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Frequency Stability Enhancement of Power System using BESS
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ABSTRACT

Korea has the characteristics of traditional power system such as large-scale power generation and large-scale power
transmission systems, including 20 GW large-scale power generation complexes in several regions with unit generator
capacity exceeding 14 GW, 2—3 ultra-high-voltage transmission lines that transport power from large-scale power
generation complexes, and 6 ultra-high-voltage transmission lines that transport power from non-metropolitan areas to the
metropolitan area. Due to the characteristics of the power system, the penetration level for renewable energy is low, but
due to frequency stability issue, some generators are reducing the output of generators. In the future, the issue of
maintaining the stability of the power system is expected to emerge as the most important issue in accordance with the
policy of expanding renewable energy. When non-inertial inverter-based renewable energy, such as solar and wind power,
surges rapidly, the means to improve the power system stability in an independent system is to install a natural inertial
resource synchronous condenser (SC) and a virtual inertial resource BESS in the system. In this study, we analyzed the
effect of renewable energy on power system stability and the BESS effect to maintain the minimum frequency through a
power system simulation. It was confirmed that the BESS effect according to the power generation constraint capacity
reached a maximum of 122.81 %.
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| . Introduction

When inverter-based renewable energy, such as
PV (. Photovoltaic) and WT (. Wind Turbine),
the natural
inertia supplied by the rotor and turbine of the

replaces the conventional generator,

conventional generator decreases, making the power
system frequency vulnerable, and acting as an
unstable factor in terms of frequency stability [1-3].

First, if the power system inertia is reduced, a
frequency change problem occurs in the case of
system failure. This is wusually expressed as
ROCOF and Rate

Frequency), as the electromagnetic energy supplied

Inertia of Change of
from the rotor of a conventional generator is
replaced with renewable energy, and immediately
after the occurrence of system failure, the system
frequency drops very quickly beyond the allowable
rangel[4-5].

Normally, when the system frequency changes
rapidly, if the frequency change exceeds the set
value within a set time, the ROCOF relay of the
traditional generator or renewable generator shuts
off the generator. Relay operation setting is
displayed in Hz/s, and as a result of the spread of
PV and WT, as the system inertia decreases, the
ROCOF becomes very large. The frequency change
rate means that the higher the system inertia, the
smaller the change rate. The most important task
in an independent system is to prevent a wide-area
blackout by preventing the generator from being
cut off by maintaining the frequency change rate at
an appropriate level. Second, in the event of a
system failure, the lowest frequency (or nadir
frequency) drops below the operating point of the
Under Frequency Load Shedding (UFLS), causing a
major blackout [6-8].

The key to determining the grid acceptability of

renewable energy in the power system when
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expanding IBR (: Inverter Based Resource), such as
PV and WT, is to maintain the ROCOF and nadir
frequency problems at an appropriate level through
a precise analysis of low inertia. The ROCOF and
nadir frequency problems are ultimately expressed
as power system stability, and the power system
acceptability is evaluated by transient stability,
small signal stability, and frequency stability [9-10].
In the case of an independent system without
interconnection lines between countries, such as in
Korea, when IBR is rapidly increased, the means to
improve the stability of the power system are as
follows:
a. IBR’s fast frequency response performance
requirement (Grid Code)
b. Installation of synchronous Phase Measurement
Unit
through precise

(improving system analysis conditions

measurement of  system
physical quantity)

c. Application of automatic control device of IBR
(automatic adjustment of renewable energy
output when the power grid is overloaded)

d. Improvement of reserve (securing very fast
response reserve capacity against low inertia
due to the increase in IBR)

e. IBR modeling characteristic test (securing an
appropriate facility model for system analysis)

f. Application of the power load model (load
model for sophisticated analysis of the IBR)

g. Expansion of installation of natural inertial
resource, Synchronous Condenser (SC)

h. BESS
synthetic inertia resource role

Among them,

indirect means in terms of operation to improve the

installation of primary reserve and
items a-f are recognized as
stability of the power system compared to items g

and h, so the fundamental
mstallation of a SC and BESS. In more detail, a

means are the
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natural inertial resource, SC, and a virtual inertial
resource, BESS, are installed in the system, but no
clear distinction is made between the two resources
[11-13].

