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ABSTRACT The introduction of variable renewable energies, such as photovoltaic systems (PV), into
electric power systems will increase the amount of resources necessary to balance supply and demand
in terms of both quality and quantity. Thus, a planned power generation that matches the planned values
submitted in advance with the actual values of PV power generation is required by installing battery
energy storage systems (BESS). Currently, since the cost of BESS is still high, eliminating the imbalance
which equals to the difference between planned and actual values of PV power generation by BESS is not
economically feasible, and appropriate cooperation is required to share the role of balancing with regulating
generators. However, variable renewable energies can cause steep imbalances which cannot be compensated
by regulating generators due to their relatively slow response times. To address this problem, this paper
proposes a planned power generation method that can reduce the burden on regulating generators by
introducing a strategy to mitigate the changing rate of imbalance, (hereinafter called “imbalance leveling”)
by determining the optimal scheduling of BESS using the short-term forecast of PV power generation.
Numerical simulations were conducted using a model based on Japanese frequency control to compare the
proposed method with the conventional method without imbalance leveling. The results confirmed that the
proposed method can improve the capacity value per unit of BESS in supply and demand adjustment owing
to the effect of leveling the imbalance. Additionally, it can improve the performance of supply and demand
adjustment with the same capacity.

INDEX TERMS Battery energy storage system, frequency control, photovoltaic system, planned power

generation, short-term forecast.

I. INTRODUCTION

To realize a sustainable society, the introduction of variable
renewable energy (VRE) sources, such as photovoltaic sys-
tems (PV), into the electric power systems is increasing in
many parts of the world. According to an IRENA report [1],
the global installed capacity of VRE reached 1,206 GW
in 2019, and it is assumed that this deployment will continue.
However, there are concerns that once the amount of installed
VRE exceeds a certain level, fluctuations of power output
of VRE will make it difficult to ensure stable operation of
electric power systems [2]. As a measure to stabilize the
grid under these circumstances, the provision of regulating
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power through the introduction of battery energy storage
system (BESS) is an important approach because BESS can
respond much faster than conventional regulating generators
as well as provide high flexibility covering a wide range of
time domains. Since the primary drawback of introducing
BESS is its high initial cost, it is crucial that the required
BESS capacity should be as small as possible in any kinds
of countermeasures.

In general, prediction is important in compensating for
VRE fluctuations, especially predicting the occurrence of
the ramp-event is crucial; this happens when the output of
VRE rises and falls significantly due to major changes in
weather conditions, and up to 6 hours in advance, because it
may be necessary to start-up generators that are stopped [3].
In addition, under a rule of balancing in a deregulated market,
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which generally requires the balance between supply and
demand to market participants, predicting the output of VRE
for 30 min to several hours ahead is crucial to minimize
the imbalance penalty while helping transmission system
operators to reduce adjustment capacity for compensation
of the imbalance after the gate is closed. The expansion in
the introduction of VRE will increase the amplitude of such
short-period fluctuations and make it difficult to maintain
the frequency solely by conventional regulating generators.
Thus, an economical method to keep the frequency fluctu-
ations within an acceptable range by sharing and cooper-
ating with the regulating generators while utilizing BESS
becomes important. In recent years, it has been reported that
the accuracy of short-term prediction of PV power generation
has been improved by image analysis using all-sky cameras
and machine learning [4]. Further, creating a method that
contributes to supply and demand adjustment over a wide
time range by utilizing predictions for controlling BESS is
considered important.

