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Abstract: Critical inertia can be defined as the minimum kinetic energy stored in generators that
should be kept for maintaining the frequency stability of the power system. As the frequency
control performance of the power system is maintained according to its control criterion, during the
inertia response time frame, the expected energy imbalance can be calculated by accumulating the
imbalanced power caused by the credible contingency and calculating the available inertia response
by considering the allowable operating limit of the frequency. Since the frequency control criterion
can be met when the available inertia response becomes larger than the expected energy imbalance,
the critical inertia can be calculated by the kinetic energy of the generators, of which the available
inertia response is equal to the expected energy imbalance due to the contingency. With this in mind,
this paper derives the energy balance condition for the frequency stability in the inertia response time
frame based on the frequency control criterion and calculates the minimum inertia, which should
be kept in the generators from the energy balance condition for meeting the criterion. In addition,
the effectiveness of the proposed method is verified through various case studies employing Korean
power systems.

Keywords: critical inertia; energy balance condition; frequency control performance criterion;
inertia response

1. Introduction

Globally, the penetration level of renewable energy sources (RESs) is rapidly in-
creasing as part of an effort to reduce greenhouse gas emissions to respond to the climate
crisis. In Korea, according to the Renewable Energy 3020 transition plan, the proportion
of renewable energy generation would need to increase up to 20% by 2030 [1]. In order to
reach the RES expansion target, it is expected that the accumulated capacity of RESs reaches
77.77 GW in 2034 according to The 9th Basic Plan for Long-term Electricity Supply and
Demand [2]. Moreover, the expansion of renewable energy is expected to be accelerated
by declaring carbon neutrality 2050. In order to realize carbon neutrality as of 2050, the
yearly generating proportion of RESs in power systems should increase to 60.9% or 70.8%,
depending on the scenarios [3]. Each scenario considers a plan to completely suspend
thermal power generation or only coal power generation in the power grid sector to realize
carbon neutrality. According to this plan, it is expected that the proportion of conventional
synchronous generators drastically reduces in the future power grid.

Compared with synchronous generators, most RESs cannot provide an inherent in-
ertial response to the power grid [4,5]. The inertial response provided by synchronous
generators prevents a rapid frequency drop by releasing the kinetic energy stored in the
rotating mass in generators when the power becomes imbalanced due to a disturbance.
Without sufficient inertia support, extreme frequency fluctuations may occur in the early
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stages of a disturbance when the power imbalance occurs; further, it can affect the frequency
control performance, eventually threatening the frequency stability [6-8]. Therefore, it is
necessary to maintain the inertia of power systems above a certain level in order to secure
the frequency stability of the power systems even in a situation where the penetration of
RESs greatly increases when reducing greenhouse gas emission. The minimum level of
inertia required for a secure frequency stability is called critical inertia. In order to secure
the stability of a power system, it is necessary to calculate the critical inertia and apply it to
the operation of the power system as one of the limits.

As the penetration of renewable energy has increased, many studies have been con-
ducted on methods of evaluating or calculating the minimum level of inertia required
to maintain the stability of power systems. In [9], the minimum inertia requirement was
assessed by evaluating the frequency response by simulating three asynchronous generator
penetration conditions as a frequency control constraint of an electric power market model.
The authors of [10] evaluated the frequency response according to the RES penetration
scenarios of the European power system in 2050 and calculated the additional inertia
requirement to maintain the frequency stability through a quantitative analysis. In [11], a
study was conducted to apply the rate of change of frequency (RoCoF) constraint to the
dispatch scenario according to the European Network of Transmission System Operators
for Electricity (ENTSO-E) visions and to analyze the inertia that must be secured for each
synchronous area in Europe. In [12], an algorithm was proposed to estimate the mini-
mum inertia required to fulfil the ENTSO-E requirements for RoCoF values and assessed
minimum inertia under a relevant variety of imbalanced conditions through an extensive
frequency response and inertia analysis.

