
energies

Article

Single-Machine Frequency Model and Parameter Identification
for Inertial Constraints in Unit Commitment

Sung-Eun Kim and Yeong-Han Chun *

����������
�������

Citation: Kim, S.-E.; Chun, Y.-H.

Single-Machine Frequency Model

and Parameter Identification for

Inertial Constraints in Unit

Commitment. Energies 2021, 14, 5961.

https://doi.org/10.3390/en14185961

Academic Editors: Seon-Ju Ahn and

Hyun-Koo Kang

Received: 30 July 2021

Accepted: 15 September 2021

Published: 20 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Electronic and Electrical Engineering, Hongik University, Seoul 04066, Korea; lwvwl@naver.com
* Correspondence: yhchun@hongik.ac.kr; Tel.: +82-2-320-1621

Abstract: In recent years, the need for generation mixes that consider the inertial constraints in
unit commitment (UC) has increased because the inertia of these systems has decreased with the
increased use of renewable energy. In these circumstances, single-machine models can calculate
the minimum frequency and rate of change of frequency (RoCoF) at a high speed in terms of the
characteristics of the changes in the generation mix, in order to identify the generation mixes that can
satisfy inertial constraints. This study proposed methods to determine the parameters of the reduced
frequency response (RFR) model, which is a single-machine model that considers the nonlinearity
caused by restrictions on the generator’s output power, in order to apply inertial constraints to UC.
The RFR models can include various forms of governor models and consider the nonlinear response
characteristics of restrictions on the generator’s output power that change according to the scales of
contingencies, system inertia, and changes in load characteristics through these parameters. From the
simulations of real systems, it was observed that the parameters determined through the proposed
methods achieved considerable accuracy in calculating the minimum frequency and RoCoF with the
RFR model.

Keywords: isolated system; minimum frequency; parameter identification; rate of change of fre-
quency; single-machine model; system frequency response model; turbine-governor model

1. Introduction

In recent years, there has been an increase in the generation of renewable energy
that is asynchronously connected to electric power systems. Normally, asynchronous
generation sources cannot provide inertia and a primary frequency response (PFR) to a
system. The inertia and PFR capacities of a power system decrease when asynchronous
generation sources replace flexible generation sources that were previously connected
synchronously [1–8].

In electric power systems, the inertia determines the ratio of changes in frequency
that is caused by an imbalance in the supply and demand of electricity [9,10]. Power
systems with a small inertia exhibit a high frequency change rate for the same supply and
demand imbalance. When there is an imbalance between the power supply and demand,
the PFRs of an electric power system suppress the frequency changes and help to restore
the changed frequency back to the quasi-steady state frequency. Therefore, a decrease in
the inertia and PFR capacity of electric power systems leads to an increase in the rate of
change of frequency (RoCoF) and a subsequent rise in the maximum frequency or drop
in the minimum frequency [1,2,11]. The possibilities of RoCoF and the frequency, which
undermine the stability of an electric power system, should be noted beforehand, in order
to secure operational stability.

The number of cases that require proactive reviews is increasing significantly ever
since the use of renewable energy was regularized. This is mainly due to lowered net
loads and diverse generation mixes that have resulted from the increase in renewable
energy generation. In power systems with small inertia and limited PFR capacities, as in an
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isolated power system, it is necessary to secure additional inertia and primary frequency
reserves through existing synchronous generators when there is a possibility of a lack of
inertia. For this purpose, a unit commitment (UC) must be conducted according to the
inertial constraints of the system. In the UC, inertial constraints can include the minimum
kinetic energy of the system, minimum available synchronous capacity, and the maximum
level of the nonsynchronous penetration of the system [12]; these constraints are ultimately
the limits of RoCoF and minimum frequency concerning the contingency [3,6,13]. To
implement an optimal generation mix that considers inertial constraints in the UC, the
RoCoF and minimum frequency for different generation mixes that appear during the UC
must be examined.

There are two major methods for analyzing the system frequency: using a dynamic
simulation and solving a differential equation or Laplace algebraic equation. With the
dynamic simulation, it is possible to precisely model the components of a power system,
such as generators and loads, but in this method, numerous data types need to be entered
and the frequency analysis tends to be slow. The method used to solve the equations is
referred to as the equivalent-model method because it involves the interpretation of the
equivalent model of the power system and its components. The calculations in this method
are fast because the frequency can be expressed in numerical terms.

Two equivalent models have been proposed for solving the equations: the average
system frequency (ASF) [14] and system frequency response (SFR) models [15]. The ASF
model is a multimachine system, wherein the closed-loop system is converted to an open-
loop system by replacing the feedback of the frequency deviation that is entered into the
governor with an external input signal. Based on the research for open-loop equivalent
models such as the ASF, the following models have been studied: the model wherein the
generators in the simple first-order system are applied [16,17], the model that considers
the nonlinearity of the generator to enhance the prediction accuracy of the minimum
frequency [17,18], and the model for hydropower systems [19]. In [3], an open-loop-type
equivalent model was applied to the UC as a constraint.

The SFR model is a single-machine model wherein all generators are reduced to
a single reheat steam turbine. Most studies associated with the SFR model are mainly
related to the under-frequency load shedding (UFLS) scheme [20–22]. In addition, some
studies were conducted that expanded the SFR model to reflect the heat status of the
boiler [4,5], applied the multimachine SFR (MM-SFR) model for the UFLS schemes [23],
or implemented the SFR model to calculate the minimum frequency as a constraint in
the UC [6].

In [3,6], the minimum frequency was calculated with a multimachine-type model in
the UC. It was observed that the multimachine model is more beneficial in calculating the
minimum frequency that reflects the changes in the generation mix in the UC. However,
the need for a single-machine model, which involves fewer calculations and can easily
calculate the minimum frequency, is increasing owing to the increasing constraints that are
to be considered in the UC, mainly due to the proliferating adoption of renewable energy.

It is important to determine the specified parameters to ensure that multiple generators
are precisely represented in the single-machine model. The aggregated SFR (ASFR) model
integrates the MM-SFR model into a single-machine model, wherein the methods for
calculating the parameters of a single machine in the MM-SFR model have been studied [24].
This model was also used to calculate the minimum frequency, which is a constraint in
the UC [25]. Similar to the SFR model, the ASFR is a single machine model, and it uses
the reheat steam turbine model. Thus, it is difficult to integrate a system that involves
numerous generators with different governor models [16,19]. Although the probability
for low inertia systems that represent the nonlinear characteristics of the generator’s PFR
increases with the frequency changes, the ASFR models cannot consider the nonlinearity
of turbine-governors [24]. Additionally, the method for determining the parameters of
a single machine model using a heuristic algorithm has been studied [26]. This method
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is suitable for small systems with a constant generation mix, but additional research is
required to apply it to a large system in which the generation mix changes.

