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Abstract


An intuitive method for estimating the inertia contribution from residual sources, such as induction motors and inverter-based power electronic facilities, in the Korea Electric Power Corporation (KEPCO) system is proposed. First, the method utilizes synchronized Phasor Measurement Units (PMUs) to obtain the measured system Rate of Change of Frequency (RoCoF) following an instantaneous power imbalance. Subsequently, the estimated system RoCoF for the same event is derived from simulations of the full dynamic model of the KEPCO system using Energy Management System (EMS) data. The estimated RoCoF accounts only for the inertia contribution from synchronous generators, as the dynamic model includes only these generators. The residual inertia of the entire power system is then estimated based on the ratio of the estimated RoCoF to the measured RoCoF, using the known inertia contribution from synchronous generators. The effectiveness of the proposed method is validated through dynamic simulations of the KEPCO system and demonstrated using real PMU and EMS data from actual disturbance events. The results illustrate that residual inertia was estimated at approximately 160 GW during daytime and around 67 GW during nighttime, indicating substantial variation in absolute terms. This finding highlights the importance of considering residual inertia contributions, particularly under varying load conditions.
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1. Introduction


As part of a policy aiming for carbon neutrality in Korea’s power systems by 2050, the government has announced a project to build 12.7 GW of large-scale offshore wind farms on the mainland power grid of the Korea Electric Power Corporation (KEPCO), headquartered in Naju, Republic of Korea [1,2]. In addition, renewable energy capacity on the island grid of the KEPCO system is planned to increase from 0.73 GW to 4 GW by 2030 [3]. The integration of a large share of inverter-interfaced renewable energy, asynchronously connected to the KEPCO system, inevitably leads to the displacement of synchronous generators. This replacement may result in a sustained reduction of system inertia, thereby making it more difficult to maintain frequency stability in the power system.



Global efforts have focused on increasing the penetration of renewable energy sources to reduce carbon emissions. The integration of renewable energy into the grid, which displaces conventional synchronous generators, results in a reduction of both the total system inertia and the contribution from synchronous generators. This increases the relative importance of inertia provided by non-synchronous resources.



Traditionally, power system inertia has been primarily provided by synchronous rotating machines in both generation and load. In such systems, it was sufficient for operators to monitor the inertia contribution from synchronous generators using the Supervisory Control and Data Acquisition (SCADA) system, which reports the status of all synchronous generators connected to the transmission network, since system inertia was expected to vary linearly with demand [4,5,6,7]. However, in modern power systems with a significant reduction in synchronous generators, various additional sources of inertia, such as virtual inertia strategies and fast-response of inverter-based power electronic facilities, are increasingly implemented to support system inertia [8,9]. Figure 1 visualizes how such an assumption is now challenged. After a generator trip, the first-second “inertial frequency response’’ is no longer supplied solely by a synchronous machine, but increasingly by residual, non-synchronous sources such as embedded induction motors and converter-interfaced resources. As the synchronous share contracts in modern grids with high renewable penetration, the proportional contribution of these residual sources must rise correspondingly to arrest the initial Rate of Change of Frequency (RoCoF). As a result, operators must consider the contribution of unknown residual inertia from sources since the system’s overall inertia is becoming less dependent on synchronous generators alone.



To address these challenges, various inertia estimation approaches have been proposed using pre-disturbance and post-disturbance Phasor Measurement Unit (PMU) data. For example, a method to estimate the total inertia of the Great Britain system was introduced by aggregating regional inertia estimates based on PMU frequency measurements and summing them across the network [10,11]. In addition, online estimation algorithms using PMU data at generator terminals were proposed to estimate synchronous inertia based on unit step response identification models [12,13,14]. However, many of these approaches either focus only on synchronous inertia or require PMU installations at all generator locations, which can be costly and impractical for large-scale systems. As summarized in Table 1, in contrast to existing methods that primarily focus on synchronous inertia estimation or require extensive PMU deployment, the proposed approach enables residual inertia estimation with limited PMU coverage by utilizing Energy Management System (EMS) data and system-level frequency measurements.



In this paper, we propose a method for estimating the residual inertia of the KEPCO system. The proposed approach directly calculates RoCoF from PMU frequency measurements during disturbances, capturing the combined effects of synchronous generators and residual sources such as induction motors and converter-based fast frequency response. The estimated RoCoF is also derived from dynamic simulations considering only synchronous generators using generator configuration information obtained from state estimation (SE) data. The residual inertia is then estimated by comparing the measured and estimated RoCoF values based on the swing equation and known synchronous generator inertia. The effectiveness of the proposed method is validated through simulations and actual disturbance event analyses in the KEPCO system using real PMU and EMS data.