Power-system-operating organizations have also suggested a method of calculating
the minimum inertia required for a stable power system operation that operates the power
system by securing inertia accordingly. In [13], the critical inertia determination method is
proposed based on a regression curve derived from the relationship between inertia and the
time required to guarantee the activation of the responsive reserve service (RRS) through
high-set underfrequency relays (UFRs). In [14], the inertia requirements methodology is
proposed to calculate the inertia requirements for each inertia sub-network. The optimum
point is derived by considering the relationship between the inertia secured in the power-
system-operating conditions and the availability and requirement of frequency control
resources to guarantee frequency stability. However, those studies relied on complicated
iterations or massive simulations to calculate the critical inertia. Especially in the case of
national-scale simulation analyses of power systems, the critical inertia calculation may not
be possible because of limitations in database construction and the complexity of systems.

With this in mind, this paper proposes the critical inertia calculation method, which
is theoretically credited, intuitive and objective, since it is derived by using the energy
balance condition of the power system based on its frequency control criterion. In the
proposed method, the critical inertia is calculated by the amount of the kinetic energy
of the generators, of which the available inertia response is equal to the expected energy
imbalance due to the contingency, which is a marginal condition for meeting the frequency
control criterion. Therefore, the novelty of the proposed method lies in the fact that it
directly calculates critical inertia using the operating criterion and typical characteristics of
the power system without complicated simulations. For this, the energy balance condition
is derived in the inertia response time frame based on the frequency control criterion,
and the minimum amount of inertia that should be kept in the synchronous generators is
calculated from the energy balance condition for meeting the criterion. In addition, the
effectiveness of the proposed method is verified through various case studies employing a
Korean power system.

The remainder of this paper is organized as follows: In Section 2, the inertia response
in power system frequency control and critical inertia is analyzed. Section 3 proposes
the critical inertia calculation method using the energy balance condition of a power
system. In Section 4, a case study is conducted and feasibility is verified by applying the
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proposed critical inertia calculation method to a Korean power system. Finally, this paper
is concluded in Section 5.

2. Critical Inertia in Power System Frequency Control
2.1. Inertia Response in Power System Frequency Control

Since the top priority of the power system operation is a stable power supply, the
power system operator must ensure that the frequency, which is an indicator of the balance
of power supply and demand, is maintained within the rated range. In order to achieve
this, the operating reserve is secured and utilized for real-time system operation in stages,
so that a stable power supply can be achieved even in the event of the loss of generation
(LoG). After the disturbance, the primary frequency control is performed following the
governor characteristics of individual generators to prevent a frequency drop and to restore
the frequency to a quasi-steady state frequency. Then, the secondary and tertiary reserves
operate in sequence to restore the frequency to a steady state and complete the frequency
control, as shown in Figure 1 [15,16].
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Figure 1. The sequential actions of inertia response, primary, secondary and tertiary frequency controls.

The inertial response suppresses frequency fluctuations in the early stages of a distur-
bance, in which the frequency decreases before the primary frequency control is normally
activated. This action is caused by the released kinetic energy stored in the rotating mass
of a synchronous generator through the power generation principle, and it is an inher-
ent characteristic that is secured without additional control methods in a power system
centered on a synchronous generator. The inertial response contributes to the frequency
control during the time it takes for the fastest frequency control of the power system to be
activated normally.

In a power system based on a synchronous generator with sufficient inertial energy,
the system inertia effectively suppresses the sudden frequency drop until the frequency
control is activated normally once again after a disturbance. However, the inertial response
performance is expected to be significantly degraded, because the RES’s penetration in
the power system increases extensively [17]. In a RES-based power system, the inherent
inertia support is insufficient, and the frequency rapidly drops before the frequency control
can be normally activated. In the end, even if a sufficient operating reserve is secured, the
performance criterion of frequency stability can be violated due to the shortage of inertia.
Therefore, in order to maintain frequency stability in future power systems centered on
renewable energy, a sufficient inertial response must also be secured along with existing
frequency control resources.
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2.2. Definition and Importance of Critical Inertia

