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Outline 

Introduction

Power network science
• Mathematics
• Computation
• Data-based

Engineering challenges

Some suggestions
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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

Ø Power network science and engineering
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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. Modelling issues, stabilization (Ortega, Turitsyn, etc) New Lyapunov
b. Cascading collapse, synchronism (Dörfler, Motter etc) Network science 
c. Power flow theory (Low, Lavaei etc) Convexity 
d. Network-based stability (Song, Hill etc) Graph theory
e. Distributed control (Johannsson, Liu, etc) Control theory
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Mathematics is changing
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ACM e-Energy 
Conference, June 2019
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Recent meetings
Cambridge Isaac 
Newton Institute 

MES Programme,  
Jan-May 2019
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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?

Ø Fragmented topic
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Why do we have theory?

§ Have guarantees: A implies B

§ Transferring the burden of assumptions, e.g. 
» 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.
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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

Ø 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
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Math-comp-data triangle

Mathematics-
based
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Data-
basedSimulation-

based

PS

CC

Med

CT

CC – climate change

CT – control theory

Med – Medicine

PS – Power systems



13

Eight Big Scientific Questions for FGs

1. New (faster) stability of high converter systems
2. Granular/distributed everything: markets, control 

etc, i.e. DER, aggregator, DO, DSO, RTO, ISO
3. Computation scaling (more computer science)
4. Data-based (adaptive) control
5. Better structures
6. Grid flexibility
7. Trilemma (long-term management)
8. Resilience integrated systems



1. New stability
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Impact of DG connection topology on stability

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.

Ø Theorems
1) Algebraic connectivity

where n is number nodes and ./ 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 lim1→3.//5 = 0 holds in the common tree-like 
connection where new DGs are connected to nearby nodes via single 
lines 
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An eigenvalue of system 
dynamic Jacobian 
approaches zero with 
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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
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Granular structure view

18



Ref: Price, 
“Distributiio

n market 
designs and 

business 
models,” to 

USEA, 2017.
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3. Computation

ØAd hoc simulation vs scientific computing

§ But large numbers of scenarios to reflect 
increased uncertainty

§ Huge computation times

§ More computer science based work needed
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Ref: Ahmadyar et al., “A framework for assessing renewable integration
limits with respect to frequency performance,” IEEE TPWRS, July 2018.

Minimum RoCoF in an Australian study



4. Data-based

§ Movie idea
§ Slide

23From Miranda, HK PolyU, Sept 2017.
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Illustration of SAX based trajectory quantization

Black-Box Deep Learning for DSA
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10.5 Affix Frequency

Pixel Padding

(a) Statistics of affix frequencies (b) Bitmap depiction based on affix frequencies

Illustration of 2-D pictorial representation

Ref: Zhu, Hill and Lu, to appear IEEE PES GM 2019.
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Ref: Cai, Ma and Hill, submitted IEEE TPWRS
Also Dorfler talk, INI MES, 2019



5. Better structures

Ø 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
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Topologies of power grids

United Kingdom and 
Ireland power grid 

Australian power grid
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Schematic Diagram of National Grid in 2020
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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
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Ref: Tio, Hill and Ma, “ Grid inadequacy assessment against power injection diversity 
from intermittent generation, dynamic loads, and energy storage,” submitted to IJEPES



7. Energy trilemma
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“…keep the lights on, 
you ensure people 
can afford to keep 

them on and you meet 
your emission 

reduction 
commitments” 

Turnbull, 11 Oct 2017



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.

Energy Trilemma Decision and Control



Ref: 
PESISGTNA20180006 

(Panel Session ISGT 
2018)

8. Resilience integrated



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
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Longer-term? 2050?
§ 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

36
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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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