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1 | INTRODUCTION

Jinsoo Han

| Wan-Ki Park

Abstract

Renewable energy generation cannot be consistently predicted or controlled.
Therefore, it is currently not widely used in the electricity market, which
requires dependable production. In this study, reliability- and variance-based
controls of energy storage strategies are proposed to utilize renewable energy
as a steady contributor to the electricity market. For reliability-based control,
photovoltaic (PV) generation is assumed to be registered in the power genera-
tion plan. PV generation yields a reliable output using energy storage units to
compensate for PV prediction errors. We also propose a runtime state-of-
charge management method for sustainable operations. With variance-based
controls, changes in rapid power generation are limited through ramp rate
control. This study introduces new reliability and variance indices as indica-
tors for evaluating these strategies. The reliability index quantifies the degree
to which the actual generation realizes the plan, and the variance index
quantifies the degree of power change. The two strategies are verified based on
simulations and experiments. The reliability index improved by 3.1 times on

average over 21 days at a real power plant.
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[4], and many technologies have been developed to inte-
grate PV generation into commercial and municipal

Renewable energy is gradually becoming a sustainable
energy resource [1], and several European countries have
already established energy policies with goals approach-
ing 100% renewable energy sources by certain dates [2].
Notably, renewable energy is expected to play a crucial
role in the needed global energy transformation [3]. Pho-
tovoltaic (PV) power generation, a representative renew-
able resource, has been increasingly leveraged recently

power systems |5, 6].

Renewable energy generation, especially PV output,
is notoriously affected by the environment and weather.
Therefore, its reliability as a sustainable resource in the
electricity market is intermittent at best. Nevertheless,
the need to move global power grids to renewable energy
sources is imperative [7]. The United States has even
begun actively integrating PV sources in their residential
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energy markets [8]. Accordingly, various studies have
been conducted on the topic (e.g., Babatunde et al. [9]).
To help overcome the limitations posed by renewable
power source intermittency, a study on actively changing
the market [10] and another on controlling demand [11]
have been conducted.

Power supply and generation demand must be reli-
ably predicted at least one day in advance to meet con-
tract requirements, incentives, and general social welfare.
Thus, numerous studies on power generation forecasting
have been accomplished [12]. Because accuracy often
depends on the forecasting method, new methods that
account for intermittencies have been developed [13].
Notwithstanding this progress, the market is forced to
continue relying on forecast prediction errors for pricing
and other economic controls [14, 15]. Many countries are
reluctant to allow renewable energy generation, even the
Chinese government regulates its market participation
[16]. Therefore, global electricity markets continue to
exacerbate environmental pollution, resulting in a largely
stalled movement toward clean energy.

Energy storage systems have received increasing
attention in recent years based on their benefits to com-
mercial power systems, consumer power generation, and
renewable power augmentation. For commercial systems,
energy storage devices have long been used for uninter-
ruptible power supply and auxiliary frequency regulation
[17, 18]. These devices’ fast output response capabilities
fundamentally improve the flexibility of power systems
[19]. For consumers, most energy storage systems are
designed to economically manage PV power generation
for homes, often resulting in the ability to sell surplus
power to the larger grid [20-22]. For renewable power
generation, energy storage devices are a great candidate
for tactically supplementing power output to reduce the
overall intermittency [23] and meet the requirements of
commercial power generation plans [24, 25].

To increase the feasibility of migrating global power
systems to renewable energy sources, the technologies and
systems that facilitate stable and reliable output must be
improved. The purpose of this study is to at least partially
achieve this goal for PV power planning and generation.
The proposed method uses energy storage devices to com-
pensate for PV prediction errors and meet the index
thresholds required by commercial and municipal plans.
This study also provides a method for reducing the overall
impact of PV generation intermittency by controlling PV
power changes. To the best of our knowledge, this is the
first study to evaluate a method of providing controlled,
reliable PV power generation to meet power generation
plan requirements. Consequently, this study contributes to
the further integration of PV power generation into global
electricity markets. The results are expected to increase

the stability of PV power systems while increasing the
overall penetration of renewable sources.

The remainder of this paper is organized as follows. In
the next section, the reliability and variance indices used
to evaluate the quality of renewable power generation are
introduced. In Section 3, we propose a reliability-based
energy storage control strategy that improves the reliabil-
ity index (RI) for tracking and anticipating requirements.
In Section 4, we propose our variance-based control strat-
egy, which improves the overall variance index (VI) by
limiting rapid PV power generation changes and intermit-
tencies. Simulation results are presented in Section 5, and
experimental results are presented in Section 6. We draw
our study conclusions in Section 7.

2 | POWER GENERATION INDICES

Most electricity market operations involve overlapping
daily cycles in which the total electricity demands for the
day ahead are predicted and planned. Bids are generated
by multiple power plants to determine the hourly sup-
plies to which they must commit.