The remainder of this paper is organized as follows: Section 2 introduces the proposed method for estimating residual inertia in the KEPCO system. Section 3 provides an overview of the existing PMU infrastructure in the KEPCO system. Section 4 presents simulation results on the island grid to validate the proposed method. Section 5 analyzes real event cases in the KEPCO system to estimate residual inertia under both daytime and nighttime conditions. Section 6 discusses practical implications, model limitations, and potential future extensions. Finally, Section 7 presents the conclusions.



Contributions


This study introduces a novel approach for estimating the residual inertia in power systems, with a focus on the KEPCO grid in South Korea. Unlike traditional methods that focus solely on synchronous generator inertia, the proposed method integrates PMU frequency data with EMS data, enabling the inclusion of both synchronous and residual inertia contributions from non-synchronous sources such as induction motors and converter-based fast frequency response (FFR). This enables a more comprehensive analysis of system inertia, providing a realistic estimate of total system inertia.



Key contributions of this study are:



	
Development of a novel framework for estimating both synchronous and residual inertia, offering a more comprehensive and accurate analysis of system stability;



	
Application of the proposed method using limited PMU coverage, making it applicable to systems where full PMU deployment is impractical, such as large-scale power systems;



	
Validation of the method using real PMU and EMS data from the KEPCO system, showcasing its practical effectiveness in evaluating frequency stability under varying load and generation conditions;



	
The proposed method allows for more informed operational decision-making by accounting for both synchronous and non-synchronous inertia, crucial for optimizing reserve allocation and improving system resilience, particularly in grids with high renewable energy penetration.






This approach enhances system inertia estimation and provides valuable insights for frequency control, reserve allocation, and efficient system operation, particularly in grids with high renewable energy penetration. It offers a more accurate estimation of system inertia, ultimately facilitating the design of optimized operational strategies and cost-effective planning for inertia support resources.





2. KEPCO Wide Monitoring Systems


The KEPCO system consists of the mainland and the island, which are interconnected by two HVDC links, as shown in Figure 2. Currently, these HVDC links inject power from the mainland to the island in only one direction. The KEPCO mainland system consists of five regions, with approximately 42% of the total system demand concentrated in the metropolitan area. Meanwhile, a large number of synchronous generators are primarily located in the southern coastal region. As a result, the mainland system operates ultra-high voltage and large-capacity transmission facilities to transmit power from non-metropolitan to metropolitan areas. In 2019, the mainland’s peak demand was approximately 90 GW, with 6.5% supplied by renewable energy sources (RESs). As the share of renewable energy increases—displacing synchronous generators—it is expected that system inertia on the mainland will significantly decrease, reaching 20% of the total power supply by 2030.



In 2019, the island’s peak demand was approximately 1.2 GW, with 32.2% supplied by HVDCs and 31.1% by RESs. As a result, the island of the KEPCO system relies heavily on power supplied by HVDCs rather than synchronous generators, which can lead to larger system RoCoF values during power imbalance events. Meanwhile, HVDC#1 is a bipole LCC HVDC operated in frequency control mode with a slope of 0%, and HVDC#2 is a double monopole LCC HVDC operated in frequency control mode with a slope of 1%. When a power imbalance occurs, synchronous generators first provide an inertial response by releasing their rotational kinetic energy. Subsequently, the HVDCs begin injecting active power into the island before the primary frequency response is activated, helping to reduce the power mismatch. As the mismatch decreases, the output of the synchronous generators also decreases. Therefore, although HVDCs lack physical rotational mass, they may provide an effect similar to residual inertia on the island of the KEPCO system.



A Korea-wide area monitoring system (K-WAMS), applying the international standard IEEE C37.118 [15], was first developed in Korea in 2009 through a national R&D program funded by the Ministry of Commerce, Industry, and Energy. K-WAMS has been operated to monitor power system operations above 345 kV on the mainland and above 154 kV on the island. In addition, PMUs are used to monitor various inverter-based facilities, such as HVDC and FACTS, and to support cooperative control strategies among these facilities. KEPCO has installed PMUs in 34 substations above 345 kV, including some at 765 kV, on the mainland and in one substation above 154 kV on the island to acquire real-time synchrophasor measurements. Notably, PMUs have been concentrated in substations in the metropolitan area to monitor system constraints. In contrast, other regions of the KEPCO system are monitored by fewer PMUs, making it difficult to capture data from all generator buses. Therefore, conventional inertia estimation methods that rely on active power and frequency measurements at generator buses may not be suitable for the KEPCO system.




3. Residual Inertia Estimation


3.1. Theoretical Background


The fundamental dynamic frequency model for large power systems forms the basis for the proposed method. This model is based on the swing equation, which describes the dynamic behavior of synchronous generators in the system. Through appropriate simplifications, a single differential equation describing the system’s frequency dynamics is derived. The system frequency begins to deviate from its nominal value following an instantaneous imbalance between generation and demand. The model shows that the RoCoF is inversely proportional to system inertia during the initial inertial response, before the primary frequency control becomes active.



