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2. Five (5) tech focus 
area

3. Tech and 
beyond

1. Smart 
grid/grid 

modernization

1. The smart grid and grid modernization
∗ A dual innovation path
∗ Storage: the last missing piece 

2. Technology focus areas (TFAs)
∗ Microgrids: Ultimate assets for utilities
∗ Substation: Focal point for renewable integration 

and grid performance enhancement
∗ Flexible electronic large power transformers/on-line 

sensors/IoT-connected communication
∗ Transportation electrification/smart infrastructure
∗ Energy-based active control

3. Technology Development and beyond
∗ Data analytics for renewable forecasting
∗ Smart meter analytics and flexible demand response
∗ Machine learning for MW power design
∗ Big data for asset management and prediction of 

equipment failure
∗ AI for grid-scale resiliency and fault recovery
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Outline



Smart Grid and Grid Modernization
SusTech
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∗ US DoE Definition
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The Smart Grid and Grid Modernization

If you 
would 

summarize 
all seven 

abilities, it 
is one 
word: 

digitization

But the 
grid is 

aging …

D. Tan, “Electronictization for grid modernization,” EE Dept. Distinguished Speaker Series, UCR, Jan., 2015



∗ Jan, 2015, UC Riverside talk  Grid modernization by D. Tan
∗ March, 2015  DoE grid modernization initiative (GMI)
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The Smart Grid and Grid Modernization

D. Tan, “Electronictization – A Foundation for Grid Modernization,” Chinese Journal of Electrical Engineering, Vol. 1, 
No.1, March, 2016 , pp. 1 - 8 (Invited)
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Grid Modernization: From EE to EEE

S. W. Blume, Electric Power System Basics,  
IEEE Press & Wiley Inter-sciences, 2007

Electronic Active Dynamic

Electric and Electromechanical Electronic, Electric and Electromechanical

Power Electronics & Systems (PE&S), as a system of 
technologies, brings a suite of technologies to help transform 

the grid from passive, electric, and electro-mechanical to 
active, electronic, electric, and electro-mechanical

D. Tan, “Electronictization – A Foundation for Grid Modernization,” Chinese Journal of Electrical Engineering, Vol. 1, 
No.1, March, 2016 , pp. 1 - 8 (Invited)



Grid Edge

Structured 
Microgrids

Distribution

MVDC
MVDC, & LVDC

Transmission

HVDC & HVAC

Bulk 
Generation

Asynchronous 
& Synchronous 

Generation

Evolution towards a Modern Electronic Grid

A dual innovation path needs to be pursued
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D. Tan, “Towards a (more) electronic power transmission and distribution (eT&D),” CSEE Power Electronics & 
HVDC Conference,  Dec., 2016 (Invited Keynote)

Telecom Sensors C&DH AI



Power Electronics: Laying the Foundation

Policy, 
Economics, 

Market

System 
Integration & 

Resiliency

System Analytics 
& Big Data

Communication & 
Security

Sensor Network, 
TLM

CMD, CTRL

All Things Grid 
Connected

Physical Grid

Micro-Grid

System 
Integration & 

Resiliency

Sensor 
Network, TLM Micro-Grid

Physical GridCMD, CTRL

All Things Grid 
Connected

Power 
Electronics 
provides a 

foundation for 
renewables 

integration and 
grid 

modernization
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D. Tan, “Electronictization – A Foundation for Grid Modernization,” Chinese Journal of Electrical Engineering, 
Vol. 1, No.1, March, 2016 , pp. 1 - 8 (Invited)



Battery Cost Going Down Exponentially

ICCT Working Report, “Electrical vehicles: Literature review of technology cost and carbon emission,” ICCT Working Report, 2016-14, July, 2017 
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GE believes the cost will be 
US$175/kWh by Y/E 2017

• Reached US$176/kWh in 2018
• Project US$100/kWh in 2024

- April 3, 2019

At US$100/kWh, an EV can be more cost effective than an ICE car



Battery cost continues to fall
∗ Li-ion battery cost continues to drop



Batteries: Grid-Scale Deployment

Battery: “The last missing piece (asset) of the puzzle” for grid modernization

11

D. Tan, “Batteries: the ultimate inertia for renewable integration,” IEEE T&D Show, April, 2018 (Invited Super 
Session Panelist)