The goal of this study is to set the stage for integrating
PV power generation into the electricity market, as
illustrated in Figure 1. A plant operator registers a power
generation plan based on the next day’s predicted hourly
power and receives payment for the actual power gener-
ated. If many markets provide satisfaction incentives, it
may further increase plant operators’ motivations.
Because the levels of PV power output are generally
unpredictable, energy storage devices are needed to
ensure that the related power bids can be fulfilled.

Two quantitative indices are proposed in this study to
measure the achievement of power generated. The first is
the RI, which accounts for satisfaction with the amount
of energy provided, and the other is the VI, which reflects
the true power variation.

PV, PV, PV,
Utility Power
grid generation P :
< byt [yt [_____} ..............
/\/ Evaluation of RI and VI
A 4
icity | Payment Control
Electricity | Payment Operator |- b Energy
market P storage
Registration

FIGURE 1 Photovoltaic power generation integrated into the
electricity market via energy storage capabilities.
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The RI indicates the matching degree between the bid
target and actual power generation, which is calculated
each hour based on the average error taken at 5-min
intervals. The error is defined as

_Em)

_ g
m
Eg

| x100[%)] s.t. R} <100[%], (1)

where Ej; and Eg' represent the registered target and gen-
erated energies, respectively, at time m every 5 min. R} is
calculated using the absolute percentage error (APE)
method and is limited to 100% to moderate outliers,
which would otherwise accumulate when the actual gen-
eration Eg is intermittently close to zero. There are 12
R™ values per hourly timeslot T"; thus, the RI of T" is
defined using the mean APE method as

112

EZRZ' (2)

m=1

RI" =

Comparing the amount of energy between the regis-
tered target and actual generation in one hour, the RI is
calculated for each slot. Figure 2 presents an example of
RI calculations. The more the actual power generation
approximates the registered target, the higher the reliabil-
ity. Accordingly, RI" has a low value in the example. The
time slot, T'2, between 12 and 13k has the lowest value:
RI'?. Additionally, because RI" is the ratio of error to
power generation, the larger the generation, the smaller
the RI". Therefore, between two time slots with the same
error, the one with the larger power generation has the
lower RI". Time slot T** has a similar error to T°, but
RI' reflects lower RI. Hence, the RI allows greater toler-
ance for higher targets.

Target ,_/J —
< 404 —
5 — Generation | =
5 20 —_—
% —_
& 04 : : : : : : : : : .
40-==.—\

;\; .\ ey
£201 ¢ R, V’\_ —_g— .~
]
E . RI N V.

7 8 9 10 11 12 13 14 15 16 17 18

Time (H)

FIGURE 2 Reliability index calculation from the registered
target and actual power generation.
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The VI reflects power variation levels versus capacity and
is calculated hourly by averaging variations taken at
1-min intervals. The variation level is defined as follows:

t

Vt _ Apg t
| | 100[%] s.t.V <100[%],  (3)
g

0.1xC,

where Apé represents the output power variation at time
t, and Cg represents the capacity of the generator. VY, is
calculated as the ratio of power variation to its limit,
which is set to 10% of the capacity, C,, such that Vi,
represents the power change within a tight limit. Accord-
ingly, the sensitivity of V', to power changes increases by
a factor of 10. As with R7Y, VY is limited to 100% to
moderate the outliers caused by abrupt output power
variations at targeted power changes.

There are 60 V', values per hourly time slot T"; thus,
the VI of T" is defined as

vl :%Z V. (4)

Averaging all power variation levels in one hour, the
VI is calculated for every time slot, as shown in Figure 3
where it is constant in the corresponding time slot. When
the target power changes each hour, the grid power rap-
idly increases or decreases to follow the target. Hence,
the V', value at that time is significantly higher than at
other times. However, a single abrupt change does not
significantly affect VI" because V', is limited to 100% to
moderate such abrupt changes. Thus, the overall degree
of variation is determined by averaging the 60 V', values.
Therefore, the smaller the power changes in PV power
generation, the lower the VI".
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FIGURE 3 Variance index calculation from actual power
generation.
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3 | RELIABILITY-BASED
CONTROL STRATEGY

To improve the RI and VI of PV power generation, a
reliability-based control strategy is provided here. In
Section 3.1, we register the power generation plan in
advance. In Section 3.2, we utilize energy storage devices
with PV power generation to track and match the plan.
Then, in Section 3.3, we assess the reference power versus
the plan to achieve sustainable energy storage operations.

3.1 | Day-ahead target power generation
planning

This study assumes that the PV power generation plan,
which is the target power, is registered one day in
advance, as described. The target power is determined
based on hourly predictions of one-day-ahead PV power
generation. Then, the target power supply is registered as
equal to the prediction, or it is adjusted to be higher or
lower. That is, power targets are adjusted by assessing the
state-of-charge (SOC) of storage devices, which may limit
output power based on the SOC, s', which changes at
every time ¢ as the devices charge or discharge. The target
power is adjusted to be higher than the prediction, ﬁ;v,
when the initial SOC of day, s', is higher than the SOC
reference, s,f. Conversely, it is adjusted to be lower than
ﬁ;v when the s! is lower than s, so that the SOC reaches
sret at the end of the day’s operation.

