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ABSTRACT The rapid growth of the share of variable renewable energy (VRE) may make it difficult to
operate power systems incorporating these sources, due to fluctuations in VRE output. In this paper, we focus
on the short-term fluctuations (STFs) in wind power total outputs in several balancing areas (BAs) in Japan.
We propose five methods to mitigate STFs, utilizing innate functions of wind turbines that use neither battery
systems nor any other additional systems or equipment. In addition, the methods suggested do not require
predictions of the wind power output. The efficiency of the method was measured based on the relationship
between the mitigation of STFs and associated energy loss. Historical wind power output data from three
BAs in Japan (the Hokkaido, Tohoku, and Kyushu BAs) were used to conduct numerical simulations. One
of the proposed methods effectively mitigated STFs in the total wind power output. The proposed approach
is applicable to solar power and will help overcome challenges on the road toward 100% renewable energy.

INDEX TERMS Energy system integration, maximum power point tracking, ramp rate limitation, short-term
fluctuations, smoothing effect, wind power, 100% renewable energy.

I. INTRODUCTION
Renewable energy generation has been promoted over the
last decade in an effort to reduce greenhouse gas emis-
sions, with wind power and solar power use seeing sharp
increases. The global production of wind and solar power
increased from 377 TWh in 2010 to 2,105 TWh in 2019,
representing an approximately six-fold increase; in Japan,
the production of wind and solar power increased ten-fold
from 2010 to 2019 [1], [2].

Wind and solar power are variable renewable energy
(VRE) sources, where the outputs of VRE can change
rapidly according to the weather conditions. An increase in
VRE power generation amplifies fluctuations in VRE out-
put, whereas smoothingmitigates fluctuations via appropriate
VRE output and geographical distributions of VRE power
plants. However, VRE resources tend to be localized [3];
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many wind sources in Japan are located in its northern
regions, and VRE output is characterized by seasonality, with
wind power output increases observed in winter [4], [5], [6].
Fluctuations in wind power output can negatively impact the
stability of the power system [5], [7], [8], [9], [10].

Regarding power system operation, fluctuations in VRE
output are compensated for by changes in the outputs of
hydroelectric and thermal power plants, batteries, and other
VRE sources in the local balancing area (BA), or in other
BAs through interconnections. In recent years, power mar-
kets have supplied a portion of the reserves in response to
VRE fluctuations. The reserves are categorized according to
timescale, as frequency containment reserves (FCRs), fre-
quency restoration reserves (FRRs), and replacement reserves
(RRs), as shown in Fig. 1.
As the world moves toward 100% renewable energy

(RE100), the required reserves will increase [5], [7], [9],
whereas traditional reserves will decrease as thermal power
plants are retired. In Japan, the wind power capacity increased
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FIGURE 1. Reserves in Europe (upper) [11] and Japan (bottom) [12]. The
color intensity indicates the amount of reserves provided. While
synchronized frequency restoration reserves (S-FRRs) and FRRs have the
same timescale, power plants providing the S-FRRs are required to
always be connected to the power system. In Japan, the operation of
reserves is a topic of discussion by the Organization for Cross-regional
Coordination of Transmission Operators (OCCTO).

from 2,613MW in the financial year (FY) 2012 to 4,438MW
in FY2020 [13], while the demand decreased from 912 TWh
in FY2012 to 864 TWh in FY2020 [14]. Impact of fluc-
tuations in wind power output would magnify because the
share of wind power increased. Potential resources for energy
reserves include VRE and battery storage. VRE resources
can provide reserves by reducing power generation. Battery
storage is another promising option for providing reserves
for a power system with a high share of VRE; however, the
installation cost is high. Thus, on the road toward RE100,
other options should be considered to overcome the challenge
of providing the necessary reserves.

To reduce the required reserves, we focused on mitigat-
ing short-term fluctuations (STFs), which have the same
timescale with FRRs in Fig. 1, in wind power output, uti-
lizing functions already incorporated in wind turbines: ramp
rate limitation (RRL) and maximum power point tracking
(MPPT) [15], [16], [17], [18], [19], [20], [21], [22], [23].
These functions are also required in IEC 61400-1, IEC
61400-3-1, and IEC TS 61400-3-2, in which design require-
ments for onshore (IEC 61400-1) and offshore wind turbines
(IEC 61400-3-1 and IEC TS 61400-3-2) are described [24],
[25], [26]. We assumed that signals of limitations of the
MPPT are sent from an aggregator, while the parameter of
the RRL remains fixed. We propose five methods to mitigate
STFs in the total wind power output in each BA, and compare
the methods in terms of efficiency, which is indicated by
the reduction in the absolute values of the STFs and the
energy loss associated with application of the method. There
are a number of studies on mitigation of the fluctuations
in wind power output of single wind power plants (WPPs)
and/or small systems consisting of several WPPs, and on the
contribution of such mitigation to power systems [17], [18],
[22], [23], [27], [28], [29], [30], [31], [32], [33], [34], [35],
[36], [37], [38], [39]. In this study, we targeted the STFs in
the total output of wind power in each BA and provide a
framework for mitigating STFs.

