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Research Group and Mission

* Intelligent Power (IP) Lab in KSU with the
mission of advancing power systems through
inverter-based resources (IBRs) and artificial
intelligence (Al) to enable secure, resilient, and
economical power supply.
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Research Area

* Modeling, control, and stability of Inverter-based
Resources (IBRs)

* Dynamics-informed planning and operation of power
systems

* Al-driven power system simulation, control and
optimization
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Power System Background
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AC Power Generation

e Alternating current (AC) power generation

Source: EATON Tutorial: https://videos.eaton.com/experience/detail/videos/electric-
utilities/video/6171633894001/power-generation?autoStart=true
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AC Power Generation

e Alternating current (AC) power generation

Kinetic Energy Source Turbine Electric Generator Electricity to Consumers

Rotor

Flowing Water

Combustion Gases

Wind ->

Steam

Rotor Rotor Shaft Stator

Source: EATON Tutorial: https://videos.eaton.com/experience/detail/videos/electric-
utilities/video/6171633894001/power-generation?autoStart=true
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Power System Synchronization

* All generators are expected to be synchronized at 60 Hz.

Synchronous @
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50 or 60 Hz
Source: B. Kroposki et al.,
“Achieving a 100% Renewable
Grid — Operating Electric Power
Systems with Extremely High
Levels of Variable Renewable

Smart Wind Energy,” IEEE power & energy

magazine.
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Synchronization

e Self-synchronization with different nature frequencies

https://www.youtube.com/watch?v=Aaxw4zbULMs

Source: Harvard Natural Sciences Lecture Demonstrations
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Inertia of Synchronous Generator

Physical intuition

E =3w,’

J: Moment of inertia of the rotor
(Physical property)
E: Stored kinetic energy in rotor

* Large, heavy rotors - large J - slower speed change
* Slim, compact rotors - small J - faster speed change
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Importance of Inertia

* The net effect of power system inertia provided by
synchronous generators is to reduce the severity of
sudden frequency change and increase stability
during active power imbalances.

(Inertia of Motion)
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Importance of Inertia

e Low inertia can resultin
— High RoCof
— Low nadir

Load event

Primary Control
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Reducing Physical Inertia

* |nverters have no physical and are decreasing the inertia
of power systems.
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Figure Source: B. Kroposki et al., “Achieving a 100% Renewable Grid — Operating Electric Power Systems
with Extremely High Levels of Variable Renewable Energy,” IEEE power & energy magazine.
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Opportunities: Virtual Inertia Control

* Inverters are control-driven devices. They can emulate
the inertia response of synchronous generators.

VSG Gnd
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PWM: Pulse Width Modulation
VSG: Virtual Synchronous Generator
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Challenges: Virtual Inertia Control

* |Inverter-based inertia support is not a cost-free service.

* Additional power and energy immediately following a
disturbance is needed to stabilize the system.

tx107
~ = AP —
5 et AP (Myy,, =0)
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! AP (M, 5= 2)
Typical power and frequency % — - Af
responses of inverters after $ 05

step disturbance.
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Background Summary

* Inertiais important
to power system.
 Replacing SGs by IBR
reduces system
inertia.

* Low inertia increases
frequency risks.

* New control and

optimization
framework are
needed.

Structural Transition
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Background Summary

* IBR Role Transition from Passive Components to Active
Participants.

DEVICE-IEVEI Active Power Control Reactive Power Control
Functiona I Ity Inertia Emulation Damping Emulation
[
&_ Fault Current Limitation

Device Capa bilitvl System RequirementI

Basic Power Supply

Market Service

Grid-level
Se rvice Dynamic Frequency Support

Damping Support, Inertia Support

Dynamic Voltage Support Short-term Reactive Power Injection

Grid Strength Improvement Grid-forming Control
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Role Transition of IBRs in Future Power Systems

[1] Buxin She, Fangxing Li, Jinning Wang, Hantao Cui, Xiaofei Wang, and Rui Bo, “Virtual Inertia Scheduling for Microgrids with
Static and Dynamic Security Constraints,” IEEE Transactions on Sustainable Energy, April, 2025.
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Virtual Inertia Scheduling
(VIS)




Concept of Virtual Inertia Scheduling

* VIS is a unified inertia management framework that combines the
device-level control and grid-level economic operation and
leverages the inertia support capability of grid components.

» Device-level control algorithm design:
explore and enhance the inertia support capability of IBRs
from the perspectives of control and dynamic performance

/‘(hl“i\tst“?\*‘“ﬁ& e -

Inertia support Wind Solar Battery Generator Load  Inertia support
capability demand

] ]
Inertia management center

» Grid-level (virtual) inertia scheduling:
make the best use of the inertia support capability of grid device
from the perspectives of secure and economic operation

Diagram of virtual inertia scheduling
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Generic F

ormulation of VIS

Upgraded from the conventional economic dispatch, VIS is
formulated as an optimization problem, aiming to achieve an
economic objective function while satisfying physical constraints.

Dynamics Support Cost

____________________________________

min Z C*" +C
C)

For

S.[.<

tel

Vi=1,2,L T and W, € SIU, Contingency Set

7). Static economic dispatch constraints

ii). Transient performance constraints
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Conventional Scheduling
(Economic Dispatch)

e Conventional economic dispatch minimizes generation cost while
meeting demand and network constraints, assuming inertia is
inherently provided by synchronous generators.