The frequencies of individual synchronous generators vary following a sudden power imbalance between generation and demand. These frequency variations are relatively small compared to the overall system frequency. This system frequency is commonly defined as the center of inertia frequency (fCOI) of the system. The dynamic frequency model for large power systems can be derived from the swing equation, which describes the dynamic behavior of synchronous generators.




      ω i   ˙  =     ω 0    2  H i        T  m , i   −  T  e , i     ,   



(1)





The indices m and e denote mechanical and electrical quantities, respectively.    ω i    represents the absolute value of the rotor angular frequency of generator  i . The initial condition for (1), corresponding to the pre-disturbance frequency, is typically set to the nominal frequency    ω i     t 0    =  ω 0   . The primary quantity of interest is the angular frequency deviation   ∆  ω i   , defined as:




   ∆  ω i  =  ω i  −  ω 0  ,   



(2)





By differentiating Equation (2) with respect to time, we obtain   ∆   ω ˙  i  =   ω ˙  i   . The initial condition   ∆  ω i     t 0    = 0   holds when Equation (2) is expressed in terms of   ∆ ω  . To convert the torques in Equation (1) into power, the relation   P = T ω   is applied, yielding:




      ω i   ˙  =     ω 0 2    2  H i   ω i      P  m , i   −  P  e , i   ,   



(3)





The power can be expressed in megawatts (MW) instead of per unit (p.u.) by multiplying by the power base    S  b a s e , i    , which is the rated power of generator  i . Furthermore, Equation (3) can be rewritten with both sides in MW as follows:




      2  H i   S  b a s e , i      ω i   ˙     ω 0     =     ω 0     ω i        P  m , i   −  P  e , i     ,   



(4)





In a highly meshed system, all units can be assumed to be connected to the same bus, representing the center of inertia of the system. With further simplifications, they can be condensed into a single equivalent unit. Summing Equation (4) for all  n  generators yields:




   2  ∑  i = 1  n     2  H i   S  b a s e , i      ω i   ˙     ω 0     =  ∑  i = 1  n      ω 0     ω i        P  m , i   −  P  e , i     ,   



(5)





Due to the strong coupling between generation units, it is typically assumed that    ω i  = ω   for all  i . By defining the following quantities:




   ω =     ∑  i = 1  n   H i   ω i     ∑  i = 1  n   H i       ,   C e n t r e   o f   i n e r t i a   f r e q u e n c y ,   



(6)






    S  s y s   =  ∑  i = 1  n   S  b a s e , i   ,   T o t a l   r a t i n g ,   



(7)






    H  s y s   =     ∑  i = 1  n   H i   S  b a s e , i      ∑  i = 1  n   S  b a s e , i        ,   T o t a l   i n e r t i a   c o n s t a n t ,   



(8)






    P m  =  ∑  i = 1  n   P  m , i   ,   T o t a l   m e c h a n i n c a l   p o w e r ,   



(9)






    P e  =  ∑  i = 1  n   P  e , i   ,   T o t a l   e l e c t r i c a l   p o w e r ,   



(10)





The fCOI is used as the representative frequency for the system. While the assumption that    ω i  = ω   holds true in most synchronous systems, but it may not fully apply in weakly connected systems, where small frequency differences might exist between regions. The fundamental frequency dynamics of the system are described by the following nonlinear differential equation:




    ω ˙  =     ω 0 2    2  H  s y s    S  s y s   ω       P m  −  P e    ,   



(11)





For the frequency  ω  at the center of inertia, the following relation holds   ω =  ω 0  + ∆ ω  . To linearize Equation (11),   ω =  ω 0    is typically assumed on the right-hand side. This assumption is valid for typical frequency deviations in power systems. This yields:




    ω ˙  =     ω 0    2  H  s y s    S  s y s         P m  −  P e    ,   



(12)





The system dynamics can also be expressed in terms of frequency  f  instead of angular frequency  ω . Using   ω = 2 π f   and    ω ˙  = 2 π  f ˙   , this becomes




    f ˙  =     f 0    2  H  s y s    S  s y s         P m  −  P e    ,   



(13)





A very simple and useful model can be derived if further simplifying assumptions are made. The overall goal of this analysis is to derive an expression for the variation of  ω  following a disturbance between    P m    and    P e   . Therefore, we define


   P m  =  ∑  i = 1  n   P  m , i   =  P  m 0   + ∆  P m  ,  



(14)




where    P  m 0     represents the steady-state mechanical power output of the generators, and   ∆  P m    represents its deviation. The total power generated is balanced by the load demand and transmission system losses.