The estimated total energy generated in one day is
calculated as

By [ Bt (5)
1

where n represents the last time slot in the day. The
required energy needed to meet syr from st is calculated
as (Sref — ') X Ces, Where Ce is the battery capacity. The
adjusted target power is determined as follows:

_dl C
Pl = <1_(Sref§)><es> x Bl (6)

Epy

The target power adjustment is shown in Figure 4A,
where the blue area indicates the energy required to
reach s, from s'. This forces the battery to charge by
reducing its actual discharge. The SOC can reach sr by
the end of the day if the predicted power, ﬁ;v, is accurate.
The adjusted target, p{g, is then registered as a bid to the
electricity market, replacing the original prediction, ﬁ;v.
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FIGURE 4 Target power generation planning: (A) primary
power adjustment for state-of-charge management before
registration and (B) day-ahead target power determination and
registration flow.

The day-ahead target power determination and regis-
tration flow over time are shown in Figure 4B. The target
power, p?ga Y1 of day1 is determined the day prior. Assum-
ing that the SOC does not change until the day after the

end of the power generation, p?gayl is adjusted to be larger
than the predicted power, ﬁgf}yl, of day1l by the amount of

energy needed for the SOC to reach syt from sg,,,. Then,
it is registered. When the actual power equals the pre-
dicted power during the day, the SOC may reach s.s by
the end of the day. Hence, on day1, the SOC decreases to
reach s, as intended. Similarly, the target power, p?; y2’
of day2 is determined by referring to the SOC, s}iayz, and
the predicted power, [)gf}ﬂ, after the end of the dayl
power generation. Because s, has already been reached,
pf;yz is registered with the same prediction without
adjustments.

However, on day2, the actual power is less than the
predicted power. Thus, the SOC decreases as the storage
devices supplement the insufficient power. If the actual
power is greater than the predicted power, the SOC
increases as the storage units absorb the excess power. If
the two are equal, the SOC remains at s.f. The target

power, pfga 3 of day3 is similarly determined by referring

to 84,5 and pg§y33. At this time, pf§y3 is adjusted to be
Py

smaller than p,” by the amount of energy needed for
the SOC to reach spr from sj, ;. Then, it is registered. On
day3, the actual power equals the predicted power, the
SOC increases to again reach sys. If the actual power dif-
fers from the predicted power, the SOC may not reach or
exceed Syef.
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3.2 | Target power tracking with energy 322 |
storage

3.2.1 | Energy storage power control

For reliable PV power generation in which the grid out-
put power meets the registered target, the grid power
must be regulated by a reference power, which is set to
equal the target as follows:

pief:pig’ (7)

where the target is registered hourly. Hence, the refer-
ence power is constant during each hourly time slot.
Note that the grid power is the sum of the PV and
energy storage power, noting that the PV power
changes. Thus, the energy storage power must be
controlled in response to regulate the output per the
reference power level. Energy storage power, p., is
determined to compensate for the error between
reference p;; and PV power pj, as follows:

s.t.plin < pl < pmax,
s.t.|Apks +App, | <pg™,
Apgs =Dl — D5

Ap]t;)v :pf:)v _p]tg);l’

DPes = Dlet — Py
(8)

where pPin and pM™ are the negative maximum
charge power and positive maximum discharge power of
energy storage, respectively. Ap!  and Api,V are the
power changes of energy storage and PV for time interval
dt, respectively, and pgm is the power change limit of
the grid output. The energy storage power, p.,, must not
exceed its maximum power limit, and the change in grid
power, which is the sum of Ap and Apj,, must not
exceed the grid power change limit, péim. The value of p’
is determined based on both conditions. Although
the target power may change hourly, energy storage
methods must prevent the grid power from rapidly
changing to reach the next target power level. The grid
output power, pg, is thus calculated by summing pj,, and
pL as follows:

Py = DPpy T Pes- 9)

Because the energy storage scheme compensates for
PV power output changes, grid power can reliably satisfy
the target power needs.

ETRI Journal-W] LEYJ—S

Energy storage model

Because energy storage power is determined in response
to changing PV power, power generation over time can be
simulated. In this case, it is necessary to calculate the SOC
because it affects not only the target power adjustment but
also the energy storage power limit. In this study, we strin-
gently account for the power conversion efficiency; hence,
charged energy is added to or discharged energy is sub-
tracted from the SOC, s¢. The SOC is calculated as follows:
By dividing the energy change, p.dt, by the energy
storage capacity Ces, the SOC change, ASOC, for time
interval dt is calculated as p..dt/Ce. Because the ASOC
is reduced when charging or as more energy is required
via discharging according to the power conversion
efficiency, 7(pl), the next SOC is determined as

f.dt xn(pt
St _pes ’7<pes) if pés <0’
t+1 C’es

s = . (10)
dt
t pES lf pés Z O,

n(pL) X Ces

where 7(pL,) depends on the output power intensity of
the storage device. In the charging condition at negative
power, pés, the SOC increases; otherwise, in the discharge
condition, it decreases.