In the early stages of a disturbance, the instantaneous power imbalance is compensated
for by an inertial response which is the power automatically extracted from the energy
stored in the rotating mass of a synchronous generator [18]. As a result of the inertial
response, the rotating masses of generators lose their speed; that is, the frequency of the
power system decreases. The primary frequency control is triggered by the frequency
deviation from the automatic governor response proportional to the frequency deviation
with a speed droop characteristic. As time goes by, the proportion of the inertial response in
the total response decreases. In this process, when a disturbance occurs, the inertial response
is displaced by the primary frequency control. However, there is a delay between the
frequency drop and the governor’s response due to the large time constant of the governor’s
mechanical action. Therefore, the lower the inertia system, the more the frequency drops
until the primary frequency control can be normally activated; thus, there is a possibility
of violating the criterion of the frequency stability of the power system even though a
sufficient primary reserve was secured. In this regard, in order to secure frequency stability,
it is necessary to manage the inertia of the power system, as well as the operating reserve
for frequency control. In terms of maintaining the frequency within an allowable range, a
complementary relationship needs exists between the amount of inertia and the operating
reserve [17,19]. The less inertia is secured, the more operating reserve is required to keep
the frequency above the stability threshold and vice versa. However, the operating reserve
is secured regardless of the inertia, since its purpose is to ensure the reliability of the
power supply and demand. Thus, the critical inertia is defined as the minimum inertia
that ensures frequency stability with the predetermined amount of the operating reserve.
Figure 2 shows the inertia-dependent operating reserve requirement and the condition of
critical inertia.

A Line 1: Frequency stability requirement
Line 2: Minimum reserve requirement
Reserve @ Frequency stability secured region
requirement Reserve requirement secured region

@

>

Critical inertia Inertia

Figure 2. Inertia-dependent frequency response requirement and condition of critical inertia.

Line one indicates the minimum required amount of reserve required to satisfy the
frequency control performance criterion with a given inertia level, and in its upper region,
the frequency is managed within the allowable range even in the case of a disturbance.
Line two is the minimum reserve requirement, which is the power the system operator
must secure. Therefore, the critical inertia is determined based on the frequency response
performance at the intersection of lines one and two, where the frequency stability is
secured with the minimum reserve requirement.

However, it is difficult to mathematically quantify the effect of a power system’s inertia
on frequency nadir in large-scale systems. In existing studies, the minimum inertia level
that satisfies the frequency control performance criterion was derived through repeated
simulations while changing the inertia conditions of the power systems. This paper presents
a method to calculate critical inertia without repeated simulations using the relationship
between the inertial response energy and frequency control performance criterion in the
credible contingency condition.
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3. Proposed Critical Inertia Calculation Method
3.1. Reinterpretation of Critical Inertia Using Energy Balance Condition of Power Systems

The frequency dynamics of a power system are represented by Equation (1), known as
the swing equation [20].
dw

ZHE =P, (1)

where H is the inertia constant, w is the rotational speed of the generator and P; is the accel-
eration power or the imbalanced power of the power system. After the disturbance occurs,
the imbalanced power accumulates over time, and can be reformulated by integrating both
sides of Equation (1) as follows:

t

Elt) ~ Exlto) = [ Palt) at @)
to

AEg = Ejmp. 3)

where Ej,;; is the imbalanced energy caused by the disturbance in the power system
and AEy is the amount of change in the kinetic energy of the synchronous generators to
compensate for the imbalanced energy in the power system. That is, in the event of a LoG,
the energy stored in the rotating mass of the generator is released to equal the imbalanced
energy in the power system.

If the available kinetic energy is larger than the maximum imbalanced energy in the
power system, the imbalanced energy can be compensated for within the kinetic energy
stored in the generators. In this regard, the stable condition of a power system can be
represented as Equation (4).

Esvait 1R = Eimp,max (4)

where E ;1R is the available energy as the inertial response and Ej;,p, pm4x is the maximum
imbalanced energy in the power system. The critical inertia of the power system can be
determined under the energy balance condition, in which the available kinetic energy is
equal to the maximum imbalanced energy of the power system. However, the amount
of the kinetic energy of generators is finite, following the number of infeed generators
and their operating conditions. It is available only within a restricted range according
to the power system’s operating regulations. In compliance with operating regulations,
the frequency control performance criterion can be met when the available inertia re-
sponse is larger than the maximum energy imbalance caused by the contingency, as shown
in Figure 3.