Thus far, a large number of studies have been conducted
on the method of combining PV with BESS to contribute to
supply and demand adjustment. The cases will be reviewed
separately for BESS owners, keeping in mind the relationship
between the system and market rules. The BESS owners can
be considered to be (1) grid operators, (2) aggregators (who
bundle general consumers), and (3) power generation compa-
nies. If the BESS owner is the grid operator, the BESS may
be integrated into the automatic generation control (AGC)
system, which generally consists of thermal and pumped-
storage power generation, and it is controlled by distributing
area control error signals through filters. Ghafouri [5] and
Tapabrata [6] proposed a control method that integrates sta-
tionary batteries into the conventional AGC control; Xie [7]
proposed an AGC control method that integrates a group
of electric vehicles connected to a swap charging station
instead of stationary batteries. Xie et al. [8] demonstrated the
integration of MW-class batteries into AGC control, which
is mainly composed of coal-fired power generation, and they
reported the excellent cost-effectiveness of battery installa-
tion. Yu et al. [9] used the finite-time consensus approach
to balance the state of charge (SOC) of each BESS within a
finite time period while integrating multiple small stationary
storage batteries into the AGC control. In general, one of the
advantages of the grid operator, which owns BESS and inte-
grates them into the AGC control, is that the required capacity
of the BESS is relatively small and economical compared to
the case where BESS are attached to each renewable power
source; this happens because it is possible to consider the
leveling effect of the renewable power sources in the jurisdic-
tional area. In the case where BESS are owned by an aggre-
gator, the virtual power plant — a system that uses information
and communication technology to bundle multiple small-
scale distributed resources, such as stationary battery energy
storages, electric vehicles, and controllable loads owned by
consumers, such as households and office buildings, into a
single giant power plant — can be utilized in the ancillary
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market. Diwei [10] and Jin et al. [11] proposed an opti-
mal operation method to provide frequency ancillary ser-
vices through the frequency ancillary market for multiple
groups of BESS. Jonas et al. [12] proposed an optimal oper-
ation method for providing both frequency ancillary ser-
vices and improving self-consumption for a single BESS.
Qiwei et al. [13] proposed an optimal operation method
for lithium-ion batteries when they, simultaneously, entered
the wholesale electricity market (spot market) and the fre-
quency ancillary market. In the case where the BESS owner
is a power generation company, which is also the sub-
ject of this study, it is conceivable to attach the BESS to
large-scale solar or wind power generation owned by the
company, so that planned power generation has the same
amount of actual and planned values submitted in advance
through the wholesale power market and provide frequency
ancillary services. Mostefa [14] and Sercan [15] proposed
a rule-based control method that combines a BESS and
renewable energy sources. Chunhua et al. [16] proposed a
planned power generation method that combines solar, wind,
pumped storage, and thermal power generation using a robust
optimization framework. Francesco et al. [17] proposed a
two-stage planning method for power generation (i.e., day-
ahead planning, and real-time operation). Yun et al. [18]
proposed a battery control method that introduces a new
SOC adjustment method using short-term prediction and
Monte Carlo simulations. Trudie et al. [19] proposed a
battery control method based on the framework of Model
Predictive Control. Moreover, Shuli ef al. [20] proposed
an AGC control method based on ultra-short-term predic-
tion, while Xiaomeng et al. [21] and Mojtaba er al. [22]
proposed a BESS control method that combines short-term
predictions obtained from total sky images captured by a
camera.

From previous studies, it has been confirmed that the
amount of imbalance (in kWh) can be reduced from the
charge and discharge control of the BESS attached to the PV
according to the scale of the rated output and rated capacity
of the installed BESS. From the perspective of adjusting
supply and demand, it is desirable to completely eliminate
the imbalance, which is the difference between the planned
and actual values. However, although the cost of installing
BESS has been reduced due to widespread use of electric
vehicles, it is still currently high; and it is not economical
to install large-capacity BESS that can completely eliminate
the imbalance. In addition, since the control pattern of BESS
for eliminating the imbalance is uniquely determined, it may
be difficult to further reduce the amount of imbalance per
capacity unit of BESS through the improvement of the control
method. Therefore, the prediction of VRE fluctuations must
be made as accurately as possible, and appropriate sharing
with existing regulating generators must be pursued. Never-
theless, if the speed of change in the imbalance is steep, it will
be difficult for slow response regulating generators, such as
thermal power generations, to cope and the required capacity
of the BESS will increase accordingly.
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This study proposes a BESS control method to minimize
the amount of imbalance at each time slot, and at the same
time, to equalize the necessary adjustment power (in AkW)
for supply and demand adjustment as much as possible.
If the imbalance can be leveled out over time with decreasing
the amount of imbalance (in kWh), the required tracking
speed for the regulating generators can be reduced, thus the
imbalance compensation by existing power supplies can be
decreased. This is expected to lead to the minimization of the
required capacity of the BESS. Using the proposed method
and through leveling out the imbalance in a situation where
a large amount of VRE is introduced, the required capacity
of the BESS for planned power generation in coordination
with existing regulating generators can be minimized. Fur-
ther, the performance of supply and demand adjustment can
be improved even with the same capacity of BESS. The
following two points are novel in this study:

1. Proposal of a new planned power generation method
using BESS that considers the leveling out of imbalance
based on the short-term forecasting of PV power gen-
eration. The proposed method is expected to improve
the performance of supply and demand adjustment, even
with the same capacity, while avoiding the additional
installation cost associated with the expansion of the
BESS.

2. The effectiveness of the proposed method is evaluated
from the viewpoint of system frequency through using a
model based on Japanese frequency control; it simulates
the dynamic characteristics of the regulating generators
and corresponds to the current operation in Japan, as well
as the unit commitment on the previous day and AGC
control on the current day.

The remainder of this paper is organized as follows.
Section II describes the model used in this study and the
proposed method, and Section III presents the numerical
simulation. Finally, Section IV summarizes the conclusion of
the study.

Il. PLANNED POWER GENERATION

A. MODEL

This section introduces the model used in this study, which
is based on the case of a single PV owner and a single grid
operator, as shown in Figure 1. We assume that the PV owner
has one PV system and one BESS, while the grid operator
owns 27 thermal power plants as regulating generators for
frequency control (AGC control) and seven nuclear power
generations as base load power sources. It is assumed that
the PV owner will be able to sell electricity through the day-
ahead market in the electricity wholesale market when the
total amount of electricity generated by the PV and BESS is
fully contracted. In addition, the output curtailment and other
controls should not be performed on PV power generation,
but only on the BESS.

B. IMBALANCE RULE
In Japan, the “30-min coincidental amount” is currently
applied as an imbalance settlement rule [23]. This is for
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FIGURE 1. Model used in this study.

settling the monetary penalty corresponding to the amount of
kWh shortage imbalance in the balance of payments within
a 30-min time window. At this point in time, there is no
incentive for power generation companies to enter the elec-
tricity wholesale market to perform the imbalance leveling
(A kW) proposed in this paper. Actually, imbalance is com-
pensated by the grid operator with resources procured from
the frequency ancillary market. In this study, we will proceed
assuming that the effect of imbalance leveling on reducing the
required power of ancillary resources will lead to some kind
of incentive in the future.

[ 11:00~11:30 | 11:30~12:00 | 12:00~12:30 |
PV Schedule (Submit at 10:00 a.m. yesterday’
T
PV L PVF t|—
| og—hl Sreeds I Scheduling Optimization,
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BESS ‘_I Rule-Based Control,
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PV Log PV Forecast
BESS
Schedule
BESS
Operation

FIGURE 2. Operation flow.

C. OPERATION FLOW

The overall operation flow of the planned power generation
proposed in this paper is shown in Figure 2. Initially, the PV
power generation forecast for the day ahead is made at 10 am
on the previous day, which is the deadline for the day-ahead
market; the obtained forecast values in 30 min time incre-
ments and 48-time frames per day were submitted to the grid
operator as the power generation plan. Next, on the current
day, the PV power generation forecast for the next 1-30 min
is made in 30 min cycles with 30 min time windows. Based
on the short-term predicted values and the plans submitted
in advance, the planned values in 1 min time increment for
charge and discharge of the BESS are determined, taking
imbalance leveling into consideration. Then, the final charge
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and discharge command values in 1 s time increment for
the BESS were determined in real time based on rule-based
control.