This paper presents a method for determining the parameters of a single-machine
model that considers the nonlinearity resulting from the restrictions on the generator output,
for the inertial constraints in the UC. The proposed single-machine model is a reduced
frequency response (RFR) model that uses a simple first-order type turbine-governor model
to integrate the governor models of gas and hydropower generators. Furthermore, this
paper presents methods to calculate the minimum frequency and RoCoF for the RFR model.
The proposed methods are especially useful for calculating the minimum frequency and
RoCoF when the use of renewable energy increases.

The rest of this paper is organized as follows: In Section 2, the characteristics of the
existing and suggested single-machine models are explained. In Section 3, the methods
for calculating the minimum frequency and RoCoF using the suggested single-machine
model are presented. In Section 4, the methods for calculating the parameters of the
single-machine model based on the nonlinear characteristics caused by restrictions on the
generator’s power output are proposed. In Section 5, the accuracy of the method for the
isolated power systems in Korea, is verified. Finally, Section 6 summarizes the results of
this study.

2. Reduced Frequency Response (RFR) Model

Figure 1 illustrates the RFR model, which is the single-machine model proposed
in this study. This model is based on a previously mentioned one wherein the turbine-
governor model is replaced with a general, simple first-order system in the low-order ASFR
model, [16,26] showing that an equivalent model of diesel and gas turbine models with
complex structures can be constructed with the turbine-governor model that is identical to
the RFR model. The RFR model can integrate generators with various forms of governor
models into a single machine.
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Figure 1. Reduced frequency response (RFR) model.

The parameters of the RFR model are determined by considering the nonlinearity due
to the restrictions on the generator power output. The nonlinearity varies depending on the
system inertia, contingency, and the load change characteristics with respect to frequency
changes. This study determines whether nonlinearity occurs for each generator by consid-
ering the aforementioned factors and proposes methods to determine the parameters of
the RFR model. Furthermore, this study suggests methods for determining time constants
so that the minimum frequency that is calculated based on the RFR model is the same as
the one that is calculated by the system model that is based on a precise turbine-governor
model. Section 4 presents the details of the methods used.

Because the low-order ASFR model is different from the turbine-governor model
in the RFR model, the minimum frequency and RoCoF are represented by different
analytical expressions.

The input ∆Pcon of the RFR model is a disturbance that occurs suddenly in a system.
For reviewing inertial constraints, the disturbances refer to the instantaneous changes in
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electrical power generation or electrical loads due to contingency. The ∆Pcon of the RFR
model is expressed using a step function, as shown in Equation (1).

∆Pcon(t) = Pconu(t) (1)

The sign of Equation (1) is determined such that ∆Pcon becomes less than 0 (Pcon < 0)
in the case of instantaneous generator outage. Pcon is the value per unit of the system base
Sbase. Equation (2) is the Laplace domain representation of Equation (1).

∆Pcon(s) =
Pcon

s
(2)

The frequency deviation ∆ω(s) with Equation (2) as its input, as shown in Figure 1,
can be expressed as follows:

∆ω(s) =
Pcon

D + kgeq

(
1
z s + 1

)
ω2

n

s(s2 + 2ζωns + ω2
n)

(3)

where

ωn =

√
D + kgeq

2HeqTred

ζ =
2Heq + DTred

2
√

2HeqTred
(

D + kgeq
)

z =
1

Tred

The forms of responses in Equation (3) vary according to the form of poles (the position
of a pole on the s-plane) [27]. If the pole consists of two complex numbers in the form of
−σ± jω, the RFR model has an under-damped response. As a result, oscillation occurs at
a frequency based on the RFR model. The frequency of the RFR model differs from the one
that is calculated by analyzing the detailed system model with the precise turbine-governor
model through dynamic simulation. Figure 2 presents the frequency calculated based on
the detailed system model and the RFR model. The frequency calculated by the detailed
system model is very similar to that of the real system. Therefore, the difference between
the frequencies calculated by the two models in Figure 2 can be regarded as the difference
between the frequencies calculated by the real system and the RFR model.
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Figure 2. Comparison between frequencies calculated based on detailed system model and
RFR model.

The RFR model calculates the minimum frequency and RoCoF for the inertial con-
straints in the UC. To calculate these values, the valid frequency observed from the con-
tingency outbreak to the lowest point of the first overshoot is used. The RFR model is
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valid within the dotted box shown in Figure 2, but the oscillation after the first overshoot,
which is shown outside the dotted box, has no impact on the calculation of the minimum
frequency and RoCoF.

3. Minimum Frequency and RoCoF Based on RFR Model

Because the form of the turbine-governor model of the RFR model was different from
that of the ASFR model, the methods for calculating the minimum frequency and RoCoF
were derived considering this difference in the form of the turbine-governor model of both
the RFR model and the ASFR model.

If the frequency deviation ∆ω(t) can be determined using the RFR model, the mini-
mum frequency and RoCoF can be calculated. The minimum frequency fmin is a per-unit
value, which can be calculated as shown in Equation (4).

fmin = f0(1 + ∆ω(tmin)) (4)

The time taken to reach the minimum frequency tmin is the first value when the slope
of ∆ω(t) becomes zero.

f0
d∆ω(t)

dt

∣∣∣∣
t→tmin

= 0 (5)

RoCoF can be defined as the instantaneous rate of change or the average rate of change
in frequency, according to the definition. The instantaneous rate of change in frequency is
the derivative of f (t) with respect to time, and the average rate of change in frequency is
calculated as shown in Equation (6).

RoCoF =
∆ f
∆t

=
f0(∆ω(∆t)− ∆ω(0))

∆t
(6)

Here, ∆ω(t) can be determined by transforming Equation (3). The form of ∆ω(t) in
a typical second-order system is determined by the damping ratio ζ. In electric power
systems, the range of ζ is generally 0 < ζ < 1. New resources are constantly introduced
in these systems owing to an increase in renewable energy. A few examples of such
resources are the battery energy storage system (BESS), which provides the required power
to a system but has no inertia, and synchronous condensers, which provide inertia but
generate no power. The use of these resources can weaken the tendencies of the existing
system parameters. In general, when a synchronous generator is input into a system, the
system inertia Heq and the gain of the turbine-governor model kgeq increase simultaneously,
whereas when a BESS is input, both kgeq and Tred may change without a change in Heq.
When a synchronous condenser is input, only Heq may change. Owing to such changes in
parameters, ζ can be a varying value. As a result, ∆ω(t) was determined for the entire range
of ζ in this current study, which is contrasting to previous studies similar to those in [15].