All time-series data can be obtained iteratively by
determining the energy storage power, p., and by calcu-
lating the grid output power, p, and the next SOC, s,
using the above equations from the initial condition
using the provided data (p;v, piw, and other parameters).
The overall procedure for reliability-based control is
described in Algorithm 1.

Algorithm 1 Reliability-based control

1: Input: ﬁ;v, pgv t=1,....,n),a,p, Cg, pgm, pg;i“, o,
Srefs S

: Output: p;,pé, sst=1,...,n)

- Initialize pgv, P’ <0

: for t from 1 to ndo > Registration on the previous day

Calculate EPV according to (5)

Register pig according to (6)

: end for

: for t from 1 to n do > Operation on the day

Set p!,; according to (7) or (11)

Determine p. according to (8)

Calculate pfg according to (9)

Calculate s'+! according to (10)

. end for

w2
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3.3 | Runtime reference power tracking

As an advanced method for tracking the target power
described in the previous section, we propose a method
of tracking the reference power that changes during run-
time. This method is based on the power-tracking energy
storage method described in Section 3.2, and it manages
the SOC, which is essential for sustainable reliability-
based operations. This relationship becomes more impor-
tant whenever the generated power significantly diverges
from predictions because changes in SOC can become
severe as energy storage devices compensate for predic-
tion errors.

The reference power is determined by adjusting the
target power, and to manage the SOC, the tracked power
is adjusted twice. First, for the day-ahead target power
adjustment introduced in Section 3.1, it primarily adjusts
the target by referring to the initial SOC of the day prior
to registration. Second, during the proposed runtime ref-
erence power adjustments, the target is secondarily
adjusted by referring to the instant SOC during post-
registration operations.

The final adjusted target is the actual reference
power, p'., which is tracked as the grid output and is
determined at runtime such that the instant SOC, s,
gradually reaches the reference SOC, s.¢. This reference
power, pl., is used instead of the original reference
in (7). It is defined as

Pret =fa(s') X fm(s') X Pigs (11)

where f,(s") and f,,(s") represent adjustment factors that
increase or decrease the registered target power before
using it as a reference. These are defined as

fa(s') =ax(s'—swer) +1,

Fl) = (5 —5n)* 1, (12

where a and g are the reference adjustment constants,
and s,, is the middle point of the SOC range. f,(s") and
fm(s") have similar functions, but their roles differ
slightly. f,(s') is linear to the degree that s' differs from
Sref; thus, it is used for steady adjustments. However,
fm(s") rapidly increases or decreases as s’ differs signifi-
cantly from s,,, which prevents the SOC from reaching
the end of its range. Usually, s.f and s,, are the same, but
they sometimes differ. The combination of these two fac-
tors is tuned to reach the desired adjustments.

The effect of the runtime reference is shown in
Figure 5, which compares the result using the target,
original reference (7), and result using runtime (11). The

HEO ET AL.
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FIGURE 5 Runtime reference power adjustment for state-of-
change management (Sf, Sy, and « are 0.5, and g is 12).
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runtime reference (green line) is adjusted from the origi-
nal reference (red line) using the two adjustment factors.
The reference is not constant and continuously changes
with the instant SOC. The energy storage power is deter-
mined by either reference, so that the grid power follows
the corresponding one. In Figure 5, the runtime reference
is generally lowered by these factors because the SOC is
always lower than the SOC reference s,.f, which reduces
the magnitude of grid power. As a result, compared with
the original reference, the runtime reference uses less
energy from energy storage, thereby inducing the charge
and gradually increasing the SOC (solid blue line) from
the initial 0.2 value toward the s.¢, 0.5. However, when
the original reference is used instead, the SOC (dashed
blue line) is not maintained; it decreases owing to the PV
prediction error.

The adjustment factor, f,, (s'), based on a cubic func-
tion, is shown in Figure 6. It is flat in the middle at s,, 0.5
and changes significantly as it deviates from the center.
is set to 12, so that the factor equals 0.2 and 1.8 at the
minimum and maximum SOC limits, respectively. This
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adjustment factor is effective in ensuring that the SOC
does not exceed its limits.

The user parameters, a and f, are effective for run-
time SOC management when either the storage capacity
is insufficient or the PV prediction error is severe. How-
ever, large values negatively affect the RI. Therefore, it is
necessary to choose appropriate values according to both
conditions.