D. PV POWER GENERATION FORECAST

This paper deals with two types of PV power generation
forecasts with different forecast lead time. One is the next-day
forecast (1438 hour ahead) for submitting planned values to
the market, and the other is the short-term forecast (1-30 min
ahead) for utilizing BESS control. The next-day forecast
(14-38 hour ahead) was simulated by adding the forecast
error to the correct values. The forecast error was determined
based on a normal random number with mean parameter y =
0 and standard deviation parameter o = 0.05 to the correct
values [24]. In general, the planning value to be submitted
is a step-like profile of the 30 min value. However, since we
have confirmed in prior verifications that a steep change in
the planning value before and after the 30 min time window
has an adverse effect on the frequency control, we modify the
planning value here to keep it within a certain maximum rate
of change. The maximum change rate is determined based on
that of the load frequency control (LFC) equipment owned by
the grid operator, which is 5 %MW/min in this study. Long
short-term memory (LSTM) is a type of Recurrent Neural
Network with a forgetting mechanism, and it is suitable for
time series analysis. In [25], [26], a forecasting method based
on LSTM was implemented for 1-hour and 1-day forecasting;
its prediction accuracy was reported to be superior to that of
conventional forecasting methods based on classical machine
learning techniques such as random forest and support vector
machine. Therefore, in this study, LSTM is also adopted for
short time prediction (1-30 min ahead); Only past actual
values were used as input values. To further improve the
accuracy of the model, we added a normalization process
based on the theoretical values of total solar irradiance. The
evaluation of the accuracy of the implemented forecasting
model is discussed in Section III.

E. BATTERY OPTIMAL SCHEDULING

For each time window of the day (in this case, every 30 min),
the planned values of charge and discharge of the BESS
(in 1 min time increment) are determined in the framework
of an optimization problem. It is obtained by solving the
mixed integer linear programming (MILP) problem, which
is formulated as follows using the modeling tool YALMIP
with the commercial solver CPLEX. As shown in (1) — (3),
48 frames per 30 min of planned charge and discharge of
the BESS, which minimize the objective function integrated
with the weighted average for the amount of imbalance (kWh)
and the rate of change of imbalance (AkW), are obtained by
optimization calculation. In doing so, the short-term predic-
tion of PV power generation (1-30 min ahead, in 1 min time
increment) was used as an input value. In this study, the first
term for the amount of imbalance is taken as an absolute
value to reduce the imbalance in each frame instead of the
same amount for 30 min simultaneously. The weight factors o
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and B are important parameters that greatly affect the control
results of the planned power generation, which were set to 10
(YEN/kWh) and 2 (YEN/kW/hour), based on the Japanese
wholesale electricity market and German frequency ancillary
market prices, respectively. The equations are expressed as
follows:

T
minF = aZAt

t=1

T
+BY
t=1

P;’CC,SCHE _ Pi’V‘SCHE ‘

pPCC.SCHE _ PtPCC,SCHE} (1

t+1
PfCC,SCHE _ ﬁf)v _P?AT,REF_sche 2)
AT ,REF _sch AT ,CHA _sch, AT ,DIS _sch
Pf s _sche _ Pfi , _sc E—}-P? s _sche (3)

where 7, T is the time and its maximum value (T is equal
to 30 min), Ar is the time increment (equal to 1 min),
Pf) CC.SCHE 5 the total output of the PV and BESS at time
¢t at scheduling stage, PfV’SCHE is the PV scheduled value
at time ¢ submitted to the market at previous day, f’f Viis
the forecasted PV generation power output value at time 7,
P?AT,REF_sche7 PfiAT,CHA_sche’ PfAT,DIS_sche are the planned
values of the total charge and discharge power output and
their respective charge and discharge power output of the
BESS at time ¢ at scheduling stage; o, B are the weight factors
(positive values).