Batteries: “Rapid, accurate, and valuable”

Battery: “The super inertia” for fast and accurate responses
“Initial operation of the Hornsdale power reserve battery energy storage system,” Australian Energy Market 

Operator (AEMO), April 5, 2018
12



Solar/Battery: Displacing Gas Peaker Plants



Utilities are investing in big batteries



Technology Focus Areas
SusTech

15



Structured 
µGs

Flexible 
Substations 

Flexible 
Electronic 

LPTs

Smart 
Infrastructure

Active 
Control 

16

Technology Focus Areas (TFAs)
1. Microgrids: Ultimate utility 

assets 
2. Substation: Focal point for 

renewable integration, grid 
performance enhancement, and 
self diagnostics with grid 
impedance measurement

3. Flexible electronic large power 
transformers (FeLPT): on-line 
sensors and IoT-enabled 
command & communication

4. Smart infrastructure: 
Transportation electrification 
interface such as ultra-fast 
charging stations, etc.

5. Energy-based active control



TFA 1: Structured Microgrids (SµGs)
DoE: A group of interconnected loads and 
distributed energy resources (DERs) with 
clearly defined electrical boundaries that acts 
as a single controllable entity with respect to 
the grid (and can) connect and disconnect 
from the grid to enable it to operate in both 
grid-connected or island mode.

Extension of the DoE Definition* 
Integrated with loads, energy sources, storage devices, sensors,  and data bus, a structured 

microgrid is an autonomous subsystem that features 
1. Balanced energy over the intended operation/capacity 

2. Reconfigurable for stand alone or grid connected 
3. Resilient with fault tolerance/fault isolation

4. Bidirectional power flow
5. Modular/scalable

*Definition can be readily extended for multi-port cases

DoE Update: The microgrid may be defined as 
the resources – generation, storage, and 
loads, - within a boundary that are managed 
by a controller. 

D. Ton and I. Reilly, “Microgrid controller initiatives,” IEEE 
power and energy magazine, July/August, 2017, pp. 24-31
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D. Tan, “Emerging system applications and technological trends in power electronics,” IEEE Power Electronics 
Magazine, June, 2015, pp.38-47



SµGs : Local and Global Benefits

D. Tan, “Emerging system applications and technological trends in power electronics,” IEEE Power Electronics 
Magazine, June, 2015, pp.38-47
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∗ Renewable integration
∗ Structured microgrids
∗ All things grid connected
∗ Transportation 

electrification
∗ Smart homes, buildings 

and cities
∗ Power conversion goes 

adiabatic
∗ Low power goes 

monolithic
∗ High power goes multi-

level
∗ WBG devices going main 

stream



SµGs: CHP – An Early Adaptor
∗ Combined Heat and Power (CHP) 

generation provides
∗ Reliable baseload power
∗ Gas line weather proof
∗ Heat captured for hot water, chilled 

water and steam product (heating)
∗ With CHP powers the baseload, 

renewables can be integrated
∗ Solar, wind, and storage
∗ Demand response
∗ EV ultrafast charging

∗ SµGs
∗ Industry, campus, district, and 

many others

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 (Invited Opening Keynote)
A. Hampton, “Combined heat and power: the ideal anchor for microgrids,” IDEA Campus Conference, Feb., 2016

19

UCSD campus µG reduced the electricity cost by $80 m per year 



SµGs: Resiliency
∗ Frequent extreme weather events, Hurricane Harvey?!

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 (Invited Opening Keynote)
J. M. Carroll, “Maximizing microgrids: the top issues facing the ideal microgrids,” IDEA Conference, 2016

2017

$260B?