   P e  =  ∑  i = 1  n   P  e , i   =  P  l o a d   +  P  l o s s   ,  



(15)




which can, similarly to Equation (14), be expressed as


   P e  =  P  e 0   + ∆  P  l o a d   + ∆  P  l o s s   ,  



(16)




where    P  e 0   =  P  l o a d , 0   +  P  l o s s , 0    .



If the system is in equilibrium prior to the disturbance,


   P  m 0   =  P  e 0             a n d          P  m 0   =  P  l o a d , 0   +  P  l o s s , 0   ,  



(17)




hold true. It is also assumed that transmission losses remain unchanged during the disturbance.




   ∆  P  l o s s   = 0 ,   



(18)





Using Equations (14)–(18), Equation (13) is rewritten as




    f ˙  =     f 0    2  H  s y s    S  s y s        ∆  P m  − ∆  P  l o a d     ,   



(19)





In addition, an instantaneous power imbalance   ∆ P   between generation and demand is defined as the change in    P m    and    P  l o a d     at the time of the disturbance [16,17].




    f ˙  =     f 0    2  H  s y s    S  s y s      ∆ P ,   



(20)





Moreover, the system inertia derived from the aggregated swing equation represents the sum of the inertia contributions from synchronous generators, which corresponds to the maximum possible value of the system RoCoF. However, in practice, the system inertia may also include contributions from other, unidentified sources in addition to synchronous generators. Therefore, the accurately measured RoCoF should always be lower than this maximum possible value.



After a power imbalance occurs between supply and demand, the inertial response takes place before primary frequency control actions begin. During this period, the system frequency starts to deviate from its nominal value. The system RoCoF following a power imbalance depends on the level of system inertia. The maximum RoCoF is achieved when the system inertia equals that of the synchronous generators alone. Therefore, Equation (2) can be modified as follows:




        d f   d t      U p p e r   L i m i t   =    ∆ P   2  H  g e n    S  G e n       f 0    i f    H  s y s    S  S y s   =  H  g e n    S  G e n   ,   



(21)





However, to estimate the total system inertia in real power systems, the contributions from unidentified sources must also be considered. Accordingly, the total system inertia is the sum of the inertia contributions from both synchronous generators and unidentified sources. Therefore, Equation (21) can be modified as follows when both contributions are included:




        d f   d t      m e a s u r e m e n t   =    ∆ P   2  H  s y s    S  S y s       f 0  ,   



(22)





For the identical event, the power imbalance ΔP is considered constant. By dividing Equation (21) by Equation (22) under the assumption of an identical power imbalance, the following relation between the ratio of system RoCoF and the ratio of system inertia is derived:




          d f   d t     U p p e r   L i m i t         d f   d t     m e a s u r e m e n t      =     H  s y s    S  S y s     H  S  G e n      ,   



(23)






3.2. Residual Inertia Estimation of Power Systems


SE data from the SCADA system in South Korea is generated every 2 s. Power mismatch events can be detected by PMUs within less than one second due to their high sampling resolution. This allows selecting SE data from just before the event. Therefore, the time difference between the PMU-detected event and the most recent SE data is within 2 s. In this paper, it is assumed that the number of generators connected to the grid remains unchanged during this interval.



For power mismatch events detected by the PMU, SE data just prior to the event can be used together with the full dynamic model of the KEPCO system from the Korean SCADA system. The total inertia from generation is calculated by summing the inertia of online synchronous generators identified in the SE data. The dynamic model considers only the inertia of synchronous generators in the KEPCO system. Therefore, the estimated system RoCoF,        d f   d t     E   , considering only synchronous generator inertia, is obtained by simulating the same event using the dynamic model and SE data. This estimated RoCoF is expected to be larger than the RoCoF measured by the PMU.



The measured system RoCoF,        d f   d t     M   , which includes both synchronous generator inertia and residual inertia, is obtained from PMU frequency data recorded during the same event. The residual inertia of the system can then be estimated from the ratio of the estimated RoCoF        d f   d t     E    to the measured RoCoF        d f   d t     M   , given the known inertia contribution from synchronous generators:




   H  S  R e s i d u a l   =          d f   d t    E        d f   d t    M     − 1   H  S  G e n   ,   



(24)





The ratio of the estimated system RoCoF,        d f   d t     E   , to the measured system RoCoF,        d f   d t     M   , is always greater than or equal to one, since the measured RoCoF is lower than the estimated RoCoF. Therefore, the presence of   H  S  R e s i d u a l     can be confirmed if        d f   d t     M    does not equal        d f   d t     E    in Equation (6).