We adopted a definition of the STFs, which uses the cen-
tered moving averages (CMAs) [6], [40]. The STFs cover a

FIGURE 2. Three balancing areas (BAs): the Hokkaido, Tohoku, and
Kyushu BAs.

wide timescale range and correspond to the FRRs and RRs
shown in Fig. 1. We evaluated mitigation methods using
historical wind power output data for three Japanese BAs for
1 year: two northern BAs (the Hokkaido and Tohoku BAs),
and one southern BA, the Kyushu BA, as shown in Fig. 2.
The three BAs have different characteristics. Wind power
output in the northern BAs increases in winter, whereas that
of the southern BA tends to be more uniform throughout the
year [6].

The proposed methods were further categorized into ideal
and available methods. Ideal methods use the total wind
power output from each BA. The associated STFs in the total
wind power output are already mitigated by the smoothing
effect provided by aggregating the wind power outputs from
all WPPs in the BA [41], [42], [43], [44], [45]. Therefore,
the ideal methods are highly effective and involve less energy
loss. However, in the real world, it is impossible to directly
regulate the total output. The available methods use the wind
power output from each WPP to mitigate STFs in the total
wind power output from the BA. Although the efficiency of
the available methods is lower than that of ideal ones (which
benefit from smoothing effects), the available methods can be
applied through wind farm controllers (WFCs) in individual
WPPs. Therefore, mitigation of STFs using the ideal methods
is done here as a reference to estimate the efficiency of the
available methods.

We evaluated the methods according to efficiency, which
is represented by the relationship between the mitigation of
STFs in the total output of wind power and the energy loss of
the method. Although the efficiency of the ideal methods was
highest among all methods, through numerical simulations,
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TABLE 1. Historical total wind power output data in the three balancing
areas.

we found that the efficiency of one of the available methods
approached that of the ideal methods. The available method
is a new approach and has not been previously researched for
the purpose of mitigating the STFs in the total wind power
output in each BA.

The remainder of this paper is organized as follows. The
historical wind power output data and the STFs in the wind
power output are presented in Section II. The methods used
to mitigate STFs in wind power output are described in
Section III. Method evaluation is addressed in Section IV.
The simulation and evaluation results for the proposed meth-
ods are presented in Section V. Finally, the conclusion and
discussion are given in Section VI.

II. WIND POWER OUTPUT DATA AND SHORT-TERM
FLUCTUATIONS IN OUTPUTS
To evaluate methods to mitigate STFs in the total wind power
output, we used historical wind power output data obtained
from three BAs (the Hokkaido, Tohoku, and Kyushu BAs of
Japan), as shown in Fig. 2. The BAs have different features,
as described in Sections II-A and II-C.
There are two types of data: the total output of wind power

in each BA and the outputs of individual WPPs in each BA.
In this paper, the total output represents the total output of
wind power in each BA; individual output refers to the output
of eachWPP. The STFsmitigated bymethod applicationwere
quantified relative to the STFs in the original total output,
as detailed in Section II-B.

The characteristics of the time series of the total out-
puts were reported in a previous study [6]. The STFs were
separated from the time series of the total output using
CMAs [6], [40].

A. HISTORICAL WIND POWER OUTPUT DATA
The historical time series (from 1 April 2012 to 31 March
2013) of wind power output data from the three BAs in
1 year were analyzed; the data are listed in Table 1. The time
resolution was sufficiently high to separate STFs from the
time series.

The wind power capacity was largest in the Tohoku BA
and smallest in the Hokkaido BA. Although the Tohoku
BA has the largest number of WPPs, the plants are con-
centrated in a narrow zone, thus weakening geographical
smoothing effects [40]. Notably, each BA had some missing
data, as described in Appendix A.