However, the SC is more suitable for the
relaxation of ROCOF, while the BESS is more
suitable for the relaxation of nadir frequency. In an
independent system without external assistance of
inter-connectors, it 1S more urgent to mitigate
sudden frequency changes in a very short time
Thus,
aspect, the roles between the two resources can be
the actual
system, the purpose of improving the stability of

(transient). in this inertial response time

clearly distinguished. Therefore, in

the power system can be achieved more clearly by
combining SC and BESS. As IBR expands rapidly,
the role of BESS with delayed response time is
limited, so the faster the response time of BESS,
the more important it is to secure system stability
[14-16].

In the current power system
stability,

frequency stability are reviewed to examine the

infrastructure,

transient small signal stability, and
grid acceptance limits of IBR. In this study, the
ROCOF and nadir frequency are analyzed by
IBR
step—by-step from the 509 or more level, and the
contribution effect of BESS and of shortening its

response time are systematically simulated. And

expanding the proportion of on-line

also, the results of simulation will be reviewed and

analyzed for enhancement of power system

stability.

Il. Renewable Energy Penetration Limit
Due to Power System Stability

2.1 IBR backgrounds

When the power demand changes in real time in
the power system, the output of the conventional
generators that are in balance with the power
demand also changes, and when the amount of PV
and WT increases, the output variability of the
conventional generators expands. Fig. 1 shows that
in the
supplied by the existing traditional generators

therefore, the volatility system inertia

becomes very high [10].
System inertia and frequency change rate are

defined as follows :

Ekinetirt 1 JU)2
= 5 T2 Sratcd (1)

rated

YIS,
== @)

sYs

df _ AP Jo
dt S, 2H,

sys sYs

[N}

3)

AP = Power Variation (MW),
System Frequency (Hz), H,
(S), and S,

= 4,, Generator Capacity (MVA).
The expansion of IBR results in a change in the

where,

f =

= 14y, Generator Inertia

generator phase angle (frequency stability). Due to
the nature of Korea's electricity system, large-scale
installed in the
southern non-metropolitan area, and it is difficult to
install

metropolitan ~ area,

renewable energy is inevitably

energy in the northern
than 40% of

electricity demand is concentrated. As a result, a

renewable

where more

large amount of active power is transmitted from
the south to the metropolitan area, resulting in a
large phase angle deviation, which is a factor that
negatively affects the stability of the power system

as shown in Fig. 1. In a country that is usually a
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grid island, how many IBRs are included in the
grid, which is defined as System Non-Synchronous
Penetration (SNSP), is managed, and the limit is
set and operated in the real-time system [11].

[Pyrs pr+ Paypclimport)]

[Proat Prypclexport)] x100(%)  (4)

SNSP= (online)

6.5,

Value of Aggregated Inettia Constant Hyo (1)

Aggregated inertia Constant H, (1)

25 34 345 35

325 33 338
Tirne [in 1/4-h steps) x 10"

Fig. 1 Time-variant aggregated rotational inertia Hagg in
German power system (Dec. 2012).

2.2 Transient Stability
‘When

penetration limit from the viewpoint of transient

evaluating the renewable energy
stability, the limiting capacity is determined by
evaluating the stability as shown in Fig. 2 with the
maximum tolerance for fault (CCT, Critical Clearing
Time), so that in the event of system failure, the
generator can recover from the transient state to a
stable state. CCT standards in Korea are 5 cycles
at 170 and 362kV, and 4 cycles at 800kV. Here,
CCT can be defined as the maximum allowable
time for which a fault must be eliminated when a
system failure occurs. If, as a result of the system
analysis, the time required to remove the fault is
shorter than the CCT, further IBR 1is not
acceptable, and other countermeasures are required.