4. Example of the Modeled KEPCO Island System


4.1. Simulation Scenarios and Models


The proposed method was applied to the KEPCO Island power system, which had a demand of 700 MW. A full dynamic model of the island power system was simulated using Power System Simulator for Engineering (PSSE) software 33.12.0. The scenario included four synchronous generators: two (NamjejuTP1 and NamjejuTP2) installed on the Namjeju TP, and two (JejuTP2 and JejuTP3) installed on the Jeju TP bus. The synchronous generators were represented using the GENROU model, with each generator on the Namjeju TP bus rated at 95.69 MVA and each generator on the Jeju TP bus rated at 109.21 MVA.



Jeju Island’s well-developed aquaculture industry relies heavily on induction motor loads, which represent the main electrical load in the region. The system configuration, including both synchronous generators and induction motor loads, is illustrated in Figure 3. To construct the 20 simulation scenarios, the inertia contribution of induction motor loads was varied to represent different levels of residual inertia. Specifically, each simulation case was constructed by assigning a random inertia constant between 0.9 s and 4.2 s to all twelve induction motors uniformly. That is, within each case, all motors shared the same inertia constant, but the values differed between cases. This allowed the total residual inertia to vary across simulations while maintaining structural consistency in the system configuration.



The induction motor loads were modeled using the CIM5BL model, a five-state dynamic representation of three-phase squirrel cage induction motors. This model includes stator and rotor flux dynamics, slip behavior, and torque-speed characteristics, making it suitable for analyzing short-term frequency responses to system disturbances. The inertia constant used in the model corresponds to the per-unit kinetic energy of the rotor on its rated MVA base and was directly modified in the dynamic data.



In addition, to reflect the PMU installation status in the Jeju system, the system frequency was represented by the frequency measured at the Sejeju CS bus. The scenario involved tripping the NamjejuTP1 synchronous generator, which was operating at 45 MW when the trip occurred at 1 s. The total inertia energy of the remaining three synchronous generators, excluding the tripped unit, was 1799.85 MWs. In the dynamic simulation, using the model of the synchronous generators, the RoCoF was estimated considering only the contribution from synchronous generator inertia. According to the proposed methodology, RoCoF must also be calculated based on PMU measurements, reflecting contributions from both synchronous generators and additional resources. In this paper, the RoCoF was calculated using a 500 ms sample-by-sample moving window. A 500 ms interval of frequency data was collected, and a least-squares linear regression was applied over that window. The slope of the fitted line was taken as the RoCoF at the current time.



The results were obtained for 20 cases with different ratios of additional resource inertia contributions to the total system inertia, using both the dynamic models of the synchronous generators and the induction motor loads to represent PMU-based observations. Note that the simulation assumed induction motor loads as the only additional inertia source, excluding the dynamic characteristics of other power facilities such as HVDC. Based on this simulation setup and the method for calculating RoCoF, the results from 20 different cases are presented in the following section.




4.2. Simulation Results


When considering only the dynamic model of synchronous generators versus including additional resources such as induction motor loads, the resulting frequency responses are shown in Figure 4. Under normal conditions, the frequency at the Seojeju CS bus is 60 Hz, matching the nominal system frequency. Following the generator trip at 1 s, significant fluctuations were observed in the measured frequency.



The solid line in Figure 4 shows the case where only the dynamic model of synchronous generators was considered, without additional inertia contribution. Without the induction motor loads, the frequency drops to approximately 59.29 Hz after the generator trip at 1 s, with a RoCoF of 0.7268 Hz/s, the highest observed in this analysis. The dotted line in Figure 4 shows the simulated frequency response after incorporating the induction motor loads. As the ratio of additional inertia increases, the frequency drops after the generator trip at 1 s becomes smaller, and the RoCoF decreases. In the case where additional inertia accounts for 46.59% of the total system inertia, the frequency drops to 59.59 Hz with a RoCoF of 0.3927 Hz/s which is the lowest observed in this analysis.



These results highlight that excluding residual inertia from system inertia assessments may lead operators to perceive a more severe inertia deficit than exists. Such conservative estimations could trigger unnecessary corrective measures, including renewable generation curtailments, excessive allocation of spinning reserves, or costly investments in synchronous condensers and energy storage systems to artificially compensate for the perceived inertia shortfall.



By explicitly quantifying the residual inertia contribution, the proposed method allows operators to obtain a more accurate estimation of total system inertia, reflecting both synchronous and non-synchronous components. This facilitates the design of optimized frequency control strategies, more efficient spinning reserve allocation, and cost-effective planning of inertia support resources. In modern power systems with high penetration of inverter-based resources, such realistic inertia assessments are essential for maintaining secure and economical system operation under diverse load and generation conditions.



Table 2 summarizes the errors between the estimated and actual inertia contributions from residual resources, based on 20 simulation cases. The base case corresponds to the scenario without residual inertia, in which the RoCoF with and without residual inertia is the same, resulting in a RoCoF ratio of 1. As the ratio of residual resource inertia increases, both the total system inertia and the contribution from these resources increase. This leads to a reduction in the RoCoF for the same disturbance event, indicating that higher residual inertia results in greater system stability.