There are two types of output data: the total output and
the individual output. Both data types have the same time
resolution for each BA. When missing WPP data were iden-
tified, we did not use the other ‘‘individual data’’ from the
same period. The total output was calculated using the indi-
vidual data. Therefore, the missing data periods are the same
between the total and individual datasets. In each time step,
the sum of all individual outputs (kW) from a BA corresponds
to the total output (kW) from the BA. The total and individ-
ual outputs are represented by p.u., unless otherwise noted.
We assumed that 1 p.u. in the total and individual outputs
indicates the maximum output, as it corresponds to the wind
power capacity of the BA and WPP. The data and outputs
before STF mitigation are referred to as the original data and
outputs, respectively.

The Hokkaido and Tohoku BAs are located in the north of
Japan and experience many windy days in winter. Therefore,
the monthly average of the original total output increases in
winter, as shown in Figs. 3 and 4. The Kyushu BA has a
more uniform output during the year, as shown in Fig. 5.
Because the amplitude of the STFs has a positive correla-
tion with the monthly average output [6], the original STF
amplitude tended to be large in winter for the Hokkaido and
Tohoku BAs.

B. SEPARATION OF SHORT-TERM FLUCTUATIONS
The output time series are separated into very short-term fluc-
tuations (VSTFs), STFs, and long-term fluctuations (LTFs),
using two CMAs [6], [40]. The VSTFs, STFs, and LTFs have
timescales of less than 1 minute, several tens of minutes, and
longer, respectively. The CMAs are X- and Y-min CMAs,
where X is smaller than Y. In this paper, X and Y are set to
1 and 30 minutes, respectively. The VSTFs are given by the
difference between the output andX-min CMA. The STFs are
given by the difference between the X-min and Y-min CMAs.
The LTFs are expressed by the Y-min CMA. For convenience,
the X-min and Y-min are represented by Xs and Ys-sec in the
equations.

The output at time t = i1t is expressed by p(t), where 1t
represents the time step of the output time series. In this paper,
t means i1t unless otherwise noted. The VSTFs, STFs, and
LTFs are given by the following equations, as V (t), S(t), and
L(t), respectively:

V (t) = p(t)−

∑nx
j=−nx p(t + j1t)

2nx + 1
, (1)

S(t) =

∑nx
j=−nx p(t + j1t)

2nx + 1
−

∑ny
j=−ny p(t + j1t)

2ny + 1
, (2)

L(t) =

∑ny
j=−ny p(t + j1t)

2ny + 1
, (3)

where nx = Xs/21t and ny = Ys/21t . The sum of V , S,
and L corresponds to the output p; thus, p(t) = V (t) +
S(t) + L(t). In this paper, the VSTF, STF, and LTF are
represented by p.u.
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FIGURE 3. Monthly average output of the original total wind power in the
Hokkaido BA.

FIGURE 4. Monthly average output of the original total wind power in the
Tohoku BA.

FIGURE 5. Monthly average output of the original total wind power in the
Kyushu BA.

C. SHORT-TERM FLUCTUATIONS IN WIND POWER
OUTPUT
The STFs in the original outputs of the three BAs were
detailed in a previous study [6]. The 10th and 90th percentiles
of the STFs in the original total outputs are shown in Table 2.
The amplitudes of the STFs in the Hokkaido BA were the
largest among the three BAs; the amplitudes of the STFs in
the Tohoku and Kyushu BAs were at the same level.

The STF amplitude in the original total output in each BA
tended to be small when the total capacity of wind power in
the BA was large. For instance, The Hokkaido BA had the
lowest total wind power capacity and a relatively large STF
amplitude, as shown in Table 1.

TABLE 2. The 10th and 90th percentiles of the STFs in the original total
outputs in the three BAs.

TABLE 3. Mitigation methods: the ideal and available methods.

In addition, the amplitudes of the STFs increased linearly
with the monthly average LTFs, and the linear function that
approximates the amplitude of the STFs by the average LTFs
showed a steeper gradient when the capacity of wind power
in the BA was smaller [6].

The effectiveness of a particular mitigation method was
evaluated based on the relationship between the reduction in
the absolute values of STFs and the energy loss associated
with application of the method. The reduction is expressed as
the difference between the percentiles in Table 2 and those of
the method-induced STF mitigation.

III. METHODS TO MITIGATE THE SHORT-TERM
FLUCTUATIONS
The methods used to mitigate the STFs apply two functions
of recent wind turbine designs, the RRL and MPPT, via
WFCs. The WFC controls each wind turbine in the WPP
according to the control parameters and signals received from
an aggregator. Parameters of the RRL are fixed and set in each
WFC before the implementation of the mitigation methods,
while parameters of the MPPT change temporally, depending
on the received signals. The RRL is able to limit the increase
in output over a certain time interval, according to the control
parameter. The MPPT ensures that the output remains below
the upper limit, according to the control signal. Implementa-
tion of both functions involves energy loss.