3.1. Minimum Frequency and RoCoF When ζ = 0

ζ can be calculated as shown in Equation (3). The values of the parameters in
Equation (3) are Heq > 0, kgeq > 0, Tred > 0, D ≥ 0 [10]. Thus, the value of ζ is always
greater than zero, and cannot be equal to zero.

ζ =
2Heq + DTred

2
√

2HeqTred
(

D + kgeq
) > 0 (7)

3.2. Minimum Frequency and RoCoF When 0 < ζ < 1

If the range of ζ is 0 < ζ < 1, the denominator of Equation (3) has two different
complex roots. If Equation (3) is expressed in the time domain, ∆ω(t) can be expressed
as follows:

∆ω(t) =
Pcon

D + kgeq

[
1− α

(
cos(ωdt− φ)− ωn

z
sin ωdt

)]
(8)
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where

α =
e−ζωnt√

1− ζ2

ωd = ωn

√
1− ζ2

tan φ =
ζ√

1− ζ2

To calculate the minimum frequency using Equation (8), the time required to reach
the minimum frequency tmin is needed. tmin can be calculated as shown in Equation (5).
tmin is t when the derivative of ∆ω(t) becomes zero for the first time.

tmin =
π − θ

ωd
(9)

where

tan θ =
1
z ωn

√
1− ζ2

1− 1
z ωnζ

When the range of ζ is 0 < ζ < 1, the maximum frequency deviation ∆ω(tmin) is
as follows:

∆ω(tmin) =
Pcon

D + kgeq

[
1 + e

− ζ√
1−ζ2 (π−θ)

√
1− 2ζωn

z
+

ω2
n

z2

]
(10)

The minimum frequency can be calculated by substituting Equation (4) in Equation (10).
The RoCoF can be calculated by substituting ∆ω(∆t) and ∆ω(0) in Equation (6), which are
calculated using Equation (8).

3.3. Minimum Frequency and RoCoF When ζ = 1

When ζ = 1, the denominator of Equation (3) has multiple roots. When ζ = 1, ∆ω(t)
is calculated as follows:

∆ω(t) =
Pcon

D + kgeq

[
1− e−ωnt

(
1 + ωnt +

ω2
n

z
t
)]

(11)

The RFR model is a second-order system with the zero, and overshoots can occur in
the system response even when ζ = 1. The method of the minimum frequency calculation
changes depending on whether overshoot occurs in the response of the system. The time
required to reach the minimum frequency tmin is calculated as follows:

tmin =
1

ωn − z
(12)

If ωn > z, then tmin > 0, an overshoot occurs in the frequency response and ∆ω(t)
has the maximum frequency deviation ∆ω(tmin) at tmin.

∆ω(tmin) =
Pcon

D + kgeq

[
1 + e−

ωn
ωn−z

(
ωn − z

z

)]
(13)

The minimum frequency when ωn > z can be calculated using Equations (13) and (4).
By contrast, when ωn ≤ z, there are no oscillations in the frequency responses. In such
cases, the maximum frequency deviation ∆ω(tmin) is ∆ω(t) when t is infinity.

∆ω(tmin) = lim
t→∞

∆ω(t) =
Pcon

D + kgeq
(14)
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The minimum frequency can be calculated using Equations (13), (14), and (4). RoCoF
can be obtained using Equations (11) and (6).

3.4. Minimum Frequency and RoCoF When ζ > 1

When ζ > 1, the denominator in Equation (3) has two different real roots and ∆ω(t)
can be calculated as follows:

∆ω(t) =
Pcon

D + kgeq

[
1 + ea1t(b1 − c) + ea2t(b2 + c)

]
(15)

where

a1 = −ωn

(
ζ +

√
ζ2 − 1

)
a2 = −ωn

(
ζ −

√
ζ2 − 1

)

b1 =
ζ −

√
ζ2 − 1

2
√

ζ2 − 1

b2 =
−ζ −

√
ζ2 − 1

2
√

ζ2 − 1

c =
1
z

ωn

2
√

ζ2 − 1

The RFR model, which is a second-order system with a zero value, can have an
overshoot in its frequency responses even in the case of ζ > 1, as in the case of ζ = 1. The
method of the minimum frequency calculation changes depending on whether overshoot
occurs in the response of the system. In the case of ζ > 1, the time to reach the minimum
frequency tmin can be calculated as follows:

tmin =
1

2ωn
√

ζ2 − 1
ln
(

z + a1

z + a2

)
(16)

When tmin > 0, then an overshoot occurs in the frequency response. The condition
z < ωn

(
ζ −

√
ζ2 − 1

)
must be satisfied such that tmin > 0. In this case, the maximum

frequency deviation ∆ω(tmin) is calculated as follows:

∆ω(tmin) =
Pcon

D + kgeq

[
1 + ed1(b1 − c) + ed2(b2 + c)

]
(17)

where

d1 =

(
− ζ

2
√

ζ2 − 1
− 1

2

)
ln
(

z + a1

z + a2

)

d2 =

(
− ζ

2
√

ζ2 − 1
+

1
2

)
ln
(

z + a1

z + a2

)
When z < ωn

(
ζ −

√
ζ2 − 1

)
, the minimum frequency can be obtained using Equa-

tions (17) and (4). When z ≥ ωn

(
ζ −

√
ζ2 − 1

)
, the minimum frequency is reached when t

is infinity. In this case, the maximum frequency deviation ∆ω(tmin) is expressed as follows:

∆ω(tmin) =
Pcon

D + kgeq
(18)
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When ζ > 1, the minimum frequency can be calculated using Equations (17) or (18)
and Equation (4), depending on the conditions. The RoCoF can be calculated using
Equations (15) and (6).

4. Parameter Identification of RFR Model

The turbine-governor of the RFR model shows the PFR characteristics of the entire
system, and it mainly determines the accuracy of the minimum frequency and RoCoF,
which are calculated based on the RFR model.