Given the actual residual inertia, referred to as   K n o w n   H  S  R e s i d u a l    , a positive estimation error indicates underestimation, while a negative error indicates overestimation. The estimation errors observed in Table 2, ranging from −2.56% to +2.47%, primarily result from the RoCoF calculation applied. Although the 500 ms moving window helps suppress transient noise, its averaging effect may slightly reduce the estimated slope of the early frequency drop immediately after the disturbance. This smoothing process can bias the RoCoF estimation during the initial period, which directly affects the residual inertia calculation. Although smoothing generally leads to an underestimation and an overestimation of the initial RoCoF.





5. Residual Inertia of KEPCO Systems


5.1. Residual Inertia Result from an Island System Event


In a real event on 14 August 2020, with a system demand of 1011 MW, the JejuLNG#1 generator, supplying 80 MW, was tripped. The system frequency, shown in Figure 5, was 60 Hz before the event, and the minimum frequency recorded was 59.74 Hz. The total inertia from generators was 4393.45 MWs, as detailed in Table 3. The RoCoF, calculated based on the loss size and known generator inertia, was −0.5426 Hz/s, while the RoCoF measured at the Seojeju CS bus was −0.3230 Hz/s. Based on these values, the total system inertia was estimated to be 7430.43 MWs, with 3036.89 MWs contributed by the load.



This result indicates that if only synchronous generators were present, the RoCoF would theoretically reach −0.5426 Hz/s. However, the measured RoCoF from PMU frequency data was significantly lower at −0.3230 Hz/s. This difference suggests that residual inertia contributes to mitigating the RoCoF, reducing its magnitude by approximately 0.2196 Hz/s. These observations clearly confirm the presence of residual inertia beyond the synchronous generator inertia, as theoretically expected.




5.2. Residual Inertia Results from Mainland System Events


Between July 2020 and April 2022, the KEPCO mainland grid experienced four major generator-trip incidents, referred to as Events#1–#4. Event#1 involved the loss of a generator located in the Yeongdong region, while Events#2–#4 occurred in the Yeongnam region. In terms of operating conditions, Events#1 and#4 took place during the weekday lunchtime peak, while Events#2 and#3 occurred during late-night low-load periods.



To illustrate the system-wide frequency response and the RoCoF estimation process, Figure 6 presents the representative frequency traces recorded by PMUs during Event 1. This event involved a 1 GW generator trip in Yeongdong. The frequency trajectory shown in Figure 6 represents the fCOI response of the entire mainland grid. Following the disturbance, the measured RoCoF was −0.061 Hz/s, which is smaller than the theoretical RoCoF of −0.090 Hz/s that would be expected if only synchronous generator inertia were present. This difference indicates the presence of residual inertia contributed by motor loads and converter-interfaced resources.



As illustrated in Figure 6, the frequency deviation between the Capital and Yeongnam areas was less than 10 mHz during the first 0.5 s after the disturbance. This indicates that, despite some regional variations, fCOI provides a reliable and representative signal for inertia estimation, as it effectively captures the system’s overall frequency behavior during the early stages of the event.



The quantitative comparison results for all four events are summarized in Table 4. Across all mainland events, the measured RoCoF values from PMU data were consistently smaller than the theoretical RoCoF values calculated based only on synchronous generator inertia. This consistently lower measured RoCoF confirms the existence of residual inertia in every observed event. Moreover, larger differences between the estimated and measured RoCoF indicate stronger residual inertia effects in mitigating frequency decline.



When comparing Events#1 and#4, both occurred during weekday lunchtime when system demand was relatively high. Event#1 involved a 1000 MW trip in Yeongdong, while Event#4 involved a 1422 MW trip in Yeongnam. Despite the larger disturbance size, Event#4 exhibited a higher synchronous inertia of 441 GWs compared to 332 GWs for Event#1, reflecting the increased system load. The residual inertia values for both events were between 159 GWs and 164 GWs.



When comparing Events#2 and#3, both occurred within hours of each other during the same night, with nearly identical disturbance sizes of 977 MW and 978 MW, respectively. The synchronous inertia decreased from 373 GWs in Event 2 to 339 GWs in Event#3, likely due to changes in unit dispatch. However, the residual inertia remained practically constant at 67 GWs and 68 GWs, indicating that residual inertia is largely unaffected under low-load nighttime conditions.



Figure 7 visualizes the relationship between system load, synchronous inertia, residual inertia, and total inertia across all four events. Despite the significant differences in event location and disturbance size between Event#1 and Event#4, the daytime residual inertia remains consistently high, indicating that time-of-day is the dominant factor. Similarly, the nighttime residual inertia remains stable and low for both Event#2 and Event#3, despite slight variations in synchronous inertia. The ratio between daytime and nighttime residual inertia is approximately 2.4 to 2.5 times higher during the day, clearly demonstrating the impact of motor load activity and system operational conditions on non-synchronous inertia availability.