Five methods, i.e., the T-RRL, T-MPL, I-RRL, I-MPL, and
I-AMPL, are listed in Table 3. T and I indicate the data used,
corresponding to the total and individual outputs, respec-
tively. RRL, MPL, and AMPL indicate Ramp Rate Limita-
tion, Maximum Power Limitation, and Advanced Maximum
Power Limitation, respectively. MPL and AMPL utilize the
MPPT. Thus, the methods are categorized in accordance with
the data or function used.

T-RRL and T-MPL employ the total output data and cannot
be implemented in the real world, because the total output
(kW), given by the summation of the individual outputs (kW),
cannot be controlled directly. In this paper, they are consid-
ered ideal methods. The available methods include I-RRL,
I-MPL, and I-AMPL, as they use individual data. STFmitiga-
tion using the ideal methods represents the best-case scenario
among methods utilizing the same function, as they involve
the use of smoothing effects. As such, the ideal methods are
used for reference.

T-RRL and I-RRL both utilize RRL; T-MPL, I-MPL,
and I-AMPL use MPPT. A parameter of the RRL is set in

VOLUME 10, 2022 111213



C. T. Urabe et al.: Mitigation of STFs in Wind Power Output in a Balancing Area

FIGURE 6. Schematic image of I-MPL and I-AMPL.

each WPP and fixed during a simulation. MPPT keeps the
wind power output below an upper limit. The upper limit
changes according to a control signal sent from the aggre-
gator, as shown in Fig. 6. We assumed that the WFC in each
WPP appropriately controls each wind turbine according to
the received control signals. T-MPL, I-MPL, and I-AMPL
provide the upper limit values. Although I-MPL and I-AMPL
use individual outputs, they differ in terms of the way that
they share the reduction of the output when the available
outputs are over the upper limit.

A. PROCEDURES OF T-RRL AND I-RRL
T-RRL can limit the increase in total output, expressed as
p(t) − p̃(t − 1t) ≤ 1t/β (p.u.), where β is a parameter
indicating the upper limit of the slope; the output can increase
from 0 to 1 (p.u.) in β-sec. p̃(t − 1t) represents the past
total output, which is limited by T-RRL. The increment of
the output is retained at a level below the upper limit 1t/β,
as follows:

p̃(t) =

{
p(t), if p(t) ≤ p̃(t −1t)+1t/β,
p̃(t −1t)+1t/β, otherwise.

(4)

When β is large, the increase in total output is limited to a
small range. Therefore, the fluctuations in output are strongly
mitigated as β increases, while the energy loss increases.

I-RRL limits the individual outputs, Pk (t)(k = 1, . . . ,w),
where w is the number of WPPs in the BA. The limitation of
I-RRL is expressed by a similar equation to Eq. (4) in which
p and p̃ of I-RRL are replaced by the individual outputs; thus,
Pk (t) and P̃k (t) (k = 1, . . . ,w), respectively. The value of β
is common to all WPPs. Therefore, the equation for I-RRL
can be expressed as follows:

P̃k (t)

=

{
Pk (t), if Pk (t) ≤ P̃k (t −1t)+1t/β,
P̃k (t −1t)+1t/β, otherwise. (5)

B. PROCEDURES OF T-MPL AND I-MPL
T-MPL and I-MPL keep the total and individual outputs
below an upper limit that changes depending on the CMA

FIGURE 7. T-MPL, I-MPL, and I-AMPL limit the output over the time
range [(j + 1)1T + Ys/2, (j + 2)1T + Ys/2−1t ], using past output data
over the time range [j1T , j1T + Ys/2], as expressed in Eqs. (6)–(9) for
T-MPL, Eq. (10) for I-MPL, and Eqs. (11)–(16) for I-AMPL.

values. An aggregator sends the value of the upper limit as a
control signal, as shown in Fig. 6. In the real world, because
data are transferred between the aggregator and WPPs, cal-
culations of the upper limit can induce a time lag. Therefore,
in simulations of T-MPL and I-MPL, we set up a temporal
buffer between the output data used to calculate the upper
limit and the output data applied to the upper limit, as shown
in Fig. 7.