If the system inertia decreases due to the increase
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in IBR, the time required to clear the fault will be

very short.
1.04 ' . r
T, Fault Cleared
Fault Cleared ™., "‘f“'r.;th" cCT
1031 4t the CCT S .
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Fig. 2 Conceptual visualization of the use of CCT to
establish a stability boundary.

Korea’s CCT standard is a concept of minimum
time in terms of system protection, and due to the
spread of renewable energy, the definition of CCT
has not yet been clearly established in terms of
transient stability. However, as a result of
examining foreign cases and the existing CCT, 6
cycle (0.1s) was set as the limit value, and the
system was simulated at the minimum or
maximum load level according to the proportion of
renewable energy capacity. As a result, in the case
of the minimum load, the CCT decreases to less
than 0.1s at the SNSP level of about 35%, and in
the case of the maximum load, it decreases from
the level of about 40% to less than 0.1 s. When
evaluating the actual penetration limit, even if some
of the many cases become unstable, it cannot be
immediately taken as the limit. Each country needs
a very diverse approach depending on the power
system situation at the level of 30% or higher,
areas exceeding 0.1s appear, and it is expected that

the appropriate SNSP limit can be determined at
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the level in the range 40~55%.

Note that the limit is the operable capacity of
the renewable energy in the real-time power
system. In Korea, in 2019~2020, in preparation for
a situation in which a large—capacity unit generator
was tripped in the case of minimum load, there
in which the

was lowered due to concerns

were several system situations
generator output
about frequency instability and high ROCOF, ie.,
power generation was restricted. Prediction of time
exceeding the limit reflecting the real-time system
situation based on the limit set value and
countermeasures against it is expected to be an

important task in the future.

2.2 Small Signal Stability

Small Signal Stability refers to the ability of the
power system to maintain a synchronized state, in
the event of a small disturbance in the load or
generator. Since it considers a sufficiently small
disturbance, the nonlinear power system equation is
linearized and analyzed. The instability of Small
that after a small

disturbance, an oscillation with a large amplitude

Signal  Stahility means
occurs due to insufficient damping torque. In
particular, the electric/mechanical mode generates
low-frequency oscillation, and may act as a serious
threat to the power system, due to insufficient
damping. Small Signal Stability analysis is mainly
performed through eigen value analysis of the
power system, and the eigen value of the power
system can be calculated through the linearization
process of the power system model. To secure
Signal
Stability, the eigen values appearing in the actual

stability from the viewpoint of Small

power system must have a sufficient damping ratio.
The power system characteristic equation can be

expressed by Eq. (5), and the solution can be

expressed by Eq. (6) & (7).

S+ 2w, S+ W2=0 5)

where, ( = Damping Ratio, w,= Natural
Frequency.

Eigen Values A, =—(w, * juw, \/Czj =0t jw

6)

(= —2 %100 )

o2+

Damping ratio standards for overseas power
companies are operated at 3~5%, and in Korea,
which is in the early stage of the spread of
renewable energy, there is no explicit standard, but
in consideration of the unique characteristics of
independent power systems, it is set to 3% or
more. In the case of minimum load and maximum
load, the number of damping modes with damping
ratio less than 3% is simulated while increasing the
proportion of renewable energy operating capacity
by 5%. The number of cases where the damping
ratio is less than 3 % according to the share of the
renewable energy operating capacity, increases
rapidly when the proportion of the renewable
energy operating capacity is 50% or more in the
minimum load case, and 55% or more in the
maximum load case. In the Small Signal Stability
review, as with transient stability, even if some
below the
immediately determined as the penetration limit. It

cases fall standard, it cannot be
is reasonable to select and evaluate an appropriate
ratio value that does not have to satisfy the
standard ratio. Considering the rapidly increasing
proportion, the penetration limit is likely to be set
at the level 50-55 2. That means that the SNSP
is 50~55%. The limit tends to slightly increase
over the transient stability result, and the transient

stability responds more sensitively. However, the
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Small Signal Stahility problem needs to be carefully
dealt with, as once it occurs, it can become a
nationwide system instability problem, such as
oscillation between nearby generators, intra—area
and the

immediately ~ be

oscillation, and inter-area oscillation,

mitigation ~ method  cannot

implemented.