Forvt € {1,...,T}, s.t.,
o Objective function: o Constraints: No Niow
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Virtual Inertia Scheduling (VIS)

@ Updated objective function:
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Dynamics Approximation

* VIS integrates power and frequency dynamics into

scheduling, requiring suitable approximations and
embedding into the decision framework.
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Analytical Results
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[1] Buxin She, Fangxing Li, Hantao Cui, Jingning Wang, Qiwei Zhang, and Rui Bo. “ Virtual Inertia Scheduling for Power Systems with High
Penetration of Inverter-based Resources ". IEEE Transaction on Sustainable Energy, 26 September, 2024.
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Neural Network-assistant
Linearization

* Neural Network Fitting

( AP 2 —Sw, t
Mosar =7 1= 1= e 4 | N Af. = NN,(AP,M,D,R,F,T)
| . aPD, o AP" = NN,(AP,M,D,R,F,T)
o — MeT b [—1+an'e ¢l sm(wdt+¢')] A ¢
Wn

e |inearization oo

o m'™ hidden layer of neural z, =W z ,+b,
network (NN) with ReLU z
activation function:

o Linearization by big M G function |
method: 1
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Extension to Stability Constraints

* Extend from dynamic power and frequency
constraints to more generalized stability constraints

RoCoF ,Af, . ,0%,0" = NN(0O,y)
Small signal stability Transient stability
O = eig
O" = AJ__

),‘v’j,keQG

AS,,. = max(|AS (£)— A5, (¢)
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Example: Two-

machine System

Linel Line2
L
SG IBR

Load

Diagram of two-machine system

Step 1: Pre-train NN based on the
data generated by analytical models

Af,.. = NN, (AP, M,D,R,F,T)
AP = NN,(AP.,M,D,R,F,T)

max

Mike Wiegers Department of

Step 2: Solve VIS Optimization Model
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Example: Two-machine System

s Af, .. =NN (AP, M,D,R,F,T)
* Neural network training Results ™ =™
AP = NN,(AP,M,D,R,F,T)
(a) (b)
0.10 0.20
Training Training
0.08 = = Testing 0.15 94~ == Testing
£ 0.06 1 g
8a) m 0.10 1
£ 0.04 - 2
> > 0.05 - (a) Training loss of frequency nadir prediction
0.02 ’ - e
(b) Training loss of IBR peak power prediction
0.00 T T 0.00 T T
10! 103 10! 103
Epochs Epochs
(c) (d)
< 001 A = —— Actual data
= %‘ 029 —— Prediction
'?Zu 0.00 - %
g % 00
= 001 4= Actual data o (c) Testing of frequency nadir prediction
= =]~ Prediction > 0 (d) Testing of IBR peak power prediction
o 20 4 S0 20 40
Testing samples Testing samples
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Example: Two-machine System

Step 3: Validate Power and Frequency Performance
1 005 | | Power and frequency
""""""""""""""" — w éﬂ"ff”"zﬂ’ j\‘f‘g threshold:
e [jreeeemmnamenngy — Libr b=y V1= 7 ° _
2_ Pibr (Mbl':6’ M:7) Pmax - 1 p.u.
< 0.995 | ] e RoCof,,,=0.5 Hz/s
L 0.990f i,
- 0.987 _
0.985 | | | | VIS Scheduling results (Red curve):
| T— ] ] I 1) The peak IBR power output
- <10 ‘. reaches its rated capacity (1
s " [RoCofl.-s=0.5Hzls I p.u.).
2 i o e Aj{gM,,,, g M= 8 2) RoCof becomes the binding
el LR "= Af (M4, M= i i
i .l | Af(Minfa AT) corTstralnt (0.5 Hz/s) following
D . 0 s 0 s a disturbance.
1 (s)
Dynamic performance of the two-machine system
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Example: IEEE 39-Bus System

IBR1 IBR3

Bus 30 g g Bus 37 < € = €
4 € €
Bus 25 Bus 29 Y

oot Fim Validation on a modified
Ly} IEEE 39-bus system,

sge  Busl Y _'r_(___' >
| followed by a one-hour

1 dispatch-dynamic time-

w11 domain simulation.
L Ly ) 1T N Bus 35
,.

Bus 7 —Bus 10 A “f—‘:-‘—r IBR2
1 1 1 Bus 20
Bus 6 Bus 23
Bus 31 , [1] Buxin She, Fangxing Li, Hantao Cui, Jingning Wang, Qiwei
sG1 Bus 3 Bus 34=4= Bus 33 Bus 36 Zhang, and Rui Bo. “ Virtual Inertia Scheduling for Power
SG2 SG4 @ SG3 SG5 Systems with High Penetration of Inverter-based Resources ".
IEEE Transaction on Sustainable Energy, 26 September, 2024.
’ @ et [Tt —— i 3= roerton — s - Transtormes

Single-line diagram of modified IEEE-39bus system
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Conclusions

U Although IBRs present low inertia characteristics, their
controllability and flexibility allow for the design of an advanced
scheduling framework for future low-inertia power system. IBR role
transition from passive components to active participants.

U Virtual inertia scheduling (VIS) is an inertia management
framework that targets security-constrained and economy-
oriented inertia scheduling and generation dispatch of power
systems with a large scale of IBRs.
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