20



SµGs: Utility Emergency Systems

Grid Cyber Security Public Transportation Water Supply/Treatment

Airport/Traffic Control Hospitals Data Centers

Microgrids can turn mostly-idle back-up generation assets into cash generators

21

D. Tan, “Structure microgrids: Invaluable assets for utilities,” 2nd IEEE PELS/PES eT&D Workshop, Nov., 2017 
(Invited Keynote)
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SµGs: Remote Energy Access
∗ Electricity means modernization and prosperity – SµGs are 

perfect vehicles for remote energy access

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 
(Invited Opening Keynote)



TFA 2: Flexible Substations

Configured as a multi-terminal 
SM:
1. Electronic power transformer
2. Renewable integration
3. Interconnect to the grid
4. Energy storage to maintain 

balance
5. Multi-time scale autonomous 

control
6. Wireless communication

D. Tan, “Batteries: the ultimate inertia for renewable integration,” IEEE T&D Show, 2018 (Invited Super Session Panelist)
Southern California Edison, “Grid modernization: Distribution system concept of operations,” Version 1.0, January 2016

Configured as a multi-terminal SM:
1. Electronic power transformer
2. Renewable integration
3. Interconnect to the feeder
4. Energy storage to maintain balance
5. Multi-time scale autonomous 

control
6. Wireless communication

Configured as a Two-terminal SM:
1. Electronic power intertie or UPFC
2. Renewable integration
3. Energy storage to maintain balance
4. Multi-time scale autonomous 

control
5. Wireless communication

A SM for a campus/building/community
1. Electronic power transformer
2. Renewable integration
3. Interconnect to the feeder
4. Energy storage to maintain balance
5. Multi-time scale autonomous 

control
6. Wireless communication

23



∗ Hybrid transformer

24

Flexible Hybrid Transformer Concept

Figure 7 Conceptual illustration of the proposed flexible hybrid transformer with renewables system (HT-R)

D. Tan, “Flexible hybrid transformers with renewable energy integration,” E2 Systems White Paper, 
Nov., 2017 



∗ Modular scalable back-to-back converters for grid control, 
interconnect, and fault isolation

25

A Solar Power Example

X. Zhang, T. Zhao, W. Mao, D. Tan and L. Chang, "Multilevel Inverters for Grid-Connected Photovoltaic Applications: 
Examining Emerging Trends," IEEE Power Electronics Magazine, vol. 5, no. 4, Dec. 2018, pp. 32-41



Substation Automation and Modernization
∗ Feeder/Substation µGs voltage profile

Microgrid
Controller

Carbon Credit

Electricity

D. Tan, “Structure microgrids: Invaluable assets for utilities,” 2nd IEEE PELS/PES eT&D Workshop, Nov., 2017 (Invited Keynote)
C. Schweagerl, “Technical, economic and environmental benefits of microgrids operation,” Siemens, Jan., 2010
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∆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

∆𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

SµGs can aggregate energy transactions cross the boundary of ISO and DSO

User

∆𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 << ∆𝑽𝑽𝑽𝑽𝑽𝑽𝑽𝑽 Week grid will be a thing in the past



∗ Modular scalable back-to-back 
(BtB) converters for grid 
control, interconnect, and fault 
isolation

∗ Flexible Transformer
∗ 3M Converter (3MC): Modular, 

Multi-level, and Multi-timescale

27

TFA 3: Flexible electronic LPT (FeLPT)
M16

M17

M18

M19

M10

M11

M12

M13

M14

M15 M26

M27

M28

M29

M20

M21

M22

M23

M24

M25

FETS – Flexible Electronic (AC/DC) Transmission System

Modular

FETS 
CapableScalable

D. Tan, “A modular, scalable back-to-back power converter (MS BtB PC) for grid control, interconnect, 
and fault-isolation,” E2 System White Paper, Nov., 2017

D. Tan, “Towards a (more) electronic power transmission and distribution (eT&D),” CSEE Power 
Electronics & HVDC Conference, Dec., 2016 (Invited Keynote)

A Simple BtB Illustration



∗ Powering smart manufacturing

28

TFA 4: Electrification and Smart Infrastructure
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Middlebrook Flying Capacitor Converter

R. D. Middlebrook, "Transformerless DC-to-DC converters with large conversion ratios," in IEEE Transactions on 
Power Electronics, vol. 3, no. 4, Oct. 1988, pp. 484-488

Partial power processing

Voltage divider/multiplier

D. Tan, “Switched-Capacitor Circuits: Coming of Age,” IEEE PELS LAC 
Relaunch Meeting, April, 2019 (Invited)



FeLPT: Built for eT&D
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•Ancillary services

