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The high penetration of inverter-based resources (IBR) has posed significant challenges in power
system control and operation due to reduced grid inertia, which is directly associated with frequency
stability. A decline in grid inertia leads to greater frequency deviations and steeper rate of change of
frequency (RoCoF), heightening the risk of system instability under severe power imbalances.

This presentation discusses a hybrid approach for online inertia estimation, leveraging the
availability of SCADA/EMS/WAMS and the stringent requirements for accurate dynamic simulation
models of power plants. During normal operation, this method utilizes real-time system states
obtained from the state estimator to simulate a large disturbance on the grid’'s dynamic simulation
model, generating frequency responses at all required locations. The center-of-inertia frequency
response is then determined and used to calculate the RoCoF for grid inertia estimation. Upon the
occurrence of an actual large disturbance, the method directly estimates grid inertia using real-time
PMU data, ensuring accuracy and adaptability to actual dynamic conditions. The testing results with
the 240-bus WECC system are presented. Based on the proposed approach of online inertia
estimation, this presentation underscores the crucial role of accurate dynamic simulation models of
power plants, which are essential for grid interconnection process.
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IBR-dominated Power Systems

* Weaker Grids due to reduced inertia

* Larger frequency swings accompanied by a sharper rate-of-change-of-frequency
(RoCoF) may lead to misoperation of protection relays

50.04

 — =9 :‘” ': ¥
g_ I" Inertia Response Region o
.;Ul]: ..... =i 5 " % - -
———iie b 50 3
S50 ¢ —— s s ’
R Fa¥F  Thex Fi
| — '
= 49.98 5498 4
s Py \ f
£ 49.96 24960 b,
o 4 b /
o 4994 =
= = 49 4 b w4 ("s RES Penetrahon
19.92 3 =—t—30%s RES Penetration
9l - == 2{Pa RES Penetration
199 492¢ = = = |(®s RES Penetration
s (1% s RES Penetration
19.88 o ; = . A 19 n L "
0 0.5 1 1.5 2 2.5 3 0 0.2 04 0.6 08 1

Time [sec] Time [sec]

CIGRE Australian Conference, Adelaide 2, 3 & 4 September 2025 4

[1] P. Makelo, R. Zamora, and T.-T. Lie, "The role of inertia for grid flexibility under high penetration of variable renewables - A review of challenges and solutions,” Renewable and Sustainable Energy Reviews, vol. 147, 111223, 2021.
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Black System in South Australia on 28 Sep. 2016 i

Cascade of failures triggered by extreme weather, exacerbated by high renewable
penetration resulting in reduced system inertia.
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Inertia Assessment

Swing equation [3]:

Australia

df
2H = = AP, (t) — AP,(t) = AP(¢)

dt
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[3] H. Saadat, Power system analysis, 2nd ed. New Yaork, NY, USA: MeGraw-Hill, 1999,



Inertia Assessment

A combination of Model-based & Measurement-based approaches:
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* Having an accurate simulation model of a power system

* Real-time system state obtained from SCADA/EMS/WAMS
IS converted to power system modeling data, then
embedded into the system simulation model

Real-time
System State

» Simulate a large disturbance and estimate inertia

Data Conversion System State into Large Disturbance Inertia Estimation based
Engine Simulation Model in Simulation Model on Swing Equation
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Online Inertia Assessment

System integration architecture with existing SCADA/EMS/WAMS
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Online Inertia Assessment

Data flow architecture

Australia

OnlineDSA ' Onthe BER
CENTRAL DATABASE Computation Engine
EMS (Time-stamped Database)

R %  Advanced
(State Estimating) Data Adixiirs DB fl v+ 74 INERTIA ost ssn

Application1

Conversion

Power System DB Computation Resulis Application 1
Dynamic Model DB
5-?’4“.’4 — User Config DB 154, INERTIA osL 55m
(Realtime Data) Grid Code DB
Computation Result DB _ .
| | Applicationi
Other Input Data [l vsa, 152, INERTIA, o5, ssh
* Dynamic Data
e — —
+ Sequence Data .
+ Auxiliary Data
Web-based GUI
Online Mode
Study Mode
User's Configuration Operation HMI

CIGRE Australian Conference, Adelaide 2, 3 & 4 September 2025 9



Online Inertia Assessment P agre

Australia

Maximum Frequency Deviation (Nadir) Method [4]
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[4). Wang, H. Sun, W. Li, C. Yang, W. Wei, B. Zhao, and 5. Xu, "Power system inertia estimation method based on maximum frequency deviation,” IET Renewable Power Generalion, vol. 16, no. 3, pp. 622-633, 2022.
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Online Inertia Assessment
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The process of frequency drop consists of two distinct dynamic response stages:

: The moment when the governor starts to act.