For comparison, previous studies on the Great Britain power system have reported residual inertia ratios ranging from 8% to 25% with an average of approximately 18.18% [10]. In this study, the estimated residual inertia ratio for the KEPCO mainland system ranged from 15.25% to 32.30%, with an average of approximately 22.88%, reflecting system-specific characteristics. Therefore, while the KEPCO results are higher than those observed in Great Britain, this difference is not considered exceptionally unique but rather consistent with the particular nature of the KEPCO grid.





6. Discussion


6.1. Methodological Limitations and Sensitivity Considerations


The proposed method estimates residual inertia by comparing the estimated RoCoF, obtained from dynamic simulations considering only synchronous generator models, with the measured RoCoF calculated from PMU frequency data. The estimated RoCoF is determined by simulating the corresponding generator trip using synchronous generator dynamic models based on generator configuration information retrieved from SE data, which is updated every 2 s. This allows selecting generator status immediately before the disturbance, improving the accuracy of synchronous inertia modeling for the estimated RoCoF calculation. Meanwhile, the measured RoCoF reflects the actual system frequency response, including the influence of fast dynamics such as induction motor loads, inverter-based fast frequency response, and HVDC frequency control actions. However, factors such as PMU sampling resolution, signal filtering parameters, and possible model simplifications may still affect the accuracy of RoCoF calculations and consequently impact the residual inertia estimation results. These aspects represent inherent limitations of the proposed method and highlight areas where systematic sensitivity analyses could be conducted to further evaluate the method’s robustness under diverse operating conditions.




6.2. Operational Implications


The observed variations in residual inertia between daytime and nighttime periods provide valuable information for system operation planning. Since the estimated residual inertia is approximately 2.4 to 2.5 times higher during daytime hours, system operators may consider these tendencies when designing adaptive operational strategies. By analyzing additional disturbance events and expanding event-based inertia estimation, it may be possible to better characterize the residual inertia behavior in the KEPCO system. Such knowledge could support more informed reserve management, more efficient resource utilization, and improved system resilience under varying load and generation conditions.




6.3. Applicability to Other Power Systems


The proposed residual inertia estimation framework is applicable to other power systems with varying levels of PMU coverage and renewable energy integration. Since the method relies primarily on PMU measurements at system-level buses and EMS or state estimation data for synchronous generator modeling, it can be adopted even in systems with limited PMU deployment. Furthermore, the estimation process captures residual inertia contributions regardless of the specific mix of synchronous and non-synchronous resources, making it broadly applicable to modern power systems with diverse operating conditions.




6.4. Future Works


As a potential future research direction, machine learning (ML) approaches such as neural networks or random forests may be applied to dynamically predict residual inertia using real-time PMU and EMS data. Such methods could complement the proposed ratio-based framework by enhancing estimation accuracy under varying system operating conditions. Recent studies have demonstrated the applicability of ML techniques for power system monitoring and other data-driven applications [18,19,20,21], which may support further developments in residual inertia estimation.





7. Conclusions


This study proposed and demonstrated a practical method to estimate the residual inertia of the KEPCO power system by leveraging PMU data and EMS data. The method was designed to capture residual inertial contributions from non-synchronous sources—such as motor loads and converter-interfaced resources—which are not accounted for in conventional synchronous generator-based inertia assessments. The proposed methodology was first validated through detailed simulations on the KEPCO Island power system model, confirming its effectiveness across a wide range of residual-to-total inertia ratios. The validation of real cases was performed using actual generator trip events on both the KEPCO Island and mainland systems. The results show that residual inertia is not static, but highly dependent on operating conditions and the level of industrial motor activity. The results also confirm that relying solely on the inertia of synchronous generators would overestimate or underestimate actual system inertia depending on the time of day, leading to inaccurate stability assessments. The proposed estimation method allows operators to quantify time-varying system inertia in real-time, improving situational awareness and enabling more dynamic frequency control. This capability is particularly critical as the KEPCO system continues to increase its share of inverter-based renewable energy, which displaces conventional synchronous inertia.
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	Phasor Measurement Unit



