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Introduction

Power network science
* Mathematics

®* Computation

* Data-based

Engineering challenges

Some suggestions

QOutline



A discipline not a sandpit

® Study fundamental questions in grids

" Engage the relevant science

" Develop a theory and algorithms core for
grids
» Math-based
» Data-based (recent)

" Compute with more detail

" Impact the industry practice

» Power network science and engineering



Brief History (Power Network Science)

Early: Russian schools (Gorev in 1930’s, St Petersburg; Venikov in Moscow, ..);
Magnusson, 1947 Energy functions, dynamics, voltage stability

1960-70’s: Vasin, Pai, Willems, ... Lyapunov, Popov methods

California 1970’s (Korsak, Smith..) Power flow theory

USA DOE Systems Eng For Power (Fink) 1980's: (Wu, Varaiya in Berkeley;
Baillieu, Zaborszky, etc) .. Differential geometry, stability, control theory

1990's, 2000's: Voltage stability (Andersson, Hill, Varaiya etc) Bifurcation
methods

2010's: ‘Smart grids’

a.

® o000

Modelling issues, stabilization (Ortega, Turitsyn, etc) New Lyapunov
Cascading collapse, synchronism (Dorfler, Motter etc) Network science
Power flow theory (Low, Lavaei etc) Convexity

Network-based stability (Song, Hill etc) Graph theory

Distributed control (Johannsson, Liu, etc) Control theory



Mathematics is changing

@ Conferences | May 01, 2019

Scientific Computing, Machine

Learning,and Data Science: Recurring
Themesat CSE19

By Paul Davis

To its nearly 2,000 attendees, the 2019 SIAM Conference on Computational Science and Engineering

(CSE19), which took place from February 25-March 1in Spokane, Wash., may have seemed more like a
lively music festival than a specialized scientific meeting. On the central stage, prize lecturers reprised
beloved favorites while up-and-comers debuted newer hits. A host of minisymposia on the numerous
smaller platforms drew their own devoted audiences. The overall effect was an engaging mix of

robust scientific computing, innovative machine learning, and insightful data science. Old barriers fell

while new ones were scaled.




for Mathematical Sciences

Recent meetings

Home Programmes & Events. ~* Documents & reports Outreach & Engagement Information for visitors News & Media Gateway

The mathematics of energy systems
Isaac Newton Institute for
Mathematical Sciences
Participation in INI programmes is by invitation only. Anyone wishing to apply to

participate in the associated workshop(s) should use the relevant workshop application 3
Programmes & Events form. Related Links

Mathematics and Economics of

Cambridge Isaac
Newton Institute

Management of energy networks &

MES Prog ramme,

Risk Day

Scientific Programmes

The mathematics of energy
systems

> Overview
> MES Research tracks
> Participants

> Preprints

Jan-May 2019
> Workshops and Other Events Programme

3rd January 2019 to 3rd May 2019

Organisers:
Current programmes John Moriarty (Queen Mary University of London)
Andy Philpott (University of Auckland)
Future programmes Almut Veraart (Imperial College London)
Stan Zachary (Heriot-Watt University, University of Edinburgh)
Past programmes Bert Zwart (Centrum voor en (CWI), Te L
Eindhoven)
Programmes by Year Programme Theme

Welcome to ACM e-Energy 2019 in Phoenix, AZ, United

@ @n@ rS States

The Tenth ACM International Conference on Future Energy Systems (ACM e-Energy) and its co-
located workshops, to be held in Phoenix, AZ, United States from 25th to 28th of June 2019, aim to
be the premier venue for researchers working in the broad areas of computing and communication for
smart energy systems (including smart grids, smart buildings, and smart cities), and in energy-efficient
computing and communication systems. ACM e-Energy 2019 is a part of ACM Federated Computing
Home Research Conference (FCRC) 2019.

