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Motivation

= 70%
2.00 2
g 60%
175 Current g
warming rate o 50%
55 IS z
5< ¥ 40%
£o -
[+ ‘5 g
o & 125 2017 { ik
= y K
gg 3
g @ 1.00 [ Human-induced € 20%
E o warming _ _ ,g
&3 075 Climate uncertainty 9 10%
T2 for 1.5°C pathway & — I I I
1]
S 0%
= o 0.50 *
GRS [ B - B < B B~ B ) L I T <. - N m" O I3 F £ F A T A A X
g 888 FF L L2538 S5539228358358535%45 3%
ST ET SIS LTS ER S ~5 s 282 TP S L £
0.25 )"qu"\u"’ig’"gt ESGUSV’ggQé‘g;c
S P < 98 =T 29 Fg 514
0.00 S g g€ s 2 > s
? = S U = g S
2100 & & § 3

1960 1980 2000 2020 2040 2060 2080
M Phase 2 - Minor to moderate impact on system operation

Phase 1 - No relevant impact on system
Phase 3 - VRE determines the operation pattern of the system M Phase 4 - VRE makes up almost all generation in some periods

Human Induced Climate Change
Source: NASA’s Global Climate Change Website: A

Degree of Concern: Why
Global Temperatures Matter (2019) Annual Variable Renewable Energy (VRE) Share and
Integration Phase as of 2018

» Extreme weather events challenging the
Source: IEA Renewables 2019 report: Analysis and Forecasts to 2024

resiliency of Power System
» High variability from the Generation-side
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Research Interest

» Intermittencies of VRE challenging the balancing control o
» The VREs are ‘non-synchronous’ inverter-based resources (IBRs)
» Reducing the inherent inertial response capability of the system
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Research Interest

Main Contributions

)

Conclusion

» Non-synchronous VREs - inverter-based resources (IBRs) and Power System Inertia
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\ ROCOF (max rate of change of frequency)

Frequency Response
Characteristics

Source: Tielens, P., Van Hertem, "The
relevance of inertia in power systems”,
Renewable and Sustainable Energy Reviews,
Vol. 55, March 2016, pp. 999-1009.
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Flexibility Solutions - Objectives
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Objectives

» To Study and characterize the different
flexible resources that can deliver balancing

Inverter

e

services.
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A . Wind I\_Ac
> To explore predictive control strategies for be
grid-following and grid-forming converter PV E[DCDC
controls. ess 7

. Actuator: Energy
»To test and validate the proposed control Storage mix

strategies on a power hardware-in the-loop

platform. SR

»To study the impact of the frequency
response control parameters on the
oscillatory stability of the system
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Why Hybrid Energy Storage?

Desired Frequency Response Characteristics
Grid code requirements

UPS Power Quality | T&D Grid Support Load Shifting Bulk Power Mgt

s
Region Instantaneous Af limits ~ Af; limits (Hz) ROCOF limits (Hz/s) 2
(Hz)
Singapore 49.7TUFLS 10.2 +1 for 5005 window

Minutes

» Combine different operating characteristics
based on application

» Power and Energy densities

» Battery — slow varying power

» Supercapacitor — high frequency demand

» Other flexible resources can be represented
by an equivalent virtual battery model {qi _ _sc0—pi

Discharge Time at Rated Power

Seconds

1kW 10kW 100kW 1MW 10 MW 100MW  1GW
System Power Ratings, Module Size

Energy Storage Characteristics

Source: https://css.umich.edu/factsheets/us-grid-energy-storage-factsheet
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Types of Inverter-based Resources (IBRs)

» Grid-following IBRs
AC micro-grid » Frequency-responsive grid-following IBR control
bus » Frequency-responsive grid-following IBR implemented using
model predictive control (MPC)
» Rate-based MPC controller
» Coordinating Frequency-responsive DERs
» Validation

» Grid-forming IBRs
AC micro-grid » Isochronous grid-forming control
bus » Grid-forming control implemented with MPC
» Validation
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Grid-following IBR — Model Predictive Control
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Grid-forming IBR — MPC implementation and Validation

D¢ bus Multi-mode control for microgrid transition
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Test System and Simulation Results
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Power Hardware-in-the-loop Experiment ., s,
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Summary of Contributions

» A storage sizing methodology for primary frequency and inertia reserve requirements

» A model predictive control strategy with rate-based linearization for elimination of offset
errors in grid-friendly DERs.

» A distributed model predictive control framework for grid-friendly DERs in grid-forming and
grid-following operation modes.

» Validation of proposed control strategies using power hardware-in-the-loop experiment.

» A stochastic backward-forward sweep power flow algorithm of islanded microgrids with
microgrid frequency as a state-variable.

» Small signal modelling of grid-following and grid-forming DERs. Analysis of the impact of
frequency response parameter variation on the small signal stability of the system.
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Interesting Areas for Future Work

» Requirements for fault-ride through capabilities (FRC) for non-synchronous reserve providers.
» Placement of inertia reserves in large power systems.

» Demand-side elasticity requirement and market mechanisms for new types of ancillary
services.

» Urban energy planning for collective self-consumption and decentralization

» Singaporean context — possible interconnections for importing green energy (huge impact on
system reliability) — GW scale energy storage systems and subsea HVDC

» Economic challenges impacting power producers with increasing penetration of VREs, scope
for potential capacity markets.

» Pay for energy consumption -> Pay for reliability
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