2.3 Frequency Stability

Maintaining the frequency determined by a
reliability standard is the problem of maintaining an
appropriate frequency in a normal system and
under frequency load shedding (UFLS) caused by a
generator trip in the case of a system failure. Fig.
3 shows that it is directly related to the nadir
frequency and the ROCOF according to the

decrease in system inertial17].

—Peak load, total system inertia 126 GVA-S
==Light load, total system inertia 88 GVA-S
—Light load, 50 % INSP, Inartia 44 GVA-S

0,00 5,00 10,00 15,00 20,00 25,00 30,00
Time (sec)

Fig. 3 Comparison of frequency response for loss of
1000 MW in peak load and light load conditions.

In Korea, the frequency maintenance standard is
set as: @ Maintaining grid frequency of 59.7Hz or
and ©
Maintaining grid frequency of 59.2Hz or higher

higher when one generator trips,
when two generators trip. Despite these operating
standards, the UFLS standards shown in Table 1

are more important in the actual system low inertia
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situation.

When IBR operation is expanded, the ROCOF is
steeper, and the nadir frequency is much larger,
even with the same system failure. In Korea, the
maximum generator unit capacity is 1.4GW, and
reaching the lowest frequency when the generator
is tripped requires analysis only in the case of
minimum load, while in the case of maximum load,
a very severe scenario is required, but the effect
on the frequency stability is less.

Table 1. UFLS action time and shedding load

Stage Action Time | Shedding Load

Each 0.1 s Each 6 %

OO~ WM —
o3
~

Backup 59.0 12's 4 %
40 %

In the case of minimum load, when the largest
unit generator at the 45% level of the renewable
energy operating capacity is tripped, it approaches
the first stage (nadir frequency 59.0Hz) by the
UFLS relay. This means that it is difficult to
recover the frequency with the current frequency
reserve of 1.7W, within 10s response time, and it is
likely that in the future, the frequency reserve will
need to be upgraded. However, this problem is
costly and, above all, it is directly related to the
problem due to the expansion of renewable energy
of the shortage of generators to secure the
frequency reserve that is operated in real time in
the system. This is an intrinsic problem. Table 2
three
determining the power system stability:

summarizes  the review  results  for
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Table 2. IBR penetration limit according to power
system stability

Power System Stability SNSP allowable
Transient Stability 40—55%

Small Signal Stability 50—55%
Frequency Stability 45%

Ill. Frequency Stability Enhancement Using
BESS

3.1 Power System Configuration in Korea

The stage of this study deals with the frequency
instability problem related to excessive power
generation constraint in the East Coast in the
Korea power system, and examines the change in
ROCOF before and after BESS operation in the 50,
60, and 65%

energy. In addition, the same analysis is performed

stage of IBR-oriented renewable

even when the response time of the BESS is
The

frequency are @ Maintaining grid frequency of

improved. reliability  criteria related to
59.7Hz or higher when one generator trips, and @
Maintaining grid frequency of 59.2Hz or higher
when two generators trip. The meaning of the
above standard is that the frequency should be
maintained at a level at which the UFLS relay
does not operate, even when the two largest unit
generators (2.8GW) in Korea are tripped from the
system. The UFLS step 1 is set at 59.0Hz, but
0.2Hz is operated as a margin.