The constraints are expressed in (4) — (9). Equation (4)
is a constraint on the upper and lower limits of the binary
variables for the charge and discharge of the BESS. Equa-
tion (5) represents the upper and lower limit constraints on
the charge output of the BESS. Equation (6) represents the
upper and lower limit constraints for the discharge output
of the BESS. Equation (7) is an equation for the SOC of
the BESS. Equation (8) represents the upper and lower limit
constraints for the SOC of the BESS. Equation (9) represents
the upper and lower limit constraints for the total output of
the PV and BESS, respectively. Here, by setting the lower
limit of the total output of the PV and BESS to 0, the BESS is
restricted from charging from the grid, and it is only charged
with electricity derived from the PV power generation. The
equations are expressed as follows:

0 < SFAT,CHAJche +8[BAT,D1$7SC/1(3 < 1 (4)

—BAT ,CHA
0 < P?AT,CHA_sche < P .S?AT,CHA_sche (5)

PBAT,DIS . SIBAT,DIS_sche < P?AT,DIS_SChe < 0 (6)

SOC; = SOCI +100

AT ,CHA_sche -1 AT ,DIS _sche

tv
EBAT

ArY

)
SOC < SOCs" < SOC ®)
0 < PPCC < PC ©)

where §BATCHAsche | sBAT.DIS_sche oo the binary variables
for the charge and discharge power output of the BESS at time

—BAT ,CHA
P

t at scheduling stage, respectively. is the maximum
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charge output of the BESS (positive value). PBAT-DIS s the
maximum discharge output of the BESS (negative value).
SOC3°" is the SOC of the BESS at time ¢ at scheduling stage;
SOC, SOC are the upper and lower limits for the SOC of the
BESS. y is the one-way charge/discharge efficiency of the
BESS; EBAT is the rated capacity of the BESS, and T
the maximum output of the PV and BESS.

.PtBAT,REF_EtTl — PtPV _ P[PCC,SCHE

BAT,REF_ctrl .
uf P -I"" > 0 - positive means charge battery
BAT,REF _ctrl

OSOCE™ = SOCE! +100 - At X2

B F/se —» negative means discharge battery
-1 PBAT,REF,ctrl
Tt

OSOCE™ = SOCE! +100 - At E—tg—

W/fSOC <SOCf™ <5soC
DPBAT — PBAT,REF_ctrl
t -t

WElseif SOCE™ < SOC
arf P[BAT,REF_ctrl >0
AT, _ctrl
>PtBAT - PtB T,REF_ctr
OElse
»>PEAT = 0
WE[se
D]f PtBAT,REF_ctrl <0
) _ctrl
>PtBAT — PtBAT REF _ctr
OElse
»PPAT = 0

FIGURE 3. BESS rule-based control.

F. BATTERY RULE-BASED CONTROL

In real time, the submitted PV planned values and the planned
values of the total output of the PV and BESS (1 s time
increment) are created using linear interpolation based on
the corresponding values (1 min time increment) obtained
in Section II. E. Subsequently, the final command values
for charging and discharging the BESS (in 1 s increment)
are determined from the rule-based control [27] shown in
Figure 3. where PPAT-REF_cirl ¢ the planned values of BESS
charge and discharge at time 7 at control stage, SOC¢"" "is the
SOC of the BESS at time ¢ at control stage, P?AT is the final
command values of BESS charge and discharge at time .
The proposed method described above can be summarized as
follows. Section II.D predicts the short-term ahead (1-30 min
ahead) for PV power generation; Section II.LE determines
the planned BESS values for 1 min time increment. At this
time, based on the PV power generation planned values sub-
mitted in advance and the obtained short-term predictions,
the planned values (in 1 min time increment) for charge
and discharge BESS that minimize the objective function,
which integrates the amount of imbalance (kWh) and the
rate of change of total output of PV and BESS (AkW) with
certain weight coefficients, are determined to equalize the
imbalance. Based on the rule-based control in Section IL.F,
the final command value for 1 s time increment is determined
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through making corrections based on actual values of PV
power generation while adjusting the SOC of the BESS.