T-MPL uses the total output and keeps it below the upper
limit. Because the STFs are calculated using the Y-min
CMAs, as expressed in Eq.(2), it is desirable that the upper
limit be decided by the Y-min CMAs to mitigate STFs.
Notably, the Y-min CMA at time t is not available at the same
time t in the real world, because calculations of the Y-min
CMAs at time t require output data from t−Ys/2 to t+Ys/2,
in which the output data between t and t+Ys/2 are the future
data. Therefore, the Y-min CMAs are substituted by Eq. (8),
which uses only the past output data in [t−1T−y/2, t−1T ]
to control the output over a certain time range [t, t + 1T ].
We assume that 1T = 60-sec. The total power output at ti,j,
p(ti,j), is limited to under A0 + α (0 < α < 1), as follows:

ti,j = i1t + j1T + Ys/2, (6)

p̃(ti,j) =

{
p(ti,j), if p(ti,j) ≤ A0(j− 1)+ α,
A0(j− 1)+ α, otherwise,

(7)

A0(j− 1) =
a0(j− 1)+ p̃(t0,j−1)

2
, (8)

a0(j− 1) =
21t
Ys

Ys
21t∑
k=1

p̃(t0,j−1 − k1t), (9)

where i = 0, 1, . . . ,1T/1t−1 and j = 1, 2, . . . . In the case
of small α, T-MPL strongly mitigates the STFs in the total
output and induces a large energy loss.

I-MPL uses the individual output Pk and is expressed by
Eq. (10), which has a formula similar to that of Eq. (7).
We note that p(ti,j) =

∑w
k=1 CkPk (ti,j)/c and p̃(ti,j) =∑w

k=1 Ck P̃k (ti,j)/c, where the total wind power capacity and
wind power capacity of the kth WPP are represented by c
(kW) and Ck (kW), respectively. The individual output is
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reduced by I-MPL, as follows:

P̃k (ti,j) =

{
Pk (ti,j), if Pk (ti,j) ≤ A0(j− 1)+ α,
A0(j− 1)+ α, otherwise.

(10)

The upper limit of I-MPL corresponds to A0 + α, as with
Eq. (7). Energy loss by I-MPL increases as α decreases.

C. PROCEDURE OF I-AMPL
I-AMPL utilizes the same function as T-MPL and I-MPL,
and uses the same data as I-MPL, i.e., the individual data.
However, there are two differences between I-AMPL and
I-MPL. The first difference pertains to calculation of the
required reduction of the total output, d(j− 1) (j = 1, 2, . . . )
as follows:

d(j− 1) = p̃(t0,j−1)− A(j− 1), (11)

A(j− 1) =
a0(j− 1)+ a1(j− 1)

2
, (12)

a1(j− 1) =
1t
1T

1T
1t −1∑
k=0

p̃(t0,j−1 − k1t), (13)

where t0,j = j1T+Ys/2 (j = 1, 2, . . . ), a0(j−1) is expressed
in Eq. (9). The total output p̃(ti,j) is calculated using the
individual outputs; thus, p̃(ti,j) =

∑w
k=1 Ck P̃k (ti,j)/c. Here,

A(j − 1) is similar to A0(j − 1) in Eq. (8). The difference
between A(j−1) and A0(j−1) is a1(j−1), which is the X-min
average adopted to remove the influence of single events in
the total output.

The second difference concerns the way in which the
required reduction d(j − 1) is shared among the individual
WPPs. The reduction of the kth WPP, Dk (j− 1) (kW), is cal-
culated from the total capacity, c (kW), and the capacity of
the kth WPP, Ck (kW), as follows:

Dk (j− 1) = cd(j− 1)rk (j− 1), (14)

rk (j− 1) =
Ck P̃k (t0,j−1)
cp̃(t0,j−1)

, (15)

where rk (j − 1) indicates the proportion of the individual
output of the kth WPP, P̃(t0,j−1), relative to the total output,
p̃(t0,j−1), at time t0,j−1.
I-AMPL reduces the individual output, as (16), shown at

the bottom of the page, where i = 0, 1, . . . ,1T/1t − 1.
The temporal buffer between the output data used to cal-
culate the upper limit and output data applied in the
limitation is the same as those of T-MPL and I-MPL,
as shown in Fig. 7. Note that Dk (j − 1) (kW) is converted
to Dk (j− 1)/Ck (p.u.) in Eq. (16).

IV. EVALUATION OF THE METHODS BASED ON
MITIGATION OF SHORT-TERM FLUCTUATIONS AND
ENERGY LOSS
Strongmitigation of STFs tends to involve a large energy loss.
On the other hand, a large energy loss does not always result
from strong mitigation. The balance between the mitigation
of STFs and energy loss is important for determining the most
appropriate method.