Eqvait ik limit by frequency

stability criterion

Elmb.\'rl,‘(
Eavaitir R
E imb Max Eavaitir : # Eqvaitir
F :

+Eimb max- =

Sufficient inertia
= Critical inertia
~— Insufficient inertia
=== Frequency stability criterion

Stored kinetic energy

Sufficient Critical Insufficient

Level of inertia

@) (b)

Figure 3. Critical inertia determination by (a) frequency control performance and (b) energy bal-
ance condition.

Under the condition that the same E;,;;,_ occurs in the power system, the critical inertia
by frequency control performance is determined with the condition that the frequency
nadir is equal to the frequency stability criterion, as shown in Figure 3a. Converting the
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preceding conditions into energy relationships is expressed in Figure 3b. E,;,; g is limited
by the frequency stability criterion, and critical inertia can be calculated when the energy
balance condition is achieved in Equation (4).

3.2. Kinetic Energy Availability under the Critical Condition of Frequency Stability

The available kinetic energy of generators to compensate for the imbalanced energy
can be limited by an allowable frequency range specified in the power system’s operation
regulations. Since the inertial response is provided by the rotating mass reducing its own
rotational speed, the amount of available energy to provide an inertial response is limited
according to the frequency control performance criterion of the power system.

The kinetic energy of rotating mass is proportional to the square of the rotational speed
according to the definition of the rotational kinetic energy, shown as Equation (5).

1
=5 Jw? 5)

The energy released as the inertial response due to the change in the power system
frequency can be derived as Equation (6).

f2
Eir = E 1— = 6
IR kO( f§> (6)

where E|r is the released energy as the inertial response, Ey is the kinetic energy of the
generator in the steady state, fj is the nominal frequency and f is the system frequency.
If the rotational speed of the generator is limited by the frequency control performance
criterion of the power system, the maximum available energy in the total kinetic energy
stored in the generator is determined using Equation (7).

f2
Egvait, iR, Max = Exo (1 — t;’(235~ -
0

where E;y4i 1R Max i the maximum available kinetic energy of the generators as the
inertial response and f,eres. is the allowable system frequency threshold determined by the
frequency control performance criterion. The relationship between the secured amount of
kinetic energy and the available capacity is determined by the frequency stability criterion,
and it is derived as the kinetic energy availability (kcj) in Equation (8).

2
kcr = <1 - ft?f) (8)
0

3.3. Imbalanced Energy Calculation

In the event of a sudden LoG, the balance of the power supply and demand becomes
disrupted. In the case of a LoG, the power system has a frequency control system in
preparation for the credible contingency to guarantee the reliability of the power supply.
In addition, the power imbalance can be partially mitigated on the power demand side
as well. The loads in the power system can passively provide a response that alleviates
the power imbalance according to its own characteristics [21]. Therefore, the imbalanced
power consists of three main components, as shown in Equation (9).

Piuy = Prog — APjoaq + Pper )

where P} ¢ is the amount of LoG, APy, is the response of the loads that passively react
to the LoG and Pprp is the power raised by the primary frequency reserve that provides
the fastest response service in the operating reserve. Also, although the influence of the
LoG may lead to changes in the active power loss, the impact of the change in the active
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power loss is assumed to be negligible, since the amount of the LoG considering the N — 1
contingency is quite small compared to the scale of the national power system.

The load of the power system has the effect of temporarily reducing the size of the
contingency in response to disturbances. The dynamic characteristics of the load in the
power system are represented as voltage-dependent and frequency-dependent types [22].
These load characteristics are generally distributed throughout the power system and
determined depending on the scale and industrial characteristics of the power system. The
load response should be considered in the imbalanced energy calculation, since it has a
great influence on the determination of the power balance point in the transient state as the
scale of the power system increases.