•Frequency 
regulation

•Spinning reserve
•Supplemental 

reserves
•Ramping (new)

•Capacity
•Peak energy
•Flexibility (new)
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•Volt/Var support
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•Frequency response
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) •Upgrade deferral
•Reduce circuit and 

line overloading
•Congestion relief

•Resiliency
•Outage mitigation
•Back-up power
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•Ancillary services
•Frequency 

regulation
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•Supplemental 

reserves
•Demand response
•Black start

G
rid

 E
dg

e 
(E

nd
 U

se
rs

) •Demand 
response

•Optimize retail 
rates

•Power quality
•Critical load
•Renewables on 

site
•Peak shaving
•Energy shifting
•Resiliency
•Islanding
•Reactive power
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D. Tan, “Structure microgrids: Invaluable assets for utilities,” 2nd IEEE PELS/PES eT&D 
Workshop, Nov., 2017 (Invited Keynote)



TFA 4: Electrification and Smart Infrastructure

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 (Invited Opening Keynote)
“DC Microgrids: advanced distribution platforms for flexibility, Savings, and Sustainability in buildings,” Emerge Alliance 

Visions, 2011

Hyper-Converged 
Infrastructure

31

∗ Data/Telecom Centers: Modular and Scalable



Ultra-Fast Charging: Efficient Architecture

P
r
i

m
a
r
y

S
e
c
o
n
d
a
r
y

AC

DC

DC

DC
C

Solar 
Arrays P&C

Wind 
Turbine P&C Storage

Assembly

LPT

DC  

DC

Charger Port(s)
MV

Back-to-Back

SµGs integrate renewables for ultra-fast charging and grid support

D. Tan, “Challenges in ultra-fast charging stations,” IEEE ITEC Asia-Pacific, Aug., 2017 (Invited Keynote)
32
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On-Line Grid Voltage and Current Sensors

15 kV voltage/current 
combined line post 

sensor

new.abb.com

greentechmedia.com

IEEE/ANSI Medium Voltage Outdoor 
Instrument Transformers

arteche.com

lindsey-usa.com/sensors

tollgrade.com
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D. Tan, “Towards a (more) electronic power transmission and distribution (eT&D),” CSEE Power 
Electronics & HVDC Conference, Dec., 2016 (Invited Keynote)

Smart Meters and PMUs



∗ Scalable 5-level of controls

34

TFA 5: Active Control and Transactive Energy

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 (Invited Opening Keynote)
M. Clout, “DER optimization, dispatch, tertiary control/monitoring strategies,” Siemens, 2016

“NREL Integrate,” Siemens-OMNETRIC Group Industry Day Workshop, March 2017
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∗ Flight-proven technology

35

First Resilient, Islanded, Remote Microgrid

A resilient microgrid proven in deployment, saving national assets in US$B’s

Approved for public release; NGAS Case 15-1495, dated 8/4/15

D. Tan, et al, “A first resilient DC-dominated microgrid for mission-critical space applications,” IEEE JESTPE, Dec., 
2016, pp. 1147-1157 (Invited)



Fuse Clearing and Dead Bus Recovery

36

∗ Fuse Clearing ∗ Dead Bus Recovery

The bus holds its minimum voltage with a hard short

shorted 
capacitor

Regulated Primary 
Bus Voltage
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scm_vin, 20.99 volts min

output fuse clears in 3.6m seconds

input fuse clears in 13.6m seconds

21.84V min @ PDU output vs. 20 V min allowable.
21.80 V min @ CCM, 20.99 V min @ SCM  vs. 19.5 V allowable

The bus holds minimum voltage even with a hard short

SSR Vout(t)

SSR 
Vin

SIG_PWM_SSR 
from REA

SSR Iout

HKPS Turns on & 
Energy 
Imbalance 
Forces Motor-
Boating

Low-Freq Op, ABS 
Near 100% D (on 
array input, not Vbus)

Recovery is an orderly transition w/ a current-limited source 

Knife-on, 0.5A/s, Current-Limited Source, 1 HKPS CP & 6Ω CR

Approved for public release; NGAS Case 15-1495, dated 8/4/15

D. Tan, et al, “A first resilient DC-dominated microgrid for mission-critical space applications,” IEEE JESTPE, Dec., 
2016, pp. 1147-1157 (Invited)



A Fractal Radial Distribution with SµGs
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D. Tan and Damir Novosel, “Six basic characteristics of modern power grid,” Southern 
Power System Technology, Vol. 11, No. 10, Oct., 2017, pp. (Invited)

“An vision that is scalable for future grids.”