To compensate for the uncertainty of power
prediction, the storage must either provide or absorb
energy at any time. Thus, the SOC must be controlled
to an appropriate reference, s. In this study, 0.5, which
is in the middle of the SOC range, is used as the optimal
Sref -

4 | VARIANCE-BASED CONTROL
STRATEGY

4.1 | Limiting power changes with
energy storage

In this section, we propose a power variance-based con-
trol as another strategy. It is independent of the
reliability-based control mentioned in the previous sec-
tion. Because sudden changes in power supply negatively
affect the grid, it is necessary to regulate the PV power
change within a certain range so that it neither increases
nor decreases beyond necessary limits.

Excess changes beyond the grid power-change limit,
pg™, are represented as follows:

pE)v = |A plt:)v| _péim’ (13)

Api)v = pf:av _pi);l’

where Apf)V is the PV power change for time interval dt.

The excess power change, p! , is positive when the PV

power change exceeds the limit; otherwise, it is negative.

The energy storage must compensate for the excess

power change, pt, if it is positive, or it must restore the
SOC if it is negative.

The proposed control is based on the ramp-rate
control (RRC) of PV power. Energy storage compen-
sates for excess power changes, p! , depending on the
direction of the change. When the PV power increases
beyond this change limit, the energy storage devices
reduce their power by the excess amount, p. , thereby
limiting the increase in grid power. This reflects the sum
of PV and energy storage power. Conversely, when the
PV power decreases beyond the limit, energy storage
devices increase power based on the negative excess
amount, thereby limiting the decrease in grid power.

ETRI Journal-W] LEYJ—7

Consequently, the grid power must neither increase nor

decrease beyond the change limit. The compensation

power, pt ., of energy storage is determined as
. —Doy, if App, >0,

prrc = t .f A t < (14)

Pov 1t A pp,, <0.

If an RRC is required in response to positive excess
power pl, the energy storage devices change their power
by pl... Otherwise, they are changed by p,. to restore the
SOC. The output power of energy storage is finally
determined as

Prre if Poy >0,
Pye if Py <0,

max

Phe=Dk"+ { s.t. p™ <pl <pa

(15)

The grid power is then calculated according to (9).
Because energy storage compensates for the PV power
change exceeding the limit, abrupt grid power changes
are prevented.

4.2 | SOC restoration

When the PV power change, Api)v, does not exceed the
grid power change limit, pgm, there are two margins
within which further power changes can be made within
the limit in positive or negative directions. These margins

are represented as

Phe= DPg™ —Ap,,

lim _ APE)V

O (16)
m-— TFg

Within the power-change limit, pgm, as Api)V
increases, the positive change margin, pin +» decreases,
but the negative change margin, pﬁnf, increases. Thus,
energy storage can be charged with higher negative
power. Conversely, as Aplt[,V decreases, p!, decreases as
p},, increases. Thus, energy storage can be discharged
with greater positive power.

When the PV power change does not exceed pgm,
energy storage restores the SOC by gradually increasing
or decreasing the output power, pL,, over several time
intervals. It either increases the charge power toward
—p'™ if SOC s' is lower than the SOC reference, Sy,
increases the discharge power toward p™ if s' is higher
than sy, or decreases the power toward zero if s* reaches
Sref. The SOC restoration power reference, pz.', is repre-
sented as follows:
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—p' if 8" <Spef,
p:St ={ P if 58> Sper, (17)

0 if s =S,

where p™ denotes a constant. Toward pZ', the output

power change, p.., from the previous power, p.;*, is lim-

ited by the power change margins. Comparing pZ' with

p.yt, the power for SOC restoration control (SRC), p’,. is
determined as

t—1

p;rc :pe*st —Des St pin— < p;rc < p£n+' (18)

Using pi., when the PV power change does not
exceed the limit, the energy storage restores its own SOC
within the power change margins, which helps ensure
sustainable operations. Energy storage power is calcu-
lated according to (15), and the overall variance-based
control procedure, including RRC and SRC, is described
in Algorithm 2.

Algorithm 2 Variance-based control

res
> Stef

1: Input: pf (t=1,....n), pgm, p
2: Output: p’, p;, ss@t=1,...,n)

3: Initialize p° , p° < 0

p es
4: for ¢t from 1 to n do

5: Calculate pgv according to (13)

6 if p! > 0 then

7: Calculate p _for RRC according to (14)
8: else

9: Calculate p; , and p!, _ according to (16)
10: Set p* " according to (17)

11: Calculate p; .. for SRC according to (18)
12: end if

13: Determine P;s according to (15)

14: Calculate p’g and s™! according to (9) and (10)
15: end for

5 | SIMULATION RESULTS

5.1 | Environment setup

The proposed control strategies for energy storage were
verified through simulations implemented using Python.
The simulation flow is illustrated in Figure 7. There were
two separate processes. One was the day-ahead target
registration using PV prediction data, and the other was
the daily operation of energy storage using PV generation
data. During daily operations, energy storage power
requirements are determined using the given input data

Day-ahead target generation Day operation PV

PV prediction P, generation Py

Adjustment Reliability-based | Variance-based
N control control
> —
Runtime Prer | SOC restoration

adjustment
i ] ' '
Registration
ES model *

Target P,
A P ¥P.
Reliability Variance £
Index Index | U P

FIGURE 7 Simulation flow block diagram.
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1%}
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FIGURE 8 Simulated power and indices by reliability-based
control.

by employing either reliability- or variance-based con-
trols. Algorithm 1 and (5)-(12) were used for the
reliability-based control. Algorithm 2 and (13)-(18) were
used for the variance-based control.