In general, there are restrictions on the maximum and minimum power output accord-
ing to the characteristics of the equipment [17,28]. The power output is restricted such that
the sum of the power output before a contingency and the changes in the power output
after a contingency do not exceed the maximum and minimum capacity of the generator
power output, respectively. Because the generators that have reached the limits of power
output cannot generate power output exceeding their limits, the PFR characteristics of the
entire system are changed, which subsequently affect the minimum frequency and RoCoF.
In power systems with low-inertia, the number of generators that show nonlinearity due
to power output restrictions can increase because there are greater frequency changes
caused by the contingency. Therefore, the accuracy of the RFR model can be improved if
the parameters are determined by considering the nonlinearity characteristics caused by
the restrictions on the generator power output. With regard to these factors, this section
suggests methods to determine the gain of the turbine-governor model kgeq and the time
constant Tred by considering the restrictions on the generator’s power output.

The suggested methods first calculate kgeq by determining whether each generator
shows nonlinearity due to the restrictions on the power output. Because the nonlinearity
resulting from restrictions on the power output of a generator is related to the system inertia,
contingency, and characteristics of load changes in response to frequency changes, kgeq is
redetermined whenever there is a change in generation mix. By contrast, Tred is too complex
to integrate whenever the generation mix of the system changes, and it also increases the
number of calculations. Accordingly, the values that are determined beforehand are applied
to Tred to represent the system characteristics. Tred is used for calculating the minimum
frequency in the UC, and it is determined by using the Tred that is calculated in a specific
standard system situation. A system that can reflect specific situations of the system, such
as times of the maximum and minimum loads, is chosen as the specific standard system
situation. Thus, Tred is calculated to attain the same minimum frequency that is obtained
in the detailed system model applying nonlinear turbine-governor models for all specific
standard systems.

4.1. Determination of kgeq

The term kgeq represents the gain of the turbine-governor model, which can be ob-
tained from the gains of each generator that is in operation in the system.

kgeq =

Ng

∑
i
(kgi ×Mbase,i)

Sbase
(19)

The gain of each generator is generally determined by droop, and the gain of the
generator is the reciprocal of the droop. In typical turbine-governor models, such as GAST,
TGOV1, and HYGOV, which are used in electric power systems [29,30], the mechanical
damping factors of the turbine are considered [28]. These factors can affect the gain of the
turbine-governor model. However, their impact is negligible because it is smaller than the
generator gain that is determined by the droop, and its impact almost diminishes in the
process of making all the generators equivalent to one.

Here, kgeq, which is calculated using Equation (19), does not reflect nonlinearity. To
consider nonlinearity, a generator with nonlinearity must be identified by examining
all generators.
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The magnitude of changes ∆Pm,i in the output power in each generator is determined
only by the generator’s gain kgi and the steady-state frequency deviation ∆ωss, once the
frequency reaches the steady state (quasi-steady state) after an instantaneous disturbance
that is caused due to a contingency.

∆Pm,i = kgi × ∆ωss ×Mbase,i (20)

Here, ∆ωss is calculated according to the final value theorem [10,31]; ∆ωss is always
calculated as shown in Equation (21), regardless of ζ in Equation (3).

∆ωss = lim
s→0

s∆ω(s) =
Pcon

D + kgeq
(21)

The maximum generation capacity of each generator Pmax,i, minimum generation
capacity Pmin,i, and generation capacity before the contingency Pg0,i can be obtained from
the UC. In addition, if ∆Pm,i is known, the generator that operates beyond the limits of
the maximum and minimum generation power output at the steady-state frequency can
be identified. This generator exhibits nonlinearity owing to the restrictions in generator
output while satisfying the following conditions:

Pmax,i < Pg0,i + ∆Pm,i (22)

Pmin,i > Pg0,i + ∆Pm,i (23)

The output power of the generator must not exceed the specified power-output limits.
Generators that correspond to Equations (22) and (23) must be operated at Pmax,i and Pmin,i.
Therefore, a new gain kgnew

i , which ensures that the output power reaches the output limits
at the steady state frequency, was calculated for the respective generators.

kgnew
i =

Pmax,i − Pg0,i

|∆ωss|
(24)

kgnew
i =

Pg0,i − Pmin,i

|∆ωss|
(25)

If the condition in Equation (22) is satisfied, kgnew
i is calculated as shown in

Equation (24); if the condition in Equation (23) is satisfied, kgnew
i is calculated as shown

in Equation (25). The kgnew
i of a generator that does not satisfy either of these conditions

showing linear characteristics is as follows:

kgnew
i = kgi (26)

The kgeq can be obtained again by applying kgnew
i to Equation (19).

kg(n)eq =

Ng

∑
i

(
kgnew

i ×Mbase,i
)

Sbase
(27)

The kg(1)eq reflects nonlinearity due to power output restrictions shown at the steady-

state frequency. This is better than kg(0)eq , which is the first calculated value of kgeq. However,
if the value of kgeq changes, ∆Pm,i also changes according to Equations (21) and (20).
Thus, it must be reexamined whether the output restriction of each generator is satisfied.
More specifically, kg(n)eq must be calculated by continually repeating the aforementioned
procedure, as shown in Figure 3. The conditions that are required to end the repetition are
as follows: ∣∣Pmax,i −

(
Pg0,i + ∆Pm,i

)∣∣ < εmax (28)
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∣∣Pmin,i −
(

Pg0,i + ∆Pm,i
)∣∣ < εmin (29)

Energies 2021, 14, x FOR PEER REVIEW 10 of 20 
 

 

( ),
( )

gN

new

i base i
n i

eq

base

kg M

kg
S



=


 
(27) 

The 𝑘𝑔𝑒𝑞
(1)

 reflects nonlinearity due to power output restrictions shown at the steady-

state frequency. This is better than 𝑘𝑔𝑒𝑞
(0)

, which is the first calculated value of 𝑘𝑔𝑒𝑞. How-

ever, if the value of 𝑘𝑔𝑒𝑞  changes, 𝛥𝑃𝑚,𝑖 also changes according to Equations (21) and 

(20). Thus, it must be reexamined whether the output restriction of each generator is sat-

isfied. More specifically, 𝑘𝑔𝑒𝑞
(𝑛)

 must be calculated by continually repeating the aforemen-

tioned procedure, as shown in Figure 3. The conditions that are required to end the repe-

tition are as follows: 

( )max, 0, , maxi g i m iP P P − +    (28) 

( )min, 0, , mini g i m iP P P − +    (29) 

 

Figure 3. Calculation procedure of 𝑘𝑔𝑒𝑞 . 