A. MEASURING MITIGATION OF THE SHORT-TERM
FLUCTUATIONS
To evaluate the mitigation methods, we used the 10th and
90th percentiles of the STFs in the total outputs. Percentiles
are simple indicators. Those percentiles were chosen to allow
general assessment of STF mitigation. The 10th and 90th
percentiles are more stable than theminimum,maximum, and
the 1st and 99th percentiles in all seasons [6]. For instance, the
minimum, maximum, and 1st and 99th percentile values can
fluctuate violently under a single extreme event and depend
on chance. Therefore, these values are not suitable to measure
mitigation.

The 10th and 90th STF percentiles in the original outputs
in Table 2 are adopted as the baseline and compared with
those for the mitigated total outputs; the difference reflects
the extent of STF mitigation.

B. CALCULATION OF ENERGY LOSS
The energy loss, 1E , is given by the difference between the
original total output, p(i1t), and mitigated total output for a
given method, p̃(i1t), as follows:

1E =

∑N
i=1 p(i1t)−

∑N
i=1 p̃(i1t)∑N

i=1 p(i1t)
. (17)

Note that p(i1t) ≥ p̃(i1t), and
∑N

i=1 p(i1t) ≥
∑N

i=1 p̃(i1t),
where N is the total number of the data.1E is in the range of
0 ≤ 1E ≤ 1 and is represented as a percentage.

V. MITIGATION OF THE SHORT-TERM FLUCTUATIONS BY
THE PROPOSED METHODS
There are fivemethods as shown in Table 3.Mitigations of the
STFs by each method are shown in Figs. 8-12. The 10th and
90th STF percentiles relative to the total output change with
parameters α and β. The percentiles in the original outputs
are represented by gray dashed lines in the figures. There is
a trade-off between mitigation of the STFs and energy loss.
When the absolute values of percentiles are reduced by a
mitigation method, the energy loss which is involved by the
method increases. The parameters α and β also change the
mitigation of the STFs. When α is small, the absolute values
of percentiles decrease, and the energy loss increases. When

P̃k (ti,j) =

{
Pk (ti,j), if α − Dk (j− 1)/Ck ≥ 0,
Pk (ti,j)+ α − Dk (j− 1)/Ck , otherwise,

(16)
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FIGURE 8. Mitigation of the STFs by T-RRL in the Tohoku BA. (a) The
absolute values of the 10th and 90th percentiles of the STFs decrease
with β. (b) Energy loss increases with β.

β is large, which means increment of output is retained below
a small value, the absolute values of percentiles reduce, and
the energy loss increases.

The methods reduce wind power output; they reduce not
only the 90th percentiles, but also the 10th percentiles. The
STFs are expressed as differences from the Y-min CMAs, cal-
culated using Eq. (2). The average of the STFs is around zero.
Therefore, the Y-min CMAs are around the 50th percentiles,
and the STF S = 0. The 10th and 90th percentiles are about
the same distance from S = 0. Consequently, the 10th and
90th percentiles change symmetrically with respect to S = 0.
Mitigation of STFs by T-RRL in the Tohoku BA is shown

in Fig. 8. T-RRL is an ideal method for mitigating STFs. The
absolute values of the 10th and 90th percentiles decreased
almost linearly from β = 0 to β = 72,000-sec, as shown
in Fig. 8 (a). While the decrease in percentiles slowed when
β was larger than 72,000, the energy loss increased linearly
with β, as shown in Fig. 8 (b). The relationship between the
percentiles and energy loss indicates that T-RRL is efficient
when β < 72,000.

Mitigation of STFs by T-MPL in the Tohoku BA is shown
in Fig. 9. T-MPL is an ideal method to mitigate STFs.
T-MPL keeps the total output below the upper limit defined in
Eqs. (7)–(9). It should be mentioned that T-MPL uses output
data up to 1 minute before to calculate the upper limit of
output, while T-RRL can use the most recent output data. The

FIGURE 9. Mitigation of STFs by T-MPL in the Tohoku BA. (a) The absolute
values of the 10th and 90th percentiles of the STFs decreased with α.
(b) Energy loss increased as α decreased.