A Fractal Mesh Distribution with SµGs
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“A first real vision for future grids.”
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D. Tan and Damir Novosel, “Six basic characteristics of modern power grid,” Southern 
Power System Technology, Vol. 11, No. 10, Oct., 2017, pp. (Invited)



Transactive Energy Enabled by SµGs

Bulk Transmission
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Bulk Transmission

SµG: An enabler for cyber-physical and real-time transactive energy with 
bilateral P2P contract network and substitutability
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D. Tan and Damir Novosel, “Six basic characteristics of modern power grid,” Southern 
Power System Technology, Vol. 11, No. 10, Oct., 2017, pp. 1-8 (Invited)



Technology Advancement and Beyond
SusTech

40



∗ Data analytics by Deep Learning for renewable forecasting 

41

Technology Advancement and Beyond

D. Tan, “Powering smart factories,” CATS Panel on Smart Manufacturing, May, 2018 (Invited Keynote)
“IBM announces cloud-based enterprise-wide analytics for energy companies,” Winder Power Engineering & 

Development, Feb., 2015



∗ Big data for asset management and prediction of equipment 
failure by Deep Learning (99% rate was reported)

42

AI Enables Smarter Grid & Asset Cost Deferral

D. Tan, “Powering smart factories,” CATS Panel on Smart Manufacturing, May, 2018 (Invited Keynote)
“Artificial intelligence: the next digital frontier,” Discussion Paper, McKinsey Global Institute, McKinsey & 

Company,2017



∗ Smart meter analytics and flexible demand response: Descriptive, 
predictive and prescriptive (3P’s)

∗ Load analysis, load forecasting, load management, privacy and cyber 
security with Deep Learning and Reinforcement Learning

43

Technology Advancement and Beyond

https://www.greenbiz.c
om

https://en.wikipedia.org/wiki/Demand_response

D. Tan, “Structure microgrids: Invaluable assets for grid modernization,” IET APSCOM, Nov, 2018 (Invited 
Opening Keynote)

“How demand response can benefit from the growth in microgrids,” OpenADR Alliance Webinar, June 2015



∗ Machine learning for MW power design

44

Machine Learning for MW Power Design

Z. Zhao, D. Tan and K. Li, "Transient Behaviors of Multiscale Megawatt Power Electronics Systems - Part I: Characteristics and Analysis,“
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 7, no. 1, March 2019, pp. 7-17

Z. Zhao, D. Tan, K. Li and L. Yuan, "Transient Behaviors of Multiscale Megawatt Power Electronics Systems - Part II: Design Techniques and Practical Applications," 
IEEE Journal of Emerging and Selected Topics in Power Electronics, vol. 7, no. 1, March 2019, pp. 18-29



∗ AI for grid-scale resiliency, fault management and recovery
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SµGs with Machine Learning for Energy Balance

• Energy monitoring
• Fixed rules for energy 

balancing

• Big data for flexibility and robustness to 
maximize economic returns

• Machine learning for community demands

D. Tan, “Powering smart factories,” CATS Panel on Smart Manufacturing, May, 2018 (Invited Keynote)
B. Cornelusse, “Optimization and machine learning for smart microgrids, ”Liege University, Sep., 2017

SµGs plus AI will enable breakthroughs in grid impedance online self-determination, using 
a combination of traditional model-based methods with new data-driven analytics



Work Force Development

D. Tan, “Powering smart factories,” CATS Panel on Smart Manufacturing, May, 2018 (Invited Keynote)
T. Hill, “Machine learning techniques in manufacturing: applications and caveats,” Dell, 2017 
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Industry 4.0, 5G, and ABC  eGrid  Large demand on new workforces



47

TPE:
Technical Performance Excellence
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