	EMS
	Energy Management System



	SE
	State Estimation



	SCADA
	Supervisory Control and Data Acquisition



	fCOI
	Center of Inertia Frequency



	RES
	Renewable Energy Source



	HVDC
	High Voltage Direct Current



	FACTS
	Flexible AC Transmission Systems



	KEPCO
	Korea Electric Power Corporation



	K-WAMS
	Korea Wide Area Monitoring System



	RoCoF
	Rate of Change of Frequency



	PSSE
	Power System Simulator for Engineering
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Figure 1. Frequency response components following the trip of a single generator. 
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Figure 2. PMU-monitored buses in the KEPCO systems. 
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Figure 3. Simplified schematic of the Island power system. 
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Figure 4. Simulated frequency at the Seojeju CS bus for 20 cases with varying residual to total inertia ratios. 
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Figure 5. Measured frequency at the PMU of Seojeju CS bus during the Jeju LNG#1 generator trip. 
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Figure 6. The frequency of the buses monitored by PMUs in the Mainland system obtained from event#1. 
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Figure 7. Residual inertia of the KEPCO mainland system during the daytime and nighttime. 
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Table 1. Comparison of inertia estimation methods.






Table 1. Comparison of inertia estimation methods.





	Method
	Measurement Requirements
	Residual Inertia Estimation
	PMU Coverage
	Applicability





	Great Britain PMU-based method [10,11]
	PMU frequency at multiple regional buses
	Included
	Moderate PMU coverage
	Event-based regional inertia estimation



	Online RoCoF-based generator estimation [12,13,14]
	PMU frequency and active power at generator buses
	Not included
	PMU at each generator
	Real-time synchronous inertia estimation



	Proposed method
	PMU frequency at system bus and EMS data
	Included
	Minimal PMU coverage
	Event-based total system inertia estimation










 





Table 2. Residual inertia of the KEPCO island system estimated from dynamic simulations.






Table 2. Residual inertia of the KEPCO island system estimated from dynamic simulations.





	Case
	   H  S  R e s i d u a l     

Ratio [%]
	        d f   d t    E  /     d f   d t    M     
	   Estimated   H  S  R e s i d u a l     

[MWs]
	   Known   H  S  R e s i d u a l     

[MWs]
	Difference [%]





	Basecase
	0
	1.00
	0
	0
	-



	1
	15.75
	1.19
	342.19
	336.47
	−1.70



	2
	17.20
	1.21
	376.94
	373.85
	−0.83



	3
	18.60
	1.23
	410.97
	411.24
	0.07



	4
	19.95
	1.25
	444.39
	448.62
	0.94



	5
	21.26
	1.27
	477.32
	486.01
	1.79



	6
	30.37
	1.45
	801.39
	785.09
	−2.08



	7
	31.36
	1.46
	830.10
	822.47
	−0.93



	8
	32.33
	1.48
	858.29
	859.86
	0.18



	9
	33.27
	1.49
	885.98
	897.24
	1.26



	10
	34.18
	1.51
	913.18
	934.63
	2.30



	11
	40.67
	1.70
	1259.62
	1233.71
	−2.10



	12
	41.39
	1.71
	1275.27
	1271.09
	−0.33



	13
	42.10
	1.72
	1302.62
	1308.48
	0.45



	14
	42.78
	1.73
	1321.62
	1345.86
	1.80



	15
	43.46
	1.79
	1418.69
	1383.25
	−2.56



	16
	44.11
	1.80
	1432.78
	1420.63
	−0.85



	17
	44.75
	1.80
	1446.58
	1458.02
	0.78



	18
	45.38
	1.83
	1496.32
	1495.41
	−0.06



	19
	45.99
	1.84
	1514.03
	1532.79
	1.22



	20
	46.59
	1.85
	1531.35
	1570.18
	2.47










 





Table 3. Residual inertia of the KEPCO island system estimated from a real generator-trip event.
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	Event Date/Time
	       d f   d t    E    

[Hz/s]
	       d f   d t    M    

[Hz/s]
	   H  S  G e n     

[MWs]
	   H  S  R e s i d u a l     

[MWs]





	14 August 2020 (Fri)/14:19:02
	0.5426
	0.3230
	4393.46
	2987.01










 





Table 4. Residual inertia estimation based on Mainland system events.






Table 4. Residual inertia estimation based on Mainland system events.





	Event
	#1
	#2
	#3
	#4





	Event Date/Time
	2020-07-19 (Sun) 12:03
	2020-09-03 (Thurs) 00:46
	2020-09-03 (Thurs) 03:03
	2022-04-26 (Tues) 13:27



	   ∆ P     M W     
	1000
	977
	978
	1422



	       d f   d t     E    [Hz/s]
	0.0903
	0.0785
	0.0865
	0.0968



	       d f   d t     M    [Hz/s]
	0.0611
	0.0665
	0.0720
	0.0705



	  H  S  g e n     [MWs]
	332,371
	373,475
	339,003
	440,807



	   H  S  R e s i d u a l     [ MWs ]   
	158,566
	67,201
	68,402
	164,443



	% Resid
	32.30%
	15.25%
	16.79%
	27.17%



	% Gen
	67.70%
	84.75%
	83.21%
	72.83%
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