FIGURE 10. Mitigation of STFs by I-RRL in the Tohoku BA. (a) The absolute
values of the 10th and 90th percentiles of STFs decreased with β.
(b) Energy loss increased with β.

absolute values of the percentiles decreased with α. In the
range of α < 0.02, the absolute values of the percentiles
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FIGURE 11. Mitigation of STFs by I-MPL in the Tohoku BA. (a) The
absolute values of the 10th and 90th percentiles of STFs decreased
with α. (b) Energy loss increased as α decreased.

decreased sharply; the energy loss increased exponentially
as α decreased. The relationship between the percentile and
energy loss indicates that T-MPL works when α is smaller
than 0.02.

Mitigation of STFs by I-RRL in the Tohoku BA is shown in
Fig. 10. I-RRL is an available method that uses the same func-
tion as the ideal method T-RRL. The degree of mitigation of
STFs by I-RRL increased with β. The reduction in amplitude
using I-RRL was larger than that of T-RRL, and the energy
loss with I-RRL increased to around 70%, as shown in Fig. 10
(b), whereas that with T-RRL was less than 40%, as shown in
Fig. 8 (b).

Mitigation of STFs by I-MPL in the Tohoku BA is shown
in Fig. 11. I-MPL is an available method that uses the same
function as T-MPL. I-MPL calculates the upper limit using
output data up to 1 minute before, which differs significantly
from I-RRL, which can use up to the immediately preceding
output data. The absolute values of the percentiles of I-MPL
tended to be larger than those of T-MPL. At α = 0.05, the
absolute values of the percentiles of I-MPL were about 0.005
(p.u.), and the energy loss was 36%. In the case of T-MPL,
as shown in Fig. 9 at α = 0.005, while the absolute values
of the percentiles were around 0.005 (p.u.) similar to I-MPL,
the energy loss was 4%, which is less than a quarter of that
of I-MPL. Thus, the efficiency of I-MPL was less than that of
T-MPL.

FIGURE 12. Mitigation of STFs by I-AMPL in the Tohoku BA. (a) The
absolute values of the 10th and 90th percentiles of STFs decrease with α.
(b) The energy loss increases as α decreases.

Mitigation of STFs by I-AMPL in the Tohoku BA is shown
in Fig. 12. I-AMPL is an available method that uses the
same functions as T-MPL and I-MPL. I-AMPL improves the
way in which output reduction is shared among individual
WPPs. At α = 0.02, the absolute values of the percentiles
of I-AMPL were about 0.006 (p.u.), and the energy loss was
4%.When the energy losses of T-MPL and I-MPLwere about
4%, the absolute values of the percentiles were 0.005 (p.u.)
at α = 0.005 and 0.008 (p.u.) at α = 0.3, respectively. Thus,
the efficiency of I-AMPL was higher than that of I-MPL, and
approximately the same as that of T-MPL.

To compare the five methods for the three BAs, we exam-
ined the relationship between the 10th and 90th percentiles of
STFs relative to the total outputs and energy loss, as shown
in Fig. 13. The data in Fig. 13 (b) are the same ones in
Figs. 8-12. The parameters, α and β, for each method are
common among the three BAs. The efficiency of I-AMPL
was the highest among the available methods (I-RRL, I-MPL,
and I-AMPL), andwas equal to the idealmethods (T-RRL and
T-MPL) (which exhibited the maximum efficiency). Curves
of T-RRL (gray open circles) and T-MPL (red filled triangles)
were closer to the x-axis in the figure than those of the other
methods, across all of the BAs. Curves close to the x-axis
indicate that the absolute values of the percentiles are smaller
than for the other methods, with the same amount of energy
loss.
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FIGURE 13. Relationship between energy loss and the 10th and 90th
percentiles of STFs relative to the mitigated total outputs, in the Hokkaido
(a), Tohoku (b), and Kyushu (c) BAs.

Despite being one of the three available methods, the effi-
ciency of I-AMPL was similar to T-RRL and T-MPL. When
I-AMPL was reduced by half, the energy loss was less than
10%.Note that I-MPL (orange open triangles), which uses the
same function as I-AMPL, is the outermost curve and thus has
the lowest efficiency. The difference between I-AMPL and
I-MPL lies in the way in which the output reduction is shared
among the individual WPPs, which is key for improving the
efficiency.

From a technical standpoint, the choice of parameter α
should be adjusted in the range where the amplitude of the

STFs decreases rapidly when α is reduced. However, we note
that, when applied to actualWPP groups, it may be set beyond
the range if it is worthwhile to mitigate the STF even if
energy losses increase. The desired balance between energy
loss and mitigation of the STFs in energy system operation
also needs to consider the cost-effectiveness of comparing
different system operation options for each energy system.