Energy storage was modeled based on conversion effi-
ciency and SOC change calculations (10). The grid output
power, p,, was calculated using p,,. The RI and VI were
finally calculated using Pg and the target power.

52 |
control

Operation by reliability-based

The operation of the reliability-based control was simu-
lated as shown in Figure 8. PV prediction and generation
data in 1-min units were provided. The target power was
generated using the given PV prediction data and regis-
tered after a primary adjustment. Because the initial SOC
was low, the target (red line) was registered as lower than
the PV prediction. The runtime reference (green line)
was set lower than the target by a secondary adjustment

85U0|7 SUOWIWOD aA1ee1D 3[cedljdde au Aq pausenob 8 Saoife VO ‘@S JO S9N 10j A% 18Ul U A3[1M\ UO (SUORIPUCO-PUe-SWLR/LIcO" A3 1M AfeIq U1 |UO//:SANY) SUORIPUOD pue Swid | 841 89S *[£202/70/20] Lo Areiqi]auljuo /e|Im ‘yokesssy wodep 7 1093 Aq 02T0-2202 [H18/8TZ 0T/I0p/ W00 A3 1M Ake.d Ul juo//Sdny Wouy papeo|umod ‘0 ‘9ZELEETT



HEO ET AL.

when the SOC was low. However, as the SOC gradually
increased throughout the day, the runtime reference
became nearly identical to the target. Then, the grid out-
put power (dashed black line) precisely followed the
target.

RI and VI indices were calculated using (2) and (4).
When the PV was used alone without energy storage
(dashed lines), the RI was high because the actual PV
power was not constantly controlled, although the target
power was determined based on accurate predictions.
The VI was also high in time slots, where the generation
power rapidly changed. However, when the PV was used
with energy storage (solid lines), lower RI and VI values
were obtained by the reliability-based control. Although
the RI was slightly high when the runtime reference was
set lower than the target, the RI improved with lower
values as the SOC increased because the SOC reached its
reference; therefore, the grid power followed the target
accurately. The VI had a very low value because the
energy storage model completely controlled the output
power in the simulation without time delays.

53 |
control

Operation by variance-based

Variance-based controlled operations were also simu-
lated, as shown in Figure 9. The same PV prediction and
generation data were used. The dashed line represents
the results without SRC, and the solid line (not the black
line) represents the results of SRC under the same condi-
tions. The energy storage was output only when PV
power varied rapidly over a predefined limit of 1.3-kW
changes per minute.

When PV generation (black line) increased rapidly, the
grid output (dashed green line) could not exceed the RRC
limit. Moreover, the grid output was limited when PV gen-
eration decreased rapidly. In this case, the stored energy
was used by the RRC, reducing the SOC (dashed blue line).
However, when using the SRC together, the energy storage
devices (solid orange line) were also charged, provided that
the grid power change did not exceed the limit. When the
power change margin was higher within the limit, the SRC
charged the energy storage devices at a higher power.
Accordingly, the SOC (solid blue line) reached an sy of
0.3, where it was maintained.

When PV was used alone, the VI was the highest in
some time slots owing to rapid PV power changes. How-
ever, when energy storage was used for the RRC, the VI
was the lowest in most time slots as a result of limiting
the power changes. With the SRC, the VI became slightly
worse in some time slots because of additional power
changes. Nevertheless, variance-based controls prevented
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FIGURE 9 Simulated power and indices by variance-based
control (pg™ is 1.3 kW/min, where the PV capacity is 100 kW and
Sref 18 0.3).

rapid power changes, and SOC management using SRC
was essential to sustainable operations.

54 | Comparison of control strategies
The efficacy of energy storage varies depending on the loca-
tion at which it is connected to the power system, and its
use is largely classified into three types. The first provides
support as necessary to stabilize the power system [18]. The
second uses renewable energy economically for consumers
[21, 22], and the third increases the stability of the gener-
ated renewable energy output [24, 25].

Related scholarly works are compared in Table 1. In Xu
and others [18], energy storage was used for frequency reg-
ulation using fast output responses and high-power charac-
teristics. However, because it is uncommon for the
frequency to exceed the limit range, energy storage devices
usually remain in a standby state. In Wei and others [22],
the electricity cost was minimized by using renewable
energy and storage together for the consumer. In Riesen
and others [21], peak power generation was reduced.
However, these techniques do not address the stability
requirements of renewable power generation. Instead, they
focus on the economic use of energy storage in general.