Only some generators are operated at their maximum or minimum output power 

limits due to economic or other constraints. The nonlinearity caused by output restrictions 

is mainly reflected in these generators because most generators have already secured suf-

ficient primary frequency reserves in compliance with the market rules. Accordingly, 

𝑘𝑔𝑒𝑞  can be calculated even through a small number of repetitions. 

At steady-state frequencies, 𝛥𝑃𝑚,𝑖  is only determined by 𝑘𝑔𝑖, 𝑀𝑏𝑎𝑠𝑒,𝑖 , 𝑃𝑐𝑜𝑛 , and 𝐷 

without the need to consider various parameters of the complex turbine-governor model. 

There was a limitation in reflecting the response characteristics of generators according to 

the state of the system because 𝛥𝜔 in the form of a step function was used as the input 

[16,17] while constructing an equivalent turbine-governor model. By contrast, 𝛥𝜔𝑠𝑠 can 

reflect the nonlinear characteristics of generators depending on the system status because 

𝛥𝜔𝑠𝑠 changes according to contingency, load characteristics, or generation mix. 

As explained above, 𝑘𝑔𝑒𝑞  can be calculated based on the steady-state frequency. 

However, the minimum frequency and RoCoF generally appeared at the transient state 

frequency. The time constants and gains affect the responses of the turbine-governor 

model in the transient state. For the RFR model to consider nonlinearity according to the 

generator output restrictions, it is also important to determine a suitable 𝑇𝑟𝑒𝑑.  

  

Figure 3. Calculation procedure of kgeq.

Only some generators are operated at their maximum or minimum output power
limits due to economic or other constraints. The nonlinearity caused by output restrictions
is mainly reflected in these generators because most generators have already secured
sufficient primary frequency reserves in compliance with the market rules. Accordingly,
kgeq can be calculated even through a small number of repetitions.

At steady-state frequencies, ∆Pm,i is only determined by kgi, Mbase,i, Pcon, and D
without the need to consider various parameters of the complex turbine-governor model.
There was a limitation in reflecting the response characteristics of generators according
to the state of the system because ∆ω in the form of a step function was used as the
input [16,17] while constructing an equivalent turbine-governor model. By contrast, ∆ωss
can reflect the nonlinear characteristics of generators depending on the system status
because ∆ωss changes according to contingency, load characteristics, or generation mix.

As explained above, kgeq can be calculated based on the steady-state frequency. How-
ever, the minimum frequency and RoCoF generally appeared at the transient state fre-
quency. The time constants and gains affect the responses of the turbine-governor model in
the transient state. For the RFR model to consider nonlinearity according to the generator
output restrictions, it is also important to determine a suitable Tred.

4.2. Determination of Tred

Tred must show the PFR transient characteristics of the entire system wherein all of the
PFR characteristics shown that are exhibited by the generators at transient state frequencies
are integrated. Therefore, Tred should be determined by reflecting nonlinear characteristics
due to the power output restrictions of each generator, and it should compensate for the
modeling errors that occur in the process of integration into a simple form of a turbine-
governor model.

Previous studies have suggested several methods to determine the time constants
while simplifying a complex turbine-governor model into a simple equivalent form of the
model. In [16,17], the equivalent time constants for the individual turbine-governor model
were calculated. These time constants were estimated using the minimum squared error
technique with respect to 1% of the frequency step changes. This estimation consists of a
few errors because the real transient-state frequency does not change in a step function
form. Moreover, a separate integration method is needed to determine a single time
constant that is applicable to a single-machine model because this estimation method
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is designed to be applied to a multimachine model. The authors of [24] presented a
method for determining the time constants that can be used for a single-machine model by
integrating the generators of the MM-SFR model. This method determines the equivalent
time constants by focusing on the time constants of the generators with relatively high
rated power, and these generators are sensitive to frequency changes. However, this
method is only applicable if the turbine-governor models of all generators are expressed in
the form of a reheat steam turbine model, and it cannot consider the nonlinearity of the
generators. Additionally, a few constants that slightly affected the response of the model
while determining the time constants of the low-order ASFR model in the full-order ASFR
model were ignored. Because it was confirmed that a few errors existed in the minimum
frequency calculated based on the low-order ASFR model in this method [24], there is a
need for a new method to calculate time constants that can fix modeling errors that are
observed while simplifying the model. In [26], the authors presented a method for deriving
the parameters of a single-machine model including a time constant and a system inertia
by using the particle swarm optimization (PSO) method, which is a heuristic algorithm.
This method optimizes the parameters of a single-machine model by comparing the output
of a single-machine model with the frequency data calculated in detailed system models.
Therefore, this method is suitable for small systems with a constant generation mix, but
additional research is required to apply it to a system in which the generation mix changes.
In addition, because this method estimates the system inertia by frequency data, it is not
suitable to be applied to a model to analyze the frequency characteristics according to the
generation mix change in order to consider the inertial constraints in the UC.

In the RFR model, the minimum frequency for contingencies must be deduced in the
UC. As shown in Figure 2, Tred need not be determined to minimize the frequency errors at
all times; instead, finding Tred that minimizes frequency errors at the minimum frequency
can be used to overcome the limitations in the low-order model.

Tred varies according to the contingency, load characteristics, and generation mix of
the system. An ideal situation would be if suitable Tred could be determined whenever the
generation mix is changed. However, taking the inputs of various precise turbine-governor
models and their parameters and determining Tred with respect to the system situation and
generation mix every time is difficult and complicated. In practical applications, Tred is
based on the characteristics of the systems that exist within a specific scope. This is because
contingencies are designated in advance for reviews according to the specified rules, and
the generator groups, which are mainly operated based on economical logics, are similar to
each other. Therefore, this paper presents a method for determining Tred that represents the
characteristics of the system without having to determine Tred every time the generation
mix is changed.

The Tred that represents the characteristics of the system is determined based on the
time constant that is calculated among the standard systems. Such systems can reflect
special circumstances, such as the time points for the maximum and minimum loads. A
higher number of standard systems yields a more accurate value of Tred that represents the
system characteristics.