Pprr is determined by the frequency control performance of the power system. It
generally contributes to forming a new balance point of power supply and demand in the
transient state by providing the generator power control proportional to the frequency
deviation using a governor. Since the power system operator has the stipulated operating
reserve for the frequency control, it is modeled as the primary reserve that responds in the
credible contingency according to the operating reserve’s performance regulations.

Since the credible contingency in power systems is generally predetermined, it can be
seen that the response of the three elements of power imbalance can also be determined
according to the frequency control performance criterion of the operating reserve’s perfor-
mance regulations. Therefore, it is possible to model the imbalanced power by using the
operating regulations of the power system.

The energy imbalance of the power system is the cumulative amount of imbalanced
power over time in a credible contingency. The imbalanced power is resolved in consid-
eration of the primary frequency control and the load response. Due to these responses,
the imbalanced power decreases and the energy imbalance becomes the maximum at t,,,4;;,
where the imbalanced power (P;,;) first becomes zero after the LoG. This imbalanced
energy, calculated using Equation (10), should be compensated for with the kinetic energy
stored in the generator.

Enadir

Eimp,max = / Proc — APjgeq + Pprrdt (10)

fo

3.4. Calculation of Critical Inertia Using the Energy Balance Condition of the Power System

According to the condition of Equation (4), the maximum available kinetic energy of
the generator must be larger than the energy in order for the power system to satisfy the
frequency control performance criterion of the power system. Then, Equation (4) can be
reformulated as Equation (11), the kinetic energy requirement in the steady state by the
stable condition of the power system from the viewpoint of energy balance.

1
Ex > o X Eimp (11)
cI

According to the definition of critical inertia, the minimum Ej in Equation (11) is the
critical inertia and its condition is represented as Equation (12).

1
Ecritial = ker X Ejmp. (12)

where Ec,jicqr is the critical inertia of the power system. However, this critical inertia is
calculated based on the generators remaining in the power system after the contingency.
Since the operation and monitoring of the power system is based on conditions before the
contingency, the minimum inertia for operation Egp, min. 0f the power system includes the
inertia of the tripped generator.

EOpr.Min. = Ecyitial + Etrip (13)
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In order to calculate the critical inertia using the proposed method, formal information,
such as the frequency control performance criterion, the amount of LoG, primary frequency
reserve performance and load characteristics, is required and is generally specified in the
operating regulations of the power system. The proposed critical inertia calculation method
was summarized as a flowchart, as shown in Figure 4.

C StIl't >

Input power system
operational regulations

Contingency determination

¥

1

¥

Calculation of maximum kinetic
energy availability by frequency
control performance criterion

Modeling of PFR
in compliance with operational
reserve performance regulation

Modeling ofload relief in
frequency control performance
criterion threshold condition

| [ |
v

Imbalance power calculation
Pimp. = Prog + APjoaa — Pprr
Energy availability coefficient Imbalance energy calculation

2 thadir

ke = (1 - f"‘%) Ejimp, = f Pimp, dt
fa to

[ |
1

Critical inertia calculation

1
Ecritiat = *or X Eimp,

!

Minimum inertia for operation calculation
Eoprmin = Ecriticat + Exerip

i

Cw

Figure 4. Flowchart of the proposed critical inertia calculation method.

4. Case Study

In the case study, the critical inertia was calculated by applying the proposed method
to the Korean power system, and the effectiveness of the critical inertia calculation method
was verified through a frequency response performance evaluation.

First, the operating regulations for the frequency control performance of the Korean
power system were as follows: The frequency control performance criterion of the Korean
power system was stipulated in the power system reliability and electricity quality control
performance criterion announced by the Ministry of Trade, Industry and Energy (MOTIE).
The frequency should be maintained within the specified range in a given system state, as
shown in Table 1 [23].

Table 1. Frequency control performance criteria of the Korean power system.

Power System State Frequency Control Performance Criteria

Steady state (60 + 0.2) Hz
Maintained at least 59.7 Hz
Restored to 59.8 Hz within 1 min
Maintained at least 59.2 Hz
Restored to 59.5 Hz within 1 min
Restored to 59.8 Hz within 10 min

Loss of the largest generator

Simultaneous loss of the two generators or
SPS activation
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In order to comply with the frequency control performance criterion in Table 1, the
Korea power exchange (KPX), the power system and market operator of Korea, secures the
operating reserve for frequency control when operating the power system [24].