IIl. NUMERICAL SIMULATION

A. CONDITIONS

This section describes the procedure of the numerical simu-
lation conducted to verify the effectiveness of the proposed
method.

(1) The PV owner submits to the grid operator a PV power
generation plan in 30 min time increments that is determined
based on the day-ahead forecast.

(2) The grid operator makes a forecast of the area load
for the next day, solves the unit commitment problem to
minimize the operation cost of regulating generators based on
this load forecast and the PV power generation plan submitted
by the PV owner, and makes a generation plan in 30 min time
increments for the regulating generators for the next day.

(3) While the PV owner plans to conduct planned power
generation of PV with BESS, the grid operator adjusts the
supply and demand, and controls the system frequency (AGC
control) from the regulating generators to maintain the system
frequency within an appropriate range.

The IEEJ AGC30 model [28], developed by the Institute of
Electrical Engineers of Japan, was adopted as the analytical
model for the frequency control simulation. The unit com-
mitment problem to determine the day-ahead generation plan
for regulating generators was solved based on our preliminary
study [29]. In addition, economic dispatch control has not
been implemented and will be considered in future work.
In this paper, £0.2 Hz was considered as the proper range
of the system frequency. For the load data, we used the
daily data, which peak value is 18,000 MW, for weekdays
in summer distributed by the IEEJ as standard data while
the installed generation capacity of regulating generators is
20,100MW; for the PV power generation data, we used the
measured values of global horizontal irradiance in 1 s time
increment measured by an irradiator installed at the Research
and Development Center of Waseda University in Tokyo,
Japan, which were finally converted to PV power generation
data. A typical day when the PV occurs a ramp-up event was
adopted. The PV installation capacity rate was set to 30%
(5,400 MW in this case) based on the peak load value to con-
sider the current actual situation in Japan [30], [31]. The load
forecast for the next day were simulated by adding forecast
errors which is determined by multiplying a normal random
number with mean parameter 1 = 0 and standard deviation
parameter 0 = 0.01 to the correct values [32]. To verify
the effectiveness of the proposed method, the following five
cases were compared as planned power generation methods
using BESS. Case 1 is the case where only PV and BESS are
not considered; case 2 is the case with PV and BESS (con-
ventional method without imbalance leveling); case 3 is the
case with PV and BESS (proposed method with imbalance
leveling and LSTM-based prediction), case 4 is the case with
PV and BESS (proposed method with imbalance leveling
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and no prediction error), and case 5 is the reference case
with PV and BESS (reference value, and no imbalance). For
cases from 2 to 4, the attached BESS is assumed that its
rated output is 5,400 MW which is the same size with the
installed PV rated output, with a rated capacity of 1,080 MWh
and a one-way charge and discharge efficiency of 90%. The
upper and lower limits of the BESS SOC were set to 90%
and 10%, respectively, and the initial SOC was set to 50%.
Based on the low-pass filter, the smoothing effect of short-
term fluctuations of PV power output of less than several tens
of minutes [33] was considered (concentric circles of a 5 km
radius in this case).

5000
—Measured
4000 —Predicted
§ 3000 -
e
g
22000 -
o
1000
ol | |
00:00 06:00 12:00 18:00 24:00

Time(min)

FIGURE 4. Short-term forecast of PV power generation.

TABLE 1. LSTM-based forecast accuracy (1-30 min ahead).

RMSE (kW) MAE (kW) MAPE (%)
0.05 0.03 17.54
B. RESULTS

Figure 4 shows the time variation of the PV short-term ahead
forecast in a day; Table 1 shows the forecast error (1-30 min
ahead) of the 1kW unit of PV short-term forecast. For the
time period of 6:00 to 18:00, the forecast error was 0.05 for
root mean square error (RMSE), 0.03 for mean absolute
error (MAE), and 17.54% for mean absolute percent error
(MAPE).