4.2.1. Determination of Time Constants in Standard System

The time constants must be determined such that the minimum frequency that is
calculated based on the RFR model in the standard system is the same as the one that is
calculated based on the detailed system model in the standard system. The minimum
frequency that is calculated based on the detailed system model is the result of the nonlin-
earity caused by the power output restrictions of the generator, because the detailed system
model uses a precisely modeled turbine-governor model to exhibit nonlinear characteristics.
The time constant that makes the minimum frequency of the detailed system model and
that of the RFR model identical reflects the nonlinearity and modeling errors. Moreover,
the time constant that is determined with this method helps minimize the error at the
minimum frequency.
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This paper presents a method to inversely calculate the time constants using the
minimum frequency of the detailed system in a standard system. In Section 3, the maximum
frequency deviation ∆ω(tmin) based on the range of ζ is derived. The ∆ω(tmin) has the
following relationship based on Equation (4):

∆ω(tmin) =
fmin

f0
− 1 (30)

The formula for ∆ω(tmin) represents the relationship between fmin and the variables
of the RFR model, Pcon, D, Heq, kgeq, and Tred. Therefore, if fmin, Pcon, D, Heq, and kgeq are
known, the formula for ∆ω(tmin) can be expressed as an equation for Tred.

The fmin of the standard system can be obtained through the dynamic simulation
of the detailed system model, and the fmin of an actual incident that is similar to the
contingency can be used when necessary. For Pcon and D, the values that were applied to
the dynamic simulation were used. The kgeq is determined through the method proposed
in this study, and Heq can be calculated as follows:

Heq =

Nq

∑
i
(Hi ×Mbase,i)

Sbase
(31)

The equation for Tred can be solved using a numerical analysis. Among the various
methods for numerical analysis, the one that does not use the derivative of Tred is recom-
mended (because the equation for Tred is complicated) even though it has a low convergence
speed. The minimum frequency values calculated based on the detailed system and the
RFR models are identical when a contingency occurs in the standard system, and Tred is
calculated accordingly.

The value of Tred for each standard system can be calculated using this method, and
this does not affect the calculation time and amount of the UC because the Tred for the
standard systems is calculated externally.

4.2.2. Determination of the Representative Tred

The Tred that is calculated using the suggested method is the time constant that is
suitable for each standard system. Because this method calculates Tred using the minimum
frequency of the detailed system model, it is impossible to calculate a suitable Tred value,
with respect to the system situation and generation mix every time. However, the error
in the minimum frequency that is calculated based on the RFR model can increase as the
characteristics of the system to be reviewed (such as demands, generation mix, or the scale
of contingency) are different from those of the standard system when Tred is calculated
based on the standard system regardless of such changes. Therefore, a reasonable Tred
needs to be calculated such that it collectively represents various system characteristics.

In this study, the representative Tred was calculated according to the contingency scale
and the level of inertia. Equations (10), (13), (14), (17), and (18) present the maximum
frequency deviation ∆ω(tmin) calculated based on the RFR model according to the size and
conditions of ζ. Here, ∆ω(tmin) is always directly proportional to Pcon regardless of the
size and conditions of ζ. Accordingly, if each representative Tred is determined according
to Pcon, the error in minimum frequency that is calculated based on the RFR model can be
reduced. The inertia of a system determines the extent to which the frequency changes
for a constant Pcon. It is possible to determine more reasonably if the representative Tred
is determined according to the level of system inertia. Based on the differentiation of the
representative Tred, the scale of contingency can be given as a characteristic value according
to relevant regulations, and the level of inertia is given within a specific range because
inertia varies according to the generation mix.

The average of the time constants calculated in the standard system that belong to
a specific classification is used as the representative Tred for that specific classification.
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Because the standard system reflects special situations, it is likely that the time constants
in most systems are within the range of the time constants that are calculated in the
standard system. With a higher number of standard systems, a more suitable value of the
representative Tred can be calculated.

There are a few errors in the RoCoF that is calculated according to the RFR model,
because Tred is calculated according to the minimum frequency of the standard system.
To minimize the errors in RoCoF calculation, Tred can be determined according to the
frequency at the time of calculating the RoCoF f (∆t).

5. Case Study

To verify the accuracy of the suggested methods for determining the parameters, case
studies were conducted on the single-model isolated power systems in Korea. The accuracy
of the methods for determining the parameters was verified through a performance analysis
of the calculations of minimum frequency and RoCoF of the RFR model that used the
parameters determined by the suggested method. When the same contingencies occurred,
the minimum frequency and RoCoF that were calculated using the detailed system model
and the RFR model were compared.

5.1. Explanation of Various Scenarios

Five standard system situations were selected to verify the parameter determination
methods. The case studies considered the outage contingencies of the largest 1 unit and
2 units. Because the largest units were 1400 MW nuclear units, the simulations were
performed for 1400 MW and 2800 MW generation outages in each case. The system
situations for each case were as follows:

5.1.1. Case 1

It is an actual system at the time of the lowest load on a weekday, and the load
is approximately 64,356 MW. No power is supplied through renewable energy sources.
Of the 165 generators in operation, 112 are based on the turbine-governor models. The
turbine-governor models consist of 68 IEEEG1 models [28], 18 HYGOV models [28], and
26 GAST models [28].

5.1.2. Case 2

It is an actual system at the time of a medium load on a weekday, and the load
is approximately 76,311 MW. No power is supplied through renewable energy sources.
Of the 206 generators in operation, 143 are based on the turbine-governor models. The
turbine-governor models consist of 73 IEEEG1, 25 HYGOV, and 45 GAST models.

5.1.3. Case 3

It is an actual system at the time of the maximum load on a weekday, and the load
is approximately 87,615 MW. No power is supplied through renewable energy sources.
Of the 255 generators in operation, 175 are based on the turbine-governor models. The
turbine-governor models consist of 80 IEEEG1, 26 HYGOV, and 69 GAST models.

5.1.4. Case 4

It is an estimated system at the time when there is an increased use of renewable energy,
and the generation mix is attained through a general UC that has no inertial constraints. It
is performed on a weekend with a low net load, and the load is approximately 68,061 MW.
The system inertia is small because approximately 43% of the total load is supplied through
renewable energy sources. There are no frequency stability issues even when the inertia of
the system is lowered. Of the 83 synchronous generators in operation, 65 are based on the
turbine-governor models. Forty generators have IEEEG1 models, and the remaining 25
generators have HYGOV models.
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5.1.5. Case 5

It is an estimated system at the time when there is an increased use of renewable
energy. However, unlike Case 4, an excessive drop in the minimum frequency is expected
due to the lowered inertia. The load is approximately 61,052 MW, and approximately 48%
of the total load is supplied through renewable energy sources. Of the 65 synchronous
generators in operation, 47 are based on turbine-governor models, 22 generators have
IEEEG1 models, and the remaining 25 generators have HYGOV models.

5.2. Determination of Various Parameters of RFR Model

The parameters of the RFR model were determined for all scenarios by using the
methods described in Section 4. εmax was set to 0.01 MW to determine kgeq. Tred was
calculated using the bisection method, one of the numerical analysis methods, and the
termination condition of this method was set as 10−10.