ACM e-Energy 2019, Phoenix, AZ, United States

By bringing together researchers in a high-quality single-track with signifi PP ities for
Steering Committee individual and small i ion, it will serve as a major forum for presentations and discussions that

p
will shape the future of this area.
- l l Organization Committee
e e rg y "9 ACM e-Energy is organized by ACM’s newly formed Emerging Interest Group on Energy Systems and

Informatics. Please consider joining ACM EIG Energy to receive_monthly r and_ann: its
Program Committee about e-Energy 2019, as well as related events, conferences, workshops, and tutorials. You can join the
EIG for free HERE.
Oll erel lce ulle Program
Workshops Contact the Organizers

Poster & Demo Session

Tutorials “

Keynote Speakers . .
June 23, 2019 The FCRC app provides a ‘comment’ function for every
N _ presentation in every session. During the conference, we
Reglstration encourage both the audience and the authors to use this
‘comment’ function to post additional questions and answers for
Student Travel Grant the paper presentation.
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Figure 1| Modelling a blackout in Italy. Illustration of an iterative process of
a cascade of failures using real-world data from a power network (located on
the map of Italy) and an Internet network (shifted above the map) that were
implicated in an electrical blackout that occurred in Italy in September
2003%. The networks are drawn using the real geographical locations and
every Internet server is connected to the geographically nearest power
station. a, One power station is removed (red node on map) from the power
network and as a result the Internet nodes depending on it are removed from
the Internet network (red nodes above the map). The nodes that will be
disconnected from the giant cluster (a cluster that spans the entire network)

at the next step are marked in green. b, Additional nodes that were
disconnected from the Internet communication network giant component
are removed (red nodes above map). As a result the power stations
depending on them are removed from the power network (red nodes on
map). Again, the nodes that will be disconnected from the giant cluster at the
next step are marked in green. ¢, Additional nodes that were disconnected
from the giant component of the power network are removed (red nodes on
map) as well as the nodes in the Internet network that depend on them (red
nodes above map).

Ref: Buldyrev et al., “Catastrophic cascade of failures in interdependent

networks,” Nature, 2010.



On models

" 'Science’ models often very poor, but ideas are
good

" New questions everywhere across the various
approaches, e.g. load modelling now must include
PV, EV/storage etc

" Data-based approaches lead people to ask if we
need models?

» Fragmented topic



Why do we have theory?

" Have guarantees: A implies B

" Transferring the burden of assumptions, e.qg.
» for SIMB system, EAC implies TS

» assumptions about machines are easier to live with than about
system behaviour

" If assumptions are known, we can use theory to obviate doing
(some) tests

" Certificates in other areas, e.g. aircraft approvals

Ref: Bitmead, “Engine controller certification: the role of theory in practice,” CCDC 2019.



Other approaches

" Computation-based
» More detailed models
» Lots of simulation cases
» Each simulation gives ‘one point’ in a relationship
» Can be scientific, e.g. Monte Carlo sampling
» But needs more CS involvement

" Data-based
» On-trend approach (money for research)
» No explicit models

» Use Machine Learning from Computer Science to infer
relationships

» Ways to include system specific features, e.g. topology, give
better research problems 10



In practice - hybrid approach
" Theory gives:

» Mathematical indicators, ‘certificates’ to use in

computations and data-based methods, e.g. a stability
index

" Combine all three approaches:

» Derive stability limit as exact in simpler situation
» Carry out large number scenario-based simulations

» Use these as data for deep learning techniques to derive a
stability limit, e.g. China EPRI's EEAC technique

11



Math-comp-data friangle

Mathematics- CC — climate change

based CT — control theory

Med — Medicine

PS — Power systems

Data-

\\\ based

Simulation-

based
12
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Eight Big Scientific Questions for FGs

New (faster) stability of high converter systems

. Granular/distributed everything: markets, control

etfc, i.e. DER, aggregator, DO, DSO, RTO, ISO

. Computation scaling (more computer science)
. Data-based (adaptive) control

. Better structures

. Grid flexibility

. Trilemma (long-term management)

. Resilience integrated systems

13



1. New stability

Power System
Stability
Converter- Rotor Angle Frequency Voltage
driven stability Stability Stability Stability
| [ I [ I
‘ast interacti Slow i cti Small-Disturbance Transi Large- Small-
l-astﬂm::lrlz:c'lmn Slm\ﬂ l:::i‘-':“.'"on Angle lS t:bility srzub'shel;n Disturbance Disturbance
stability stability Voltage Stability Voltage Stability
L ]
' I ' I I
Short Term | | Short Term Long Term
Short Term Long Term

Ref: IEEE TF in progress

New

Revised analysis
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Impact of DG connection topology on stability

» Theorems
1) Algebraic connectivity

Then lim,_,,, A2(Lg) = 0 if there exists a node 7 such that lim,, ., d;/n = 0.

where n is number nodes and d; is degree of node i.