Figure 5 shows the time variation of the scheduled value of
PV and planned power generation of PV and BESS for each
method in a day. As shown in the figure, by using the attached
BESS to perform charge and discharge control to compensate
for the imbalance, which is the difference between the PV
planning values submitted at the previous day and the actual
values of PV and BESS on the day, it can be confirmed that
the three cases including the conventional method and pro-
posed methods are generally in agreement with the scheduled
value of PV unless the BESS deviates from the rated output
and SOC constraints. Figure 6 shows a closer look at the
time variation of the planned power generation of the PV
and BESS during the 12:00-13:00 time period. Because the
conventional method does not perform imbalance leveling,
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FIGURE 5. Planned power generation with PV and BESS (00:00-24:00).

when the SOC of the BESS reaches the lower limit, it is
no longer possible to continue discharging; this results in
spikes of imbalance. In contrast, it can be confirmed that the
proposed methods avoid the occurrence of spiky imbalance
by leveling the imbalance and reducing the rate of change
of imbalance. This will reduce the burden of the maximum
change rate of the regulating generators and contribute to
maintaining the system frequency within the proper range
during the relevant time period.

2500 PV Output
—PV Schedule -y
PV+BAT Conventional
— —PV+BAT Proposed(LSTM)
= 2000 [=—PV+BAT Proposed(Gorrect)
=
)
g 1500 -
o
1000 ¢ i |
12:00 12:15 12:30 12:45 13:00
Time(sec)

FIGURE 6. Planned power generation with PV and BESS (12:00-13:00).
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00:00 06:00 12:00 18:00 24:00

Time(sec)

FIGURE 7. Battery SOC (00:00-24:00).

Figure 7 shows the time variation of the SOC of the BESS
in a day; and Figure 8 shows a closer look at the time varia-
tion of the SOC of the BESS during the 12:00-13:00 time
period. As shown in the figures, the conventional method
reaches the lower limit of the SOC of the BESS during the
12:30-13:00 time period and can no longer continue dis-
charging, while the proposed methods delay reaching the
lower limit of the SOC of the BESS by leveling the imbalance.

Figure 9 shows the time variation of the imbalance in a
day, and it can be confirmed that there occurs significant
imbalance due to the lack of the SOC to keep discharging for
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FIGURE 10. Imbalance (12:00-13:00).

three cases. Figure 10 shows a closer look at the time variation
of the imbalance during the period of 12:00-13:00. It can
be confirmed that the proposed methods reduce the speed of
imbalance change and the maximum amplitude of imbalance
compared with the conventional method owing to the effect
of imbalance leveling.

Figure 11 shows the time variation of the system frequency
in a day. From the figure, we can see that in the morn-
ing and evening hours when no PV power was generated,
the system frequency was kept within the appropriate range.
Figure 12 shows a closer look at the time variation of the
system frequency during the period of 12:00—13:00. It can be
confirmed that the proposed method with no prediction error,
which is corresponded to the proposed (correct) described
in the graph, can maintain the system frequency within the
proper range compared to the conventional method by per-
forming imbalance leveling.

Table 2 describes the numerical results of the imbalance
for each case. From the table, we can see that the average
of imbalance change and the amount of imbalance for the
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TABLE 2. Imbalance results.

Maximum of

Average of ol Amount of
imbalance .
Cases imbalance change N imbalance
[AMW/s] change
[AMW/s] [MWh]
W/o Battery 0.89 79 2,007
Conventional 0.49 848 711
Proposed 0.11 188 938
(LSTM)
Proposed 0.12 566 738
(Correct)
Reference 0 0 0

conventional method is smaller, but the maximum of imbal-
ance change is larger compared with the case of only PV but
not BESS considered. This is because, in the conventional
method, the BESS can compensate the imbalance with the
attached BESS, but it could also occur the spikes of the
imbalance due to the lack of the SOC. On the other hand,
the average and the maximum of the imbalance change for the
proposed method with no prediction error is smaller, but
the amount of the imbalance is larger compared to the con-
ventional method. This is because the proposed method can
reduce the speed of change of the imbalance by conducting
the imbalance leveling but in contrast it could prefer the
imbalance leveling to the imbalance compensation based on
the weight factors « and § considered here. And the amount
of the imbalance for the proposed method with LSTM-based
forecast is larger compared with the conventional method due
to the forecast error.
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TABLE 3. System frequency results.