The determined parameters are shown in Table 1. The scenarios were classified
according to the scale of each contingency Pcon in each case. The system inertia Heq and
gain kgeq of the turbine-governor model were calculated using the proposed method. The
values for Pcon, Heq, and kgeq were expressed in terms of per-unit values for the system
base Sbase. The same value was assigned for the load damping constant D in all scenarios,
but it varied according to the system loads because their bases were transformed into Sbase.

Table 1. RFR Model parameters in each scenario.

Scenario
D

(pu)
Heq
(pu)

kgeq
(pu)

Tred
(s)

Tred,m
(s)−Pcon

(pu)

Case 1

0.0140

1.2871 3.6964 6.9306 3.1887

2.5238Case 2 1.5262 4.4028 8.1748 2.3662

Case 3 1.7523 5.1061 9.4665 2.0164

Case 4 1.3612 2.4408 5.2394 3.8653
4.1203

Case 5 1.2210 1.8346 2.7120 4.3752

Case 1

0.0280

1.2871 3.6173 5.7017 5.4506

4.1226Case 2 1.5262 4.3237 7.6603 4.0157

Case 3 1.7523 5.0270 9.3140 2.9016

Case 4 1.3612 2.3617 5.1125 3.9495
4.2125

Case 5 1.2210 1.7555 2.5052 4.4755
All parameters were rounded up to the fourth decimal place.

The minimum frequency fmin was calculated through a dynamic simulation of the
detailed system model according to the system situations in each scenario. The Tred that
allows the same fmin to be calculated even in the RFR model was computed. For the
representative time constants that were used to calculate the minimum frequency and
RoCoF in the RFR model, Tred,m, which is the arithmetic mean of Tred, was used according
to the size of Pcon and the level of inertia. The level of inertia was divided based on the
value of Heq, so that the systems were differentiated depending on whether renewable
energy was generated. From this value of Heq, the level of inertia was 3.

The parameters of the RFR model showed the system characteristics for each case.
The higher the number of generators in operation, the greater were the values of Heq and
kgeq. If the number of tripped generators increased, Heq decreased, and a subsequent
decrease in kgeq was observed when the number of generators that exhibited nonlinear
characteristics owing to the restrictions on their power output increased. The higher the
number of generators in operation was and the faster the response speed was, the smaller
the Tred that was calculated based on the standard systems.
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5.3. Comparison of Minimum Frequency

The minimum frequency calculated through the dynamic simulation of the detailed
system model and the minimum frequency calculated based on the RFR model for each
scenario were compared. The results of the comparison revealed that the maximum
absolute deviation was 0.0393 Hz and the maximum percent error was 0.0661%. It was
confirmed that the level of accuracy of the minimum frequency calculation through the
RFR model was very reasonable in all scenarios. The calculation results are shown in
Table 2.

Table 2. Comparison of minimum frequency in each scenario.

Scenario Simulation RFR Model Absolute
Deviation

(Hz)

Percent
Error
(%)

−Pcon
(pu)

fmin
(Hz)

fmin
(Hz)

Case 1

0.0140

59.8160 59.8295 0.0135 0.0226

Case 2 59.8591 59.8561 0.0030 0.0050

Case 3 59.8843 59.8756 0.0087 0.0145

Case 4 59.7553 59.7507 0.0046 0.0077

Case 5 59.6443 59.6494 0.0051 0.0086

Average 0.0070 0.0117

Case 1

0.0280

59.5242 59.5636 0.0393 0.0661

Case 2 59.6540 59.6511 0.0029 0.0049

Case 3 59.7363 59.7044 0.0320 0.0535

Case 4 59.4983 59.4888 0.0095 0.0159

Case 5 59.2599 59.2702 0.0103 0.0175

Average 0.0188 0.0316
Minimum frequency fmin, absolute deviations, and percent errors were rounded up to the fourth decimal place.

The accuracy of the minimum frequency calculation through the RFR model was
compared with those of the methods proposed in previous studies. The accuracies of the ex-
isting single-machine models were difficult to directly compare with that of the RFR model
due to the uncertainty of the parameter estimation method. However, some studies that
have proposed methods based on the multimachine model provided minimum frequency
data that can help determine the accuracy, as shown in Table 2 [16–18]. The accuracy
calculated using this data was compared to the accuracy of the minimum frequency calcu-
lation through the RFR model. In [16–18], the average absolute deviation of the minimum
frequency was 0.0314 Hz and the average percent error was 0.0635%. Although it is an
indirect comparison, the accuracy of the minimum frequency calculation through the RFR
model was confirmed to be sufficiently reasonable, and the calculation accuracy of the RFR
model, which is a single-machine model, was at the level of the calculation accuracy of the
multimachine models.

The calculation errors in the minimum frequency of the RFR model increased with the
difference between the Tred calculated in a standard system situation and the representative
time constant Tred,m. This study differentiated Tred,m solely based on the contingency
scale and the level of inertia. The level of inertia was simply divided into two intervals
with respect to Heq = 3 in the case studies; a more accurate minimum frequency will
be obtained if the level of inertia is subdivided after acquiring more standard systems.
Similarly, if Tred,m is differentiated according to the load level of a system or the proportion
of renewable energy, the accuracy of the RFR model can be enhanced. The suggested
method for determining representative time constants can be potentially expanded to
enhance the accuracy of the system by adding some criteria for differentiating Tred,m that
suit the characteristics of the systems in the areas under investigation.
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5.4. Comparison of RoCoF

The RoCoF that was calculated through the dynamic simulation of the detailed system
model was compared to the one that was calculated based on the RFR model for all
scenarios. The comparison result showed that the maximum absolute deviation of the
average RoCoF based on 0.5 s was 0.0014 Hz/s, and the maximum percent error was
0.8846%. The maximum absolute deviation of the average RoCoF based on 1.0 s was
0.0072 Hz/s, and the maximum percent error was 4.9093%. It was confirmed that the
accuracy of the RoCoF that was calculated based on the RFR model was sufficient for
practical applications in all scenarios because the scale of the deviation was small. The
calculation results of the average RoCoF based on 0.5 s are shown in Table 3, and the
calculation results of the average RoCoF based on 1.0 s are shown in Table 4.

Table 3. Comparison of average RoCoF in each scenario based on 0.5 s.