Fig. 4 shows Korea's PV and WT generation
performance in 2020 by time period. The figure
shows that Korea still has only 122% of the
maximum SNSP (¢ System Non-Synchronous
Nevertheless, during the light load

period in 2020, the 1.4GW nuclear power plant was

Penetration).

operated by lowering by about 300MW several
times. This is a problem of frequency instability

and lack of spinning reserve when a lot of IBRs

operate during light load time. As such, it shows

that even in relatively low SNSP in independent
Korea, the

systems like impact of IBR is

significant.

[Hour]

7,991
7,192
6,393
5594
4,795
3,996
3,197
2,398
1,599
200

fhdird

ooy, [%]
14

Fig. 4 Hourly SNSP of mainland in korea(2020).

In the event of a 765kV transmission line fault
in a large-scale power generation complex in the
East Coast of Korea shown in Fig. 5 a system
that trips the generator with SPS is operated due
to generator transient instability influenced by low
inertia. Therefore, to lower the generator trip
amount, the power generation constraint operation
is implemented by lowering the power generation

output in advance.

— T Line
£ 345K Line

= :Phonsdiine
\o* e e @ samcompsic
- I eTese
OH 845 Planned Gen
~Cre

a
[11]
s

scTp

SYYS/S
YY PP

WHON/P #1, 2

55 : Substation
45 : Comvent Station
PP Pumped Powee Plant
TP ¢ Therral Posser Plast
NP : Nuclear Poser Pland

Fig. 5 Power system configuration in the east area of korea.
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The problem is that the power generation
constraint is currently at 2GW, but is expected to
increase significantly from 2024 to a maximum of
6GW. In this case, it is very uneconomical in terms
of power generation cost, but the problem of a
shortage of reserve is expected due to power
supply and demand problems according to the
increase in constrained power generation. In Korea,
lowering the power generation constraint on the
east coast IS a very urgent issue, because it is
both economical and related to power system
stability and power supply and demand issues. If in
the future, large—scale renewable energy is built on
the east coast, the frequency stability problem will
become more severe. Therefore, we examine the
method of mitigating ROCOF and nadir frequency
using BESS, which has the fastest response among

existing facilities.

3.2 Power system frequency response of
BESS

As shown in Fig. 6, frequency control reserve
(FCR) refers to the reserve in response to the
deviation of the local frequency f(¢) from the grid
frequency normal value f, Low frequency occurs
when the grid demand is higher than the total
power generation, and high frequency occurs when
the total power generation is greater than the grid
demand. Therefore, the BESS

response to a positive (+) frequency deviation, and

is discharged in
when a negative (=) frequency deviation is
measured, a charging strategy must be applied. In
general, the power response of the BESS used as a
frequency response resource should be provided in
proportion to the frequency deviation calculated by

the following equation:
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Fig. 6 Frequency response reserve parameter.

Af(t)=fy— f(t) (8
Af(t)

PRE(; f(t)) Iaf()l<|Af,|
_ t
Fren =) ppe(] AJ;| al < IA7@I<[AF, |
0, [AFEI<|ASy)

)
where, Af(t) : Frequency deviation,
P+ FCR Power,
Pris + FCR Maximum Power,

Af, t Full activation frequency deviation,

fa © Frequency deadband.

According to Eq. (9),

value of frequency deviation is greater than or

if the current absolute

equal to the maximum output frequency deviation,
the resource provides +Pris or —Ppis output
according to the positive (+)/negative (=) of the
frequency deviation. If the absolute value of the
current frequency deviation is greater than the
frequency deadband and lower than the maximum
output frequency deviation, the P output of the
frequency control reserve is provided according to
the ratio of the current frequency deviation to the
maximum output frequency deviation; while if the
absolute value of the current frequency deviation is
equal to or lower than the frequency deadband, the
P output is not provided. Not all frequency control

reserve resources implement a deadband, or provide
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active power with a proportional rule, such as Eq.
(9). The parameter that needs to be defined when
providing the frequency control reserve is the time
to reach the maximum output, which is defined as
the full activation time. It can be said that the
shorter the maximum output response time, the
more accurate the response to the frequency
change. This full activation time can be said to be
the essential difference between natural inertia,

which has virtually no activation time, and
synthetic inertia. By lowering this difference, the
role of BESS to mitigate nadir frequency, as well
as ROCOF, is an essential function of BESS in an
IBR is
expanded. By lowering the activation time of the
BESS  through the controller, the ROCOF
improvement effect will be Another
parameter is the minimum activation duration,
which that

frequency—controlled reserve power suppliers must

independent system where extremely

shown.