4.1. Critical Inertia Calculation Using the Proposed Method

The critical inertia was calculated under the condition of the N — 1 contingency
because the amount of primary reserve is designed against the N — 1 contingency in
Korean power systems.

4.1.1. Calculation of Maximum Availability of Kinetic Energy

The amount of kinetic energy released by the frequency drop was expressed by Equa-
tion (8). Table 2 shows the maximum availability of kinetic energy for each system state by
applying the frequency control performance threshold for each system state corresponding
to the frequency control performance criterion to Equation (8). In the N — 1 contingency
condition, the maximum available amount of kinetic energy was only 1% of the total energy
stored in the rotating mass of generators before the contingency. Since frequency is an
indicator of the balance of the power supply and demand, the performance criterion of
frequency is inevitably very conservative, so only a very small amount of energy is available
compared to the total energy stored.

Table 2. Maximum kinetic energy availability in the Korean power system.

Frequency Control Nominal

Power System State Performance Threshold Frequency kOCI
(%)
(Hz) (Hz)
Steady state 59.8 60 0.67
Loss of the largest generator 59.7 60 1.00
Simultaneous loss of the two
59.2 60 2.65

generators or SPS activation

4.1.2. Imbalanced Energy in Power System Caused by LoG

The imbalanced energy in the power system was calculated by modeling each element
constituting the imbalance power under the N—1 contingency condition. The components
of the imbalanced power should consider the extent of the generator trip, load relief and
frequency control performance, which contribute to the formation of the frequency nadir.

The amount of credible contingency was the largest single generation loss in the power
system, so it was determined as a constant. Since the performance of the operating reserve
and load relief included non-linear characteristics, it was possible to calculate the critical
inertia by sufficiently considering the characteristics of the power system by using the
historical data of the power system. However, since there were difficulties in the securing
data, in this study, the critical inertia was calculated by modeling each response based on
a planning database of the Korean power system based on Power System Simulator for
Engineering (PSS/E 33.12.2).

The load relief component considers both the voltage- and frequency-dependent
characteristics. The voltage-dependent characteristic was modeled as a ZIP load, and
the ratio of each component was suggested in the Korean Electricity Market Rule [24].
The frequency-dependent component of the load was modeled using the LDFRAL model,
the load frequency model provided by the PSS/E library, and its characteristic constants
were applied as 1.6611, as suggested by KPX. Considering these load characteristics, the
net disturbance for the power system at the threshold level of frequency stability was
derived as shown in Figure 5a. Although a 1520 MW generator trip occurred, in the
transient state of the disturbance, the amount of the net active power requirement for the
in-feed generators of the power system was reduced by the load relief due to voltage and
frequency fluctuations.
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Figure 5. Imbalanced energy calculation: (a) net electrical power requirement considering the load
relief effect in critical condition; (b) governor response in critical condition; (c¢) imbalanced power
and energy under N — 1 contingency condition.

Next, the primary reserve performance modeling was performed according to the
operating reserve performance criterion. The primary reserve of 1000 MW was secured by
the governor response of the synchronous generator fed to the power system in compliance
with the primary reserve security regulations of the Korean power system. In this condition,
the governor response was derived from the frequency stability threshold condition, as
shown in Figure 5b.

Finally, the imbalanced energy was calculated by synthesizing the previous modeling
results. Figure 5¢c shows the imbalance power and the accumulated imbalanced energy by
using the components of the imbalance power modeled through the preceding series of
processes. The power imbalance was represented by the sum of the amount of LoG, the load
response and the primary frequency response. This power imbalance accumulated over
time and became an energy imbalance. At the point when the power imbalance became
zero, the maximum value of the imbalanced energy 3.156 GWs was derived.