2) An eigenvalue of the system dynamic Jacobian approaches
zero if the algebraic connectivity of the microgrid approaches zero

Note: the precondition lim d;/n = 0 holds in the common tree-like

n—oo

connection where new DGs are connected to nearby nodes via single
lines

Ref: Y. Song, D. J. Hill, and T. Liu, “Impact of DG connection topology on
the stability of inverter-based microgrids,” IEEE TPWRS, to appear.

15



Imaginary part of the critical eigenvalue
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An eigenvalue of system
dynamic Jacobian
approaches zero with
the expansion
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2. Granular/distributed methods

" DER now across houses to UHV grids (kW to GW)
" Coordination now flexibly across levels

" Planning, monitoring and control now needs
distributed methods

17



Granular structure view

@ d; could be an aggregated electric
spring system, storages,
air-conditionings

@ d; can be served as a reference
signal for an aggregator to control
million of LV level devices

@ How to control those LV devices
such that they can work together
to behave like d;

18
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3. Computation

> Ad hoc simulation vs scientific computing

= But large numbers of scenarios to reflect
increased uncertainty

= Huge computation times

= More computer science based work needed

20



Scenario development framework

General uncertainties

Fuel prices

Megashifts

Low cost
storage

Technology

costs Low demand for

centrally-supplied
electricity

Policy and
regulation GHG reduction

framework

Consumer choices

Exploring active to
passive spectrum

Ref: CSIRO, “Change and Choice-The Future Grid Forums analysis of Australias potential electrical pathways to 2050: Final

Report,” Tech. Rep. December, 2013.

21



Minimum RoCoF in an Australian study
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Fig. 11. Minimum RoCoF following a credible contingency based on NSIP.

Ref: Ahmadyar et al., “A framework for assessing renewable integration
limits with respect to frequency performance,” IEEE TPWRS, July 2018.
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4. Data-based

The continuous monitoring of a power system may nhow
benefit from learning instead of relying on static models

All data arriving at the SCADA in a Control Center can become time-tagged with
synchrophasor technology.

It is like frames in a film!

-
-t

)
\\\\

From Miranda, HK PolyU, Sept 2017.
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Black-Box Deep Learning for DSA
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Ref: Zhu, Hill and Lu, to appear IEEE PES GM 2019. 24



Power System -

QSS simulation

Online Emergency

Anticipated Faults Search for OCVC

oufput

l voltage dataJ.
ool DT

Final Database
1. PCA data

11. FFBP data

111. Priority value

Raw Database

~

WI)SAS uoneneA7]

1. System info

1. Voltage change

111. Control action

—— offline search and control @ ----. online control

Fig. 1. Data-Based Learning and Control System for LTVS.

Ref: Cai, Ma and Hill, submitted IEEE TPWRS
Also Dorfler talk, INI MES, 2019



5. Better structures

» Practice focusses on one grid and might
borrow from others

» But what about future grids
» Science gives general ideas for all grids

» Influences everything, e.g. stability MGs seen
above

26



Topologies of power grids

Transmission lines and generators
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Schematic Diagram of National Grid in 2020

Source:
CEPRI

This is a whole
of grid question:
from Tibet and
Mongolia to our
homes
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6. Grid flexibility

Stories of WFs cannot operate full output
Controllable corridors of power needed
Planning/reconfiguration

"Used to have generation following demand; now
need grid and demand following generation” - Yue
Song

29



Grid inadequacy assessment

Minimum and maximum bus
‘P, power injections define a
I/' bounding hypercube in P-space
A
/" | Power balance conditions define
> ahypersurface containing valid
- } power exchanges

@ =

_l,J

P-space

' Infeasible power exchanges
Ji2
lic outside the f~space
bounding hypercube
Feasible power exchanges
lie within the faspace

‘ bounding hypercube
h £

Line capacitics
define a bounding
hypercube in

f~space V\ | !/
\

®)

f~space

Fig 2: Visualization of the constrained DC power flow model as a
vector mapping: (a) a hypersurface represents the set of valid power
injection scenarios in the power injection space, P-space, and (b) the
vector projection of the hypersurface within the bounding hypercube
in the line power flow space, fspace. determine feasibility.