means the minimum  period
maintain at maximum output. In other words, a
frequency-controlled reserve power supplier with a
BESS supply capacity limit must be able to provide
maximum power in a single direction for a
minimum  activation period. Fig. 7 shows a

schematic to explain the definitions of these two

parameters:
Pmax :
1
1
1
1
!
4 mmm————) t
Full Min.
activation Activation
time period

Fig. 7 Full activation time, and minimum activation period.

The full activation time of BESS is divided into
T1-T4 shown in Fig. 8 @ T1 : Frequency data

acquisition and average frequency time 60~100ms.

@ T2 : Region calculation time applied ROCOF
Control ~100ms. @ T3 PMS and PCS
Communication time ~150ms. @ T4 PCS
response time~50ms.

Frcqgcnc Moving - _~ Dynamic = L_L, Delay = Operation ==+ Output

y Average Judgement

mn T2 it T

I
Frequenc \
v

Output

[P U F—— ST )
ST o1 me  Time

Frequency Dynamic Command PCS
Judgement Judgemen' (Signal) Operation

Fig. 8 BESS control full activation time period

BESS Control Full Activation Time Delay is
generally set to 500ms. For the BESS to play a
similar role, like natural inertia, which has no
activation time, it is necessary to reduce the
activation time. Table 3 shows the parameters of
the BESS installed in Korea. After that, the same

parameters are applied to the system simulation.

Table 3. BESS control parameter

Parameter Setting
Dead Band +0.03Hz
Stead | Y%k
statey SOC Recovery Control 10%
mode Droop 0.28%
Sampling frequency 5
Transient ROCOF 0.0279Hz/s
rﬁg&% System Constant 787 MW/Hz
Droop 0.16%
Recovery Min frequency 59.9Hz
mode Target frequency 60.0Hz
Sampling frequency 5
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3.3 Results of Frequency Stability Enhancement
of BESS
The BESS effect verification system simulation
(off peak in 2024) scenario for the mitigation of the
nadir frequency is as follows:
(Step 0) East Coast Power Complex (SC T/P,
SCN T/P, GL, BP T/P) constraint
(Step 1) Simulation of phase angle stability and
frequency of the East Coast complex
+ (05 s) 765kV SGP-STB LINE fault
+ (1583 s) Fault clear, LINE CB Open and HO
N/P (5, 6 Unit), SHO N/P (1 Unit) trip
+ (1.733s) TCSC Boost control (compensation 50
— 70%, 10s duration)
+ Confirm phase angle stabilization and
minimum frequency of 59.2Hz or higher in
HO N/P
(Step 2) Decrease in generation constraint and
increase in generation unit trip
+ Increased HO N/P unit trip after reducing
T/P generation constraints
+ Stability and frequency simulation of Step 1
+ Confirm phase angle stahilization and
minimum frequency of 59.2Hz or higher in
HO N/P
(Step 3) Analysis of increasing effect of nadir
frequency of BESS
+ Applied BESS increase in a certain unit to
154kV

demand areas

substations (5 places) in power
+ Stability and frequency simulation of Step 1

+ Confirm phase angle stabilization and
minimum frequency of 59.2Hz or higher in
HO N/P

The results of frequency stahility enhancement

of BESS are shown in Table 4.
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Table 4. Frequency stability enhancement (mitigation of
generator constraint by BESS increase)

Gen constraint / Gen Trip

BESS Output | 3864MW / | 3,164MW / | 2.264MW /
3607MW | 40BMW | 5 148MW
OMW 5921 Hz - -
) 5921Hz
S7oMwW 12281%
1.750MW - - e

When the BESS is operated at 570MW, the
decrease in Gen constraint through mitigation of
nadir frequency is 3,864 — 3,164MW, which is
700MW,; and when 1,750MW is operated, 3,864 —
2,204MW, the decrease is 1,600MW. This means
that the frequency stability is improved as much as
the installed capacity of the BESS, so that the
generator can be operated additionally in the

real-time system.