M Mi Deviation Deviation
ax in
Cases [AHz] [AHz] Amount Rate
[AHZ] [%]
W/o Battery +0.32 -0.32 259.46 0.64
Conventional +0.31 -0.32 215.35 0.59
Proposed +0.35 -0.24 587.75 1.03
(LSTM)
Proposed +0.19 -0.28 75.08 0.18
(Correct)
Reference +0.19 -0.21 1.53 0.02

Table 3 describes the numerical results of the system fre-
quency for each case. For the evaluation indices, the system
frequency deviation rate is defined as the ratio of the time
when the system frequency deviates from the proper range
(in this case, £0.2 Hz) to the entire day. And the system
frequency deviation amount is defined as the total amount of
the system frequency which deviates from the proper range
for the entire day. From the table, we can see that the conven-
tional method outperformed the case only with PV and BESS
not being considered by compensating the imbalance with the
attached BESS. In addition to that, the proposed method with
no prediction error outperformed the conventional method for
all evaluation indices by conducting the imbalance leveling;
thus, it reduces the rate of change of the imbalance and
leads to the reduction of the burden on the maximum rate
of change of the regulating generators. It is confirmed that
the maximum, minimum, deviation amount and deviation
rate of the system frequency in the proposed method with
no prediction error improved by 38%, 12%, 65%, and 69%
respectively, compared to the conventional method. And also,
the reference case outperformed the proposed method with
no prediction error by eliminating the imbalance with the
attached large enough capacity of the BESS. In the reference
case, when the required rated capacity of the BESS to achieve
no imbalance on the relevant day was calculated using the
difference between the maximum and minimum SOC values
of the BESS on the relevant day, it was estimated to be about
10% larger than the rated capacity of the BESS used in the
conventional method and the proposed methods. Note that,
the proposed method with LSTM-based forecast underper-
formed the conventional method because the forecast error
makes it difficult for the BESS to conduct the proper imbal-
ance leveling under the circumstance of the actual PV power
generation. Because of the PV short time forecast accuracy
having a significant impact on the performance of the BESS
control method proposed in this paper, the improvement of
the forecast accuracy will continue to be an important issue
for further study. These results suggest that the proposed
method can contribute to improve the performance of sup-
ply and demand adjustment even with the same capacity
while avoiding the additional installation costs associated
with increasing the capacity of BESS.
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IV. CONCLUSION

This paper proposes a novel planned power generation
method using BESS based on a short-term forecast of PV
power generation to contribute to the adjustment of supply
and demand in electric power systems. As the initial cost
of BESS remains high at present, PV owners, which aim to
pursue profit maximization, find it difficult to eliminate the
imbalance because the capacity of the BESS attached to the
PV is limited to match the planned and actual values simul-
taneously. If the rate of change of the imbalance that occurs
is steep, there is concern that the response of the regulating
generators will be slow and unable to follow it completely;
this adversely affects the adjustment of supply and demand.
On the other hand, the proposed method can contribute to
the improvement of the performance of supply and demand
adjustment by leveling out the speed of change of imbalance
(AkW) from the charge and discharge control of the BESS
using the short-term forecast of PV power generation. Based
on the numerical simulation results, it is confirmed that the
proposed method in the case of no prediction error can reduce
the system frequency deviation rate by approximately 69%
compared to the conventional method which doesn’t conduct
the imbalance leveling. Therefore, it was suggested that the
proposed method could contribute to improving the perfor-
mance of supply and demand adjustment.
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