Scenario Simulation RFR Model Absolute
Deviation

(Hz)

Percent
Error
(%)

−Pcon
(pu)

RoCoF0.5
(Hz/s)

RoCoF0.5
(Hz/s)

Case 1

0.0140

−0.1073 −0.1072 0.0001 0.1052

Case 2 −0.0899 −0.0900 0.0001 0.1283

Case 3 −0.0774 −0.0777 0.0002 0.3020

Case 4 −0.1587 −0.1589 0.0002 0.1269

Case 5 −0.2096 −0.2094 0.0002 0.0956

Average 0.0002 0.1516

Case 1

0.0280

−0.2191 −0.2205 0.0014 0.6306

Case 2 −0.1830 −0.1843 0.0014 0.7536

Case 3 −0.1572 −0.1586 0.0014 0.8846

Case 4 −0.3272 −0.3278 0.0006 0.1767

Case 5 −0.4363 −0.0436 0.0001 0.0337

Average 0.0010 0.4958
The average RoCoF based on 0.5 s RoCoF0.5, absolute deviations, and percent errors were rounded up to the
fourth decimal place.

Table 4. Comparison of average RoCoF in each scenario based on 1 s.

Scenario Simulation RFR Model Absolute
Deviation

(Hz/s)

Percent
Error
(%)

−Pcon
(pu)

RoCoF0.5
(Hz/s)

RoCoF0.5
(Hz/s)

Case 1

0.0140

−0.0978 −0.0985 0.0008 0.7967

Case 2 −0.0813 −0.0828 0.0015 1.8386

Case 3 −0.0696 −0.0715 0.0018 2.6413

Case 4 −0.1418 −0.1441 0.0024 1.6577

Case 5 −0.1879 −0.1893 0.0015 0.7723

Average 0.0016 1.5413

Case 1

0.0280

−0.1992 −0.2064 0.0072 3.6220

Case 2 −0.1651 −0.1722 0.0070 4.2574

Case 3 −0.1411 −0.1480 0.0069 4.9093

Case 4 −0.2913 −0.2967 0.0055 1.8771

Case 5 −0.3897 −0.3935 0.0038 0.9781

Average 0.0061 3.1288
The average RoCoF based on 1 s RoCoF1.0, absolute deviations, and percent errors were rounded up to the fourth
decimal place.
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As for the accuracy of the RoCoF calculation, the shorter the time from the point
when a contingency occurred to the point of the RoCoF calculation, the higher the accuracy,
and the smaller the size of the contingency, the higher the accuracy. The changes in the
frequency are suppressed, and the frequency is recovered through the PFR of the generator
even when the frequency changes due to a contingency. The changes in the PFR during the
time when the scale of ∆ω increases constantly is mainly determined by Tred,m, which is
the turbine-governor model. The errors occur at the time of calculating the RoCoF because
Tred and Tred,m are calculated based on the minimum frequency. Therefore, the calculation
error of the RoCoF increases with the scale of the PFR because ∆t is extended or the scale of
contingency increases (i.e., from 1400 MW for nuclear unit 1 outage to 2800 MW for nuclear
unit 2 outage). The accuracy of the RoCoF calculations can be improved if Tred and Tred,m,
which are based on the frequency at ∆t, are used after they are separately determined.

6. Conclusions

This study proposed a method for determining the parameters of the RFR model,
which is a single-machine model that considers the nonlinearity due to the restrictions
on the generator’s power output in order to apply the methods to inertial constraints in
the UC. This study also showed that the RFR model can incorporate the governor models
of coal, gas, and hydropower generators through case studies, and it confirmed that the
parameters determined according to the nonlinearity yield high accuracy in the minimum
frequency and RoCoF calculations in the RFR model.

The parameters of the RFR model can consider the nonlinear response characteristics
that slightly vary according to the changes in the scale of contingency, system inertia, and
load damping constants, because of the gain of the turbine-governor model. This helps
to deduce the generation mix through the UC, which is based on the inertial constraints
in systems that involve a high proportion of renewable energy generation. In particular,
the burden on the UC software can be minimized because only inertia constants, governor
gains, and machine bases of each generator are required as the input to use the RFR model
in the UC. Moreover, this method uses the average time constant as the representative
time constant according to the contingency scale and the level of inertia of the system, and
it can also achieve considerable accuracy. If the RFR model requires a higher accuracy,
the proposed method for determining time constants can be expanded so that they can
set up representative time constants. These parameters can be subdivided based on the
criteria considering the contingency scale as well as the characteristics of the power system
and generator.

When the RFR model is applied to the inertial constraints in the UC, it is possible
to identify generation mixes that do not exceed the limits of minimum frequency and
RoCoF. The generation mixes identified in this manner can secure sufficient system inertia
to maintain the frequency stability of the system. Therefore, further studies on the methods
for effectively applying the RFR model to the inertial constraints in the UC are under way.

Similar to other equivalent models, the RFR model is intended for use in traditional
generators. Resources with fast frequency responses, such as battery energy storage
systems or variable speed pumped storage systems, whose characteristics are different
from those of the existing synchronous generators due to an increase in renewable energy,
may be integrated into the systems. Therefore, further studies on the single-machine model
and its parameters for the system with fast frequency responses are required. The RFR
model is expected to further improve through continuous research, and thus contribute
significantly to the overall planning and operation of systems with the increased use of
renewable energy.
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Nomenclature

∆Pcon Instantaneous contingency function.
Pcon Change in instantaneous generation or load due to contingency.
Sbase System base.
∆ω Frequency deviation.
D Load damping constant.
kgeq Gain of turbine-governor model.
Heq System inertia.
Tred Time constant of turbine-governor model.
fmin System minimum frequency.
f0 System nominal frequency.
Tmin Time to reach minimum frequency.
Ng Number of synchronous operating generators connected to a system.
Mbase,i Machine base of generator i.
∆Pm,i Amount of change in output power of generator i.
kgi Gain of turbine-governor model of generator i.
∆ωss Steady state frequency deviation.
Pmax,i Maximum output power of generator i.
Pmin,i Minimum output power of generator i.
Pg0,i Output power of generator i before contingency.
kgnew

i Gain of turbine-governor model considering output power restriction on generator i.
εmax Deviation tolerance for determining whether conditions for restricting maximum

output power are satisfied.
εmin Deviation tolerance for determining whether conditions for restricting minimum

output power are satisfied.
Tred,m Representative time constant, which is the arithmetic mean of Tred.
RoCoF0.5 Average RoCoF based on 0.5 s.
RoCoF1.0 Average RoCoF based on 1.0 s.
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