IV. Conclusion

Although Korea's special power system situation,

such as having a huge independent system,
large-capacity unit generators, clustering of power
regions, and

generation complexes in specific

dependence on a small number of ultra-high
voltage transmission lines, is at a low stage of
into renewable energy,

entry some generators

experience output constraint, due to frequency
stability issues, etc. It is expected that in the
future, large-scale curtailment of renewable energy
will be inevitable at the 45% level of SNSP. The
means to improve the frequency stability is to
install an SC and BESS in the system. The review
in this paper found that when 1GW of BESS is
installed, it is possible to achieve mitigation of
of the

installed capacity of BESS by improving the lowest

generation constraints up to 90~120%
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frequency (nadir frequency). In the future, in a
situation such as in Korea, in a system where
interconnection lines between countries are virtually
the role of the inertial
response facility, SC, and BESS, is very important.

impossible, high-speed

In line with the expansion of renewable energy, it
is necessary to promote the expansion of renewable

energy based on the effect of installing BESS.

References

[1] H Myung, H. Kim, N. Kang, Y. Kim, and S.
Kim, "Analysis of the Load Contribution of
Wind Power and Photovoltaic Power to Power
System in Jeju," J. of the Korean Energy Society,
vol. 38, no. 1, 2018, pp. 13-24.

[2] H Myung and S. Kim, "The Study on the
Method of Distribution of Output according to
Power Limit of Renewable Energy," . of the
Institute  of Korean  Electrical —and  Electronics
Engineers, vol. 23, no. 1, 2019, pp. 173-180.

[3] E. Kwak and C. Moon,”Analysis of Power
System Stability by Deployment of Renewable
Energy Resources,” ]. of the Korea Institute of
Electronic Communication Sciences, vol. 16, no. 4,
2021, pp. 633-642.

[4] S. You, Y. Liu, X. Zhang, Y. Su, L. Wu, Y. Liu,
and S. Hadley, "Impact of high PV penetration
on US Eastern Interconnection Frequency
Response," 2017 IEEE Power & Energy Society
General Meeting, Chicago, USA, 2017, pp. 1-5.

[5] E. Kwak, ]J. Min, H. Jung, and C. Moon, “A
Study on HVDC and BESS Application for High
Penetration of Renewable Energy Sources,” |. of
the Korea Institute of Electronic Communication
Sciences, vol. 16, no. 6, 2021, pp. 1339-1348.

[6] G. Chown, J. Wright, R. Heerden, and M. Coker

"System Inertia and Rate of Change of
Frequency (RoCoF) with Increasing
Non-synchronous Renewable Energy

Penetration," 8" CIGRE Southern Africa Regional
Conf., Cape Town, South Africa, 2017, pp. 1-20.

[7]1 H. Chamorro, A. Canon, D. Ganger, M. Persson,
F. Longatt, V. Sood, and W. Martizez, “Nadir
Frequency Estimation in Low-inertia Power
Systems," 2020 IEEE 29th Int. Symp. on Industrial
Electronics(ISIE), Delft, Netherlands, 2020, pp.
1-4.

[8] H. Son, D. Kim, and C. Moon, “Design of
Submarine Cable for Capacity Extension of
Power Line,” |. of the Korea Institute of Electronic
Communication Sciences, vol. 17, no. 1, 2022, pp.
77-84,.