® No congestion

® With congestion |
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Fig. 5. Three-dimensional visualization of the 6-bus test system
infeasible set using a scenario pool (I'=3,139.831) and PCA

Ref: Tio, Hill and Ma, ““ Grid inadequacy assessment against power injection diversity
from intermittent generation, dynamic loads, and energy storage,” submitted to IJEPES
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7. Energy trilemma

carbon emissions “...keep the lights on,

you ensure people
can afford to keep
them on and you meet
your emission
reduction
commitments”
Turnbull, 11 Oct 2017

the energy

trilemma security

of energy
supply

energy costs

31



Energy Trilemma Decision and Control

Policy Maker
Chooses permit price and baseline

Minimise average price change
s.t.
(Emissions constraint)
(Revenue constraint)

Market Operator

Meet demand at the lowest cost

s.t.
(Operational constraints)

A.Xenophon and D.J.Hill, “Wholesale electricity price targeting via
refunded emissions payments,” to appear Applied Energy.



8. Resilience integrated

U.S. Critical Infrastructures Depend on Electricity

Shipping

Critical Infrastructure Interdependencies

Fuels, Lubricants

Fuel Transport and

Transportation

Shipping

S@; 2016

Power for Pumping Power for Pumping,
Stations, Storage, Signaling, and
and Control Switching Fuel Transport and
o o Fuel for Systems SKIpPINgG
s |5 Generator »
— -— C
<O( ‘g’ g SCADA L
<<t |5 Communications, Fuel for o 3
Q g2 lo T .. Generators 5 S
£ |s ‘- TR Electricity 2 E
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© 1T Switches - Storage, and Control 8
w Power for Systems <
Water fOI' Pump/Lift - 2
Production, Stations and Water for Cooling S
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Emissions Systems Reductions
Reduction
Communications - '
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Power & Energy Society®

Communications

$IEEE

Ref:
PESISGTNA20180006
(Panel Session ISGT
2018)



How to approach integrated systems?

" Integrated systems give interdependent (network
of) networks:

» Future engineering systems provide a trilemma (cost,
security, clean) solution for energy and information flows
across integrated networks (IIoT, CP systems etc)

" Mathematics, computation or data-based for such
complexity?
» Researchers have plenty to do yet

34



Longer-term? 20507

Public energy discussions by consumers, industry, economists,
engineers, scientists, politicians and journalists ...

Projects and workshops which have themes like ‘energy for 2050’ and
some countries have clear long-term goals in terms of the energy
trilemma

Now have a large set of new ideas for new technologies, which we all,
e.g. microgrids, smart grids, supergrids based on DER, storage, DR and
much more, which can all address the long-term goals.

Then a large multi-disciplinary community of power engineers as well
as physicists, control and communication engineers, computer scientists

and economists are pursuing research on aspects of the systems
problems arising.

What next?
35



One study on analytic foundations

| SCIENCES
puert | eenzmnve THE NATIONAL ACADEMIES PRESS
This PDF is available at http://nap.edu/21919 SHARE @

Electric Grid

Analytic Research
Foundations for the
Next-Generation

~—

Analytic Research Foundations for the Next-Generation
Electric Grid (2016)

DETAILS

161 pages | 8.5 x 11 | PAPERBACK
ISBN 978-0-309-39231-0 | DOI 10.17226/21919
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6 MATHEMATICAL RESEARCH PRIORITIES ARISING FROM THE ELECTRIC GRID
Introduction, 93
Synthetic Data for Facilitating the Creation, Development, and Validation of New Power
System Tools for Planning and Operations, 94
Random Topology Networks, 96
Data-Driven Models of the Electric Grid, 97
The Role of Control Theory in the Changing Electric Energy Systems, 99
Physics-Based Simulations for the Grid, 100
Data-Driven Approaches for Improving Planning, Operations, and Maintenance and for
Informing Other Types of Decision Making, 103
Creating Hybrid Data/Human Expert Systems for Operations, 103
Machine-Learning Models for Hazard Modeling and Reliability, 103
Visualization Tools for Understanding Data, 104
Detecting Who Has No Power, 104
Machine Learning for Long-Term Planning, 104
Optimization, 105
Convex Relaxation in Grid-Related Optimization, 105
Robust and Chance-Constrained Optimization, 106
Challenges 1n Modeling the Electric Grid's Coupling with Other Infrastructures, 108
References, 109
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Some final thoughts

All this effort is too fragmented and there is the need to recognise a
core power network science and engineering discipline where new
theory, computational techniques, machine learning and data-based
ideas can flourish

Journals rather ad hoc in representing this idea

Recall the Systems Engineering for Power Program in the USA started
in the late 70’s

For instance, we need to show how high renewable grids can operate
with acceptable stability limits

It is also important that this community influence the public discussions
to show there are scientific answers to many questions ...
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