In previous studies [24, 25], energy storage devices
were used to track a wind power generation plan. How-
ever, these methods were verified only at simulation
levels, and their SOC management strategy was not used
for sustainability [24]. In Sewnet and others [25], a dual
battery system exchanged charges effectively, but there
was a limit to its sustainability as there was no provision
for both batteries being charged or discharged. However,
in the present study, intermittencies were overcome by
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tracking the PV power generation plan, and performance

"g ; = E . E was verified through expeﬁments and simulatiogs.
§ s ; § S E S Therefore, energy storage devices were operated sustain-
ably by managing the SOC.
g
g 6 | EXPERIMENTAL RESULTS
g &
g 3 6.1 | Environment and implementation
& =% 2 8 2 8
2 E §, (,g, §, (,53 r,gj The two control strategies above were implemented in a
real PV power plant with energy storage devices. The PV
& generator had a 400-kW power capacity, and the energy
= - storage had a 400-kW power and 1-MWh energy capacity,
'=:= £ as shown in Figure 10A. Only a quarter of the generator
'g g power (100 kW) was used in this experiment. The storage
2 - ?j system consisted of four power conditioning systems and
:é' % g four batteries, which were operated as a unit. PV and
E g QS; storage power data collected from the meters and SOC
g S £ data collected from energy storage were added to a data-
§° 2 § base, as shown in Figure 10B. The operation software
g E § generated the day-ahead target power requirements once
= o E 2 daily after PV power prediction using weather forecast
@z 72z & A HE information. The software also determined the energy
storage power by the minute, referring to the target
5 g g g & power and using real-time status data from the database
% s § § g (e.g., PV power and SOC). Another control software pro-
_ & B2 § g i § gram then transferred the appropriate charge and dis-
£ ;,» § é 5 g 5 charge. comrr.lands to the. four energy storage devices. All
£ 38 % 5 5 & data, including the registered target and status, were
o 5 2 § g £ 2 recorded each minute to the database.
(22 I P O R Vi AV AV =¥
2 6.2 | Influence of weather
s £ £ 2
_ % é g E g The experimental results of the reliability-based control
g o = g ; g g & strategy were obtained, as shown in Figure 11. The power
§ % § g g § '§ g of each component was measured, and the RI and VI
T e 2 B g 2 o= were calculated based on the measured data. The experi-
Y BB B mental conditions included bad weather; thus, PV power
E fluctuated intermittently and rapidly throughout the day.
& o The target power was registered based on the power pre-
§ % diction made the day prior, while accounting for the pre-
E % N dicted weather. The target power was set considerably
“i g S lower than the actual power because the predicted power
g £ 20 B8 g was determined as the average value of the power fluctu-
'é E " ; ;r & & ; ating within a unit time. After noon, the actual power
g 7 M OAR B F A was unexpectedly maintained above the target. Neverthe-
© less, the energy storage (orange line) attempted to com-
- 2 pensate for the variation in PV power (blue line) such
ﬁ = that the grid output power (green line) followed the regis-
2 g g g E g é tered target power (red line). Consequently, the gener-
= ated power exceeding the target was added to the energy
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FIGURE 10 Experimental environment: (A) PV power plant
and (B) operation and communication network.
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FIGURE 11 Measured power and indices using reliability-
based control in bad weather conditions.

storage, and the SOC increased. Because the initial SOC
was 0.46, the target power was registered after adjusting
it slightly lower. Then, the SOC increased beyond 0.5
during operations. Hence, the runtime reference power
remained nearly the same as the target, and the SOC was
managed successfully.

Owing to the time delays between PV power measure-
ment and storage output power, the compensation was
insufficient overall. Thus, the grid output power

ETRI Journal—=W]I LEYJ—11

contained some noise. The RI and VI were analyzed for
when the PV was alone and when energy storage was
also used (dashed and solid lines, respectively). When PV
was used alone, the grid output power was uncontrolla-
ble because it remained equal to the changing PV power
output. However, when PV and energy storage were used
together, the grid output power tracked the target well
based on the reliability-based control, showing a more
reliable output and significantly improving the
RI. Although the noisy grid power inevitably worsened
VI, it was slightly improved by mitigating the power vari-
ation. Hence, in bad weather conditions, reliability-based
controls are considered effective.

Although PV power is greatly affected by the weather,
another reliability-based control experiment in good
weather was performed, as shown in Figure 12. The PV
power increased and decreased smoothly and did not
vary rapidly throughout the day. Referring to the initial
SOC, the target power was adjusted to a slightly lower
value, and it matched the actual power well as it was pre-
dictable in good weather. Accordingly, the SOC did not
fluctuate significantly and was managed close to an Sy of
0.5. When PV was used alone, the RI was low during the
day and high at sunrise and sunset. When both PV and
energy storage were used, the energy storage units pro-
vided slight support so that the grid power would con-
tinue to meet the target power. Hence, the RI was low in
all time slots. However, as the runtime reference was
reduced during the daytime, the RI was slightly worse
than when the PV was used alone. On the other hand,
the VI was always very low in both cases because the PV
and storage power variations were minimal throughout
the day. In good weather conditions, there is less of a
need for reliability-based controls because day-ahead PV
power prediction is reliable.