4.1.3. Critical Inertia Calculation

In the case of an N — 1 contingency in the Korean power system, the maximum
value of imbalanced energy in the power system was derived as 3.156 GWs. In order to
compensate for this imbalanced energy by considering 1% of the kinetic energy availability,
according to Table 2, energy corresponding to 100 times the imbalanced energy must be
held in the steady state, so the critical inertia was derived as 315.66 GWs. However, since
this critical inertia was calculated based on the generators remaining in the power system
after the N-1 contingency, the minimum inertia of operation was 323.88 GWs, including the
tripped generator. The results of the critical inertia calculation are summarized in Table 3.
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Table 3. Results of critical inertia calculation.

Indices Values
ker 0.01
tnadir 8.90s
Eimb.,max 3.156 GWs
Ex critical 315.66 GWs
Ek,Opr.Min. 323.88 GWs

4.2. Verification of Proposed Method

The effectiveness of the proposed method was verified through a frequency response
performance evaluation based on the dynamic simulation of the Korean power system
using Power System Simulator for Engineering (PSS/E). Since the RESs’ penetration in
power systems is expected to increase for reducing greenhouse gas emissions, the thermal
power generators would be replaced with RESs without inertia in this scenario to simulate
the critical inertia condition. Figure 6 and Table 4 show the frequency response performance
in the critical inertia condition derived using the proposed method.
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Figure 6. Frequency response performance in critical inertia condition of: (a) load level: 60%; (b) load
level: 80%; (c) load level: 100%.

Table 4. Frequency response performance by power system load levels.

Load Level Inertia (GWs) Nadir Frequency (Hz)
60% 316.94 59.732
80% 316.95 59.741
100% 316.47 59.705

The frequency response performance evaluation was performed under different load
level conditions. All of them met the frequency control performance criterion within a
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41 mHz frequency deviation. It was confirmed that the critical inertia calculated based
on the operation regulations of the power system and the performance regulations of the
operating reserve could guarantee a frequency response performance above the frequency
performance criterion, and it can be expected to be applied as a standard for maintaining
inertia when operating power systems. Thus, the effectiveness of the proposed critical
inertia calculation method was verified.

5. Conclusions

This paper proposed a critical inertia calculation method using the energy balance
condition of a power system. Intuitive requirements for critical inertia were derived by
reinterpreting the power system frequency stability limit condition as an energy balance
condition. The imbalanced energy that could appear in the frequency stability limit con-
dition was calculated by modeling the dominant components of the imbalance power of
the power system according to the power system operation regulations, and a method of
deriving critical inertia, which is the minimum amount of energy stored in the rotating
mass of generators that can compensate for imbalanced energy, was proposed from the
energy balance relationship.

The effectiveness of the proposed method was verified by calculating the critical
inertia for a Korean power system. In the condition of the N-1 contingency in a Korean
power system, the availability of kinetic energy of generators was derived as only 1% of
the total kinetic energy stored in generators. Imbalanced energy was calculated under the
same conditions through imbalanced power modeling considering the power system’s
operational regulations. In the energy balance condition, the critical inertia was calculated
as 323.88 GWs. In addition, it was confirmed that the critical inertia calculated by the
proposed method could guarantee the frequency stability of the power system even at
different load levels. Therefore, the critical inertia calculated by the proposed method could
be used as a representative value of the critical inertia under various operating conditions
of power systems, and the effectiveness of the proposed method was verified.

Furthermore, the critical inertia calculation method proposed in this paper provided
a link between the operational regulations of power systems and the criterion securing
minimum inertia by using the criteria of the frequency control and operating reserve
performance as the criterion for calculating the critical inertia. In addition, it is expected
that the proposed method considers additional frequency control resources in future power
systems, such as governor responses in the imbalanced energy calculation. Thus, the
proposed method could help to calculate the critical inertia without complicated iterative
simulations under various system-operating conditions.

In this work, we proposed a critical inertia calculation method based on the operating
criterion of the power system. In future works, we plan to apply the critical inertia calcula-
tion method proposed in this paper to various power system conditions by considering the
additional trip of RESs through a frequency relay and various frequency response resources,
such as energy storage systems or a demand response.
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