[9] P. Kundur, ]. Paserba, V. Ajjarapu, G. Andersson,
A. Bose, C. Canizares, N. Hatziargyriou, D. Hill,
A. Stankovic, C. Taylor, and T. Cutsem,
"Definition and Classification of Power System
Stability IEEE/CIGRE Joint Task Force on
Stability Terms and Definitions," IEEE Trans. on

Power  Systems, vol. 19, mno. 2, 2004, pp.
1387-1401.

[10] R. Eriksson, N. Modig, and K. Elkington.
"Synthetic  Inertia  Versus Fast Frequency

Response: a Definition," IET Renewable Power
Generation, vol. 12, issue 5, 2018, pp. 507-514.

[11] L. Li, H. Li, M. Teng, H. Feng, and A. Chju
"Renewable  Energy System on Frequency
Stability ~ Control ~ Strategy ~ Using  Virtual
Synchronous Generator," Symmetry 2020, vol. 12,
2020, pp. 1-22.

[12] M. Dreidy, H. Mokhlis, and S. Mekhilef "Inertia
Response and Frequency Control Techniques for
Renewable  Energy  Sources: A  Review,"
Renewable and Sustainable Eenrgy reviews, vol. 69,
2017, pp. 144-155.

[13] A. Ulbig, T. Borsche, and G. Andersson. "Impact
of Low Rotational Inertia on Power System
Stability and Operation," Int. Federation of
Automatic Control Proc., vol. 47, issue 3, 2014,
pp- 7290-7297.

[14] 1. Dudurych, "The Impact of Renewables on
Operational Security: Operating Power Systems
That Have Extremely High Penetrations of
Nonsynchronous ~ Renewable  Sources," IEEE
Power and Energy Mag. vol. 19, issue 2, 2021,
pp. 37-45.

[15] A. Sajadi, R. Kolacinski, K. Clark, and K

605



JKIECS, vol. 17, no. 04, 595-606, 2022

[16]

[17]

Loparo, "Transient Stability Analysis for Offshore
Wind Power Plant Integration Planning
Studies-Part I: Short-term Faults," [EEE Trans.
Industry Applications, vol. 55, issue 1, 2018, pp.
182-192.

E. Vitta, M. O'Malley, and A. Keane, "Rotor
Angle Stability with High Penetrations of Wind
Generation," IEEE Trans. Power Systems, vol. 27,
no. 1, 2012, pp. 353-362.

K. Kpoto, A. Sharma, and A. Sharma. "Effect of
energy storage system (ESS) in low inertia
power system with high renewable energy
sources," 2019 Fifth Int. Conf. on Electrical Energy
Systems(ICEES), Chennai, India, 2019, pp. 1-7.

XA 20

M 4(Seong-Soo Yoo)
1993 A Fdekn A7) &)
20200 ARp-2=7) Eetolu} tigt =t
A7 Qs AAL gt 49
8 AA}
19045 ~ @A) B A
(20206 ~AA A7)
2021 d ~&A A EEfEn A

Mﬂ% s uhAg

AAA, NS HAARIA, A

RRASNE

F @ Smart Grid*1 =%, HVDCA| =8, 41
AR AR, AHAE )4

Z2M(Eun-Sup Kwak)
19963 AEdga A 7]3stA}
19979~ @ H AL
2018 AR EEolu st =
Al7d st AL gt MBA
2020 ~ =9 Exhsta 7] 2
S Bt I A

A FAL AEALA, SUASGA, AR

606

-5
Al Fof 1 HVDC deHsA~ Eu, ESS Al
A, AEAE R, A 8 AR 24

2 ilZFE(Chae-Joo Moon)

1981, 19834 9 1994 =i
F St FEhAL %fi.“-?*h G
19973 ~3AA Zxosta Fay
sk 171 9 Aol g st g
017 ~AA oA e 2kehg-3t
212
ST AdATY, FFdR gebEEy
2E, dHdxsty] 5374, oy W /A
T ZYPUZE, 7|2dgdTd Al Edsd
oJ o]
1
# POk L F Al E], kA 8], A1
E