6.3 | Index improvement analysis

Our reliability-based control experiments were conducted
continuously for 21 days. The weather often changed
throughout the study period as data were collected for
217 time slots, excluding nights with no power genera-
tion and hours with limited generation. The RI and VI
improvements in all time slots are shown in Figures 13(A)
and 13(B), respectively.

The RI was mainly affected by the accuracy of PV
power prediction. On days with good weather, the predic-
tions were accurate, and the index was low. On days with
bad weather, the predictions were inaccurate, and the
index was high owing to a large prediction error. As
shown in Figure 13A, the RI improved significantly in
most time slots as the grid output power followed the
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FIGURE 13 Indices and improvements by reliability-based
control over 217 time slots (21 days): (A) reliability index and
(B) variance index.

target using energy storage. The RI improvement was cal-
culated as the difference between the index of the PV
alone and that of PV and energy storage. Although the

improvement degraded in some time slots owing to the
limited energy storage power based on an insufficient
SOC, significant improvements were achieved in most
time slots.

However, regardless of prediction accuracy, the VI was
affected only by the weather. This index was high on days
with bad weather due to severe changes in PV output, and
it improved with energy storage supplementation. However,
on sunny days, the index was very low because the PV
power was clean and consistent. Thus, the index did not
improve through energy storage; it instead worsened.

VI improvement was calculated in the same manner as
the RI improvement. As shown in Figure 13B, it can be
seen that the overall VI improvement was insufficient and
fluctuated near zero. Energy storage could not immediately
compensate for PV power changes owing to time delays in
the power measurement and energy storage control in the
experiment. However, it was confirmed that the reliability-
based operation was effective in alleviating severe situa-
tions, such as when the VI was high due to bad weather.

The RI improvements made by reliability-based con-
trols were statistically analyzed as shown in Figure 14.
The 217 measured time slots were grouped by the same
hour, from 7 to 18h. The RI distributions for PV alone
and PV plus energy storage are shown in Figures 14(A)
and 14(B), respectively.

As shown in Figure 14A, the RI was high in sunrise
and sunset time slots. However, the RI decreased as the
height of the sun increased. The index was evenly distrib-
uted between 0 and 100%, and the median value was
41.7%. Because the RI of PV alone was calculated by
comparing the actual PV power to the target power
(determined by the predicted PV power), the index was
affected by prediction accuracy. If the prediction had
been more accurate, the RI would have been lower.
However, there would have been limitations as the grid
output power was not regulated or controlled.

However, as shown in Figure 14B, the index was low-
ered for all hour groups, including sunrise and sunset
time slots. Most RIs were lowered to less than 40%, and
the median value was lowered to 11.4%. On average, the
index decreased from 46.3% to 14.7% (1 to 3.1). Therefore,
the index improved 3.1 times for all time slots when
using the reliability-based control because the grid output
power tracked the runtime reference power by the energy
storage control. Although the target power was adjusted
to compensate for the SOC divergence caused by the PV
power prediction error, through the cooperation of pri-
mary and secondary power adjustments, the target power
was less adjusted. Thus, the RIs were lower.

The histogram for all time slots is shown in
Figure 14C. Using the reliability-based control, the RI
improved by 0%-50% in 138 time slots (64% of all slots)
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and improved by 50%-100% in 49 slots (22%). However,
in 30 time slots (14%), the RI worsened by -30% to 0%
because the reference power diverged significantly from
the registered target by the power adjustment for SOC
management. The index worsened slightly by -10% to 0%
in 22 slots (10%), but it improved significantly in 187 slots
(86%). Therefore, it was experimentally verified that the
RI greatly improved with reliability-based control.

7 | CONCLUSION

This study proposed reliability- and variance-based con-
trol methods for energy storage-moderated PV power
generation. We showed that PV power generation can
provide reliable power according to power generation
plans when using reliability-based controls, and abrupt
power changes can be prevented with variance-based
controls. Both strategies successfully managed the SOC
for sustainable operations. Two quantitative indices were
proposed for evaluating performance, and the details of
the controls were verified through simulations and exper-
iments at a real PV power plant. The reliability-based
control significantly improved the RI, and the variance-
based control slightly improved the VI.

Currently, renewable power generation is generally
avoided in the commercial and municipal power supply

plans of electricity markets because it is too difficult to
accurately predict or control its output. However, we
showed that if PV power generation were to be controlled
using energy storage devices, PV power would become a
reliable source. The proposed power generation method
is expected to increase the stability of power systems
while allowing the integration of renewable power
sources in many countries. This will hopefully increase
the global number of clean renewable energy resources
while leading to reduced pollution.
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