
all of the WGs. In this case, the droops of the WGs are
smaller than those in case 1 because of the high wind speed.
After the disturbance, the frequency nadir for the proposed
algorithm is the highest, i.e. 59.55 Hz.

From Figs. 8(c) and 8(d), the rotor speed reductions for
the proposed algorithm are 0.13 pu for the 1% column, 0.10
pu for the 2™ column, and 0.09 pu for the 3™ column. On
the other hand, the rotor speed reductions for the
conventional algorithm are 0.05 pu for the 1% column, 0.07
pu for the 2™ column, and 0.09 pu for the 3™ column. The

N
L |
e U
C
@ |
3
5 = Proposed algorithm
T8 Conventional algorithm
"""" No inertial control
59.2 | 1 1 1 1 L T T T I
38 40 42 44 46 48 50 52 b4 56 58 60
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T T
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Fig. 9. Results for case 3



Jinsik Lee, Jinho Kim, Yeon-Hee Kim, Yeong-Han Chun, Sang Ho Lee, Jul-Ki Seok and Yong Cheol Kang

reduction of the rotor speed in case 2 is larger than that of
case 1, and thus a WPP for the high wind speed can give
more contribution to the frequency support.

4.3 Case 3: wind speed of 10 m/s, wind direction of 90°

Fig. 9 shows the results for case 3, which is identical to
case 2 except for the wind direction. In this case, the
maximum released power for the proposed algorithm is
15.6 MW, which is smaller than for case 2. This is because
the wake effect in this case is more severe than in case 2
due to the 90° wind direction. In this case, the droop for the
proposed algorithm ranges from 0.017 to 0.057. For the
conventional algorithm, the droop is set to be 0.057 for all
of the WGs. After the disturbance, the frequency nadir for
the proposed algorithm is 59.52 Hz, which is smaller than
that of case 2.

The results clearly indicate that a WPP gives different
contributions to the frequency support depending on the
degree of the wake effect.

5. Conclusion

This paper proposes an algorithm for assigning the
droop of each WG in a WPP based on the rotor speed for
the virtual inertial control considering the wake effect. To
release more kinetic energy, the smaller droop is assigned
to the WG with high rotor speed.

The results show that the proposed algorithm can give
more contribution to the frequency support than the
conventional algorithm because it can release more energy
during the disturbance. The contribution depends on the
kinetic energy that a WPP contains. The proposed
algorithm might help maximize the contribution of the
WPP for the frequency support.

It is seen that the WPP output in the steady state after the
disturbance is smaller than that before the disturbance,
because the system frequency is not completely recovered
to the nominal value. However, it can be recovered to the
MPPT value after AGC action from the grid control center.
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