Inertial response stage (t < t;)

Frequency decreases and is only resisted by inertial force. The rate of decline
accelerates over time.

The acceleration of frequency is NEGATIVE (f"'(t) < 0)

Governor response stage (t > ¢,)

The governor is activated, generating a “resisting force” that slows down the rate
of frequency decline.

The frequency acceleration changes sign and becomes POSITIVE (f"' (t) > 0)
mmp Frequency acceleration CHANGES SIGN (f'(t) = 0)
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Online Inertia Assessment

Australia

t, . The moment when the governor starts to act.
S | T T T T T T
= 50 ! ' foor
m bt lerJd{d'g-gE'lH:}
PO R T LN I o e S SRR tais = 1.00s
3 t, = 0.4ls
*=49.95} | . . . J t | =915
0 1 2 3 4 5 6 7 8 9 10

— T
E 0.02 RoCoF
_"D Dg tn’wt = 1.00s
LTS _0:04 t, = 0.41s
Ul:l ‘U 06 f;.”m' =2.135
o -0:08 | I | I i L | I I

a 0 1 2 3 4 5 6 T 8 9 10

w 05 ! T T T T T T ff‘lscf.'r;‘lura.tiun =

= | * f=0

g B . L~ e taiw = 1.00s

% {}MW — fq Nt

o ! — bt = 2.135

'Tﬂ 05 | i | i | i | I I

{C‘-" 0 1 2 3 4 5 6 7 8 9 10

Time |[s]
CIGRE Awustralian Conference, Adelaide 2, 3 & 4 September 2025 12



Online Inertia Assessment

Centre-of-inertia frequency is determined by the least square method

Frequency at PMU after estimation

Col after estimation
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[6] H. Yuan, R. 5. Biswas, J. Tan and Y. Zhang, *Developing a Reduced 240-Bus WECC Dynamic Model for Frequency Response Study of High Renewable Integration,” 2020 |[EEE/PES Transmission and Distribution Conference and Exposition (T&D),
Chicago, IL, USA, October 2020.
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240-bus WECC Case Study
‘ Feol
50.05
o | | B
'_h_d__49,95
z
> 49.9
;%,49-85 RE Ratio=18% |
- " Inertia =407,950 MWs ——
49.75 | | RoCoF =0.20 Hz/s
49.7 ’
0 2 4 6 8 10 12 14 16 18 20
Time

CIGRE Australian Conference, Adelaide 2, 3 & 4 September 2025 16



= i P

' 240-bus WECC Case Study

Feor

N

Australia

50.05
50
49.95
49.9
49.85
49.8
49.75
49.7
49.65
49.6
49.55

RE R—atiﬁ!a = 28%’/.:
" Inertia = 309,896 MWs
— RoCoF =027 Hzls

Frequency

0 2 4 6 8 10 12 14 16 18 20
Time

CIGRE Australian Conference, Adelaide 2, 3 & 4 September 2025 17



ine ] A -m P
240-bus WECC Case Study

Compare with an NREL’s open-source method
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N

, NREL Method [é] Nadir Method with Improvement
Data Theoretical
Inertia (s) Estimated Inertia Error Estimated Inertia Error
(s) (%) (s) (%)
1 3.47 332 4.32% 3.41 1.73%
2 3.47 3.32 4.32% 3.387 2.39%
3 3.47 4.1 18.44% 3.358 3.28%
4 3.47 3.06 11.82% 3.496 0.75%
5 3.47 4.2 21.04% 3.295 5.04%
6 3.47 4.7 35.45% 35N 1.18%
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[B] P. Jiangkai and T. Jin. Open-Source Ambient-Signal-Based Inertia Monitoring Toal for Power systems [SWR-25-59]. Computer Software. hitps:ifgithub.com/®REL/Open-Source-Ambient-Signal-Based-Inertia-Monitoring-Tool-for-Power-systems.
Sequoia Climate Foundation, USDOE. 24 Mar. 2025. Web. doi:10.11578/de.20250422 4,
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Online inertia and RoCoF assessment plays an important role in enhancing grid
resilience, particularly in highly dynamic IBR-dominated power systems.

« Importance of accurate simulation models of power plants and controllers, forming a
foundation for developing a Digital Twin of a power grid.

« Stringent requirements for simulation models during grid connection procedure.
Australia is a leading reference.

« With widespread deployment of PMUs, model validation is absolutely feasible.

« Other online dynamic security assessment functions can be developed with the same
approach, contribute to Smart Dispatch Centers.
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