VI. CONCLUSION AND DISCUSSION
Wind power output can fluctuate significantly according to
the weather conditions. Rapid growth in the share of wind
power generation can make it difficult to operate power sys-
tems, due to themajor influence of fluctuations in wind power
output.

The fluctuations in wind power output can be separated
into several categories depending on the time scale. Here,
we distinguished VSTFs, STFs, and LTFs using the CMAs;
the time scales of the VSTFs and STFs are shorter than
1 minute and 1 hour, respectively; the time scale of the LTFs
is longer than those of the VSTFs and STFs.

We focused on STFs in wind power output, and proposed
methods to mitigate STFs in the total output of wind power
in each BA, based on the RRL and MPPT functions of each
wind turbine. The RRL keeps the increment of output below
a fixed parameter. The MPPT ensures that the output remains
below the upper limit, according to the control signal sent
from an aggregator. We assumed that the WFC in each WPP
appropriately controlled each wind turbine in the WPP.

To evaluate the proposed methods, numerical simulations
were performed using historical wind power output data from
three Japanese BAs: the Hokkaido, Tohoku, andKyushu BAs.
The proposed methods were categorized into ideal and avail-
able methods. The ideal methods use the total output of wind
power in each BA. The available methods use the wind power
outputs from individual WPPs. The ideal methods cannot
be applied in the real world because the total output data
are obtained based on the individual outputs of all WPPs.
STF mitigation using the ideal methods represents a best-
case scenario, as the total output benefits from the smoothing
effect; thus, the ideal methods were used as a reference for
comparison with the available methods.

The relationship between STF mitigation and energy loss
indicates the efficiency of the method. Thus, even if the
mitigation of STFs is considerable, efficiency is lowwhen the
energy loss is extremely large.We found that the efficiency of
one of the availablemethodswas nearly the same as that of the
two ideal methods. Additionally, despite using the MPPT, the
method in question achieved the highest efficiency, although
its counterpart using the same MPPT showed the worst effi-
ciency. The difference between the best and worst available
methods lies in the way in which the reduction in output is
shared among theWPPs in the BA. The best available method
shares the output reduction depending on the previous outputs
from each WPP. Thus, the upper limits of the individual
outputs differ depending on the previous output of the WPP.
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The method of sharing the output reduction among WPPs is
a key factor for improving efficiency.

In addition, the results were similar among the three BAs.
We believe that the best method could be applied successfully
to other BAs; however, additional research is necessary to
identify the optimal method. Wind power capacity has been
increasing all over the world, and the share of the wind
power also increases. Therefore, when the latest wind power
output data are available, applying the methods to the data is
required.

We used the 10th and 90th percentiles of STFs to eval-
uate the mitigation methods. The methods intend to over-
come difficulties of system operations under conditions of
rapid wind power growth. We consider that there may be
more appropriate indicators to evaluate the method from the
perspective of system operations. While the indicator is an
important issue, a work to find more appropriate indicators
is beyond the scope of this paper and will be our future
work.

Methods to mitigate STFs in wind power output are an
essential step on the road toward RE100. To further improve
the methods, several approaches are available, such as utiliza-
tion of wind power forecasting and machine learning tech-
nologies. When wind power forecasting has high accuracy,
the energy loss can be reduced. Note that suitable short-term
forecasting to apply themitigationmethods should be chosen.
Machine learning technologies could provide more appro-
priate parameter settings and control signals for individual
WPPs to effectively mitigate STFs. There are a number of
combinations between types of machine learning methods
and ways to apply them to the mitigation methods. It is
crucial to narrow down the candidates of the combinations.
Therefore, utilization of machine learning technologies will
also be our future work.

The RRL andMPPT are available not only for wind power,
but also for solar power. Therefore, the proposed methods
could be adopted to mitigate STFs in solar power output.
In addition, when the price of energy storage decreases suf-
ficiently, wind and solar power outputs can be charged into
storage, instead of reducing the output. It is expected that
the proposed methods will be adopted to provide signals to
charge into storage, thus allowing power system operations
to attain RE100.

APPENDICES A DATA CORRECTION AND MISSING DATA
There were missing raw wind power output data [6]. Missing
data were linearly interpolated when the period of the missing
data was less than 3 hours. When the period of missing data
was at least 3 hours, the data were removed from the time
series. While the Tohoku and Kyushu BAs did not have miss-
ing data with a period of more than 3 hours, the percentage of
suchmissing data with respect to the entire dataset was 12.5%
in the Hokkaido BA. The missing data in the Hokkaido BA
are attributable to signal transfer errors fromWPPs to the data
aggregation system.
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