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The winner was AC!

But as power systems
evolve over time, what
challenges are we facing?

In the coming decade, how
considerations of
HAEL  NICHOLAS e ¥ sustainability will shape the
e b S e L development path of our
power supply systems?
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First Public Power Supply System

Waterwheel driving a
Siemens AC Alternator (dynamo)

https://upload.wikimedia.org/wi /commons/d/d4/ _ |
Godalming_illuminated %2 png i 3
> AN T % -

Several supply cables, some laid in
gutters

Feeding 7 arc lights and 34
incandescent lights.

gk
5 5%
Godalming, England 1888 o CLP@PE
(~50 km southwest of London) HK Electric

Historical note:
AC was found to be more efficient for transmission than DC.

5 ¥ 9 Th A 2B 50 Hz is a convenient turbine speed, and no flickers for lights (to

City University of Hong Kong human eyes) and yet insignificant skin effect of cables.
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The Evolving Power Grid iy
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Notable Trends

B South China Morning Post Q
° . .
More renewable sources All new cars in Hong Kong could be electric
.« PV by 2030, five years ahead of schedule,
environment official says
) W| nd + There were nearly 25,000 electric passenger cars on Hong Kong’s roads
in October, compared to just 180 in 2010
LOAD SI DE Climate change: China aims for + The government is stepping up policy support to push the adoption of
'carbon neutrality by 2060’ emission-free vehicles, including subsidies for EV purchases and
. . y Matt McGrath charging infrastructure
 More active devices -

» Solid-state lighting

In 2020, Chinese Communist

Party general secretary Xi

Jinping announced that

China aims to peak

emissions before 2030 and

= | go carbon-neutral by 2060 in
accordance with the Paris

B 5 9 T oA B en——— . :
w Ci‘ty University of Hong Kong g:'sr:)a,wm'mmtoxlzlji::?:se:alssmnsbm:ezogoandforcarhm“eutramy"y Cllmate aCCO rd
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* Regulated loads
 EV chargers

e Datacenter power
supplies




Renewable Energy Trends

P K-
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Modern renewable energy generation by source, World Lops o]
< Change country ] 5
.Hydropower
4,000 TWh 1990 ) '
- Hydro 2158.9 TWh LaiLis VOTBTI;
¢ Wind 3.63 TWh
3,000 TWh oo ¢ Solar 0.39 TWh
@ Hydropower 4,355.04 TWh
@ Wind 1,590.19 TWh 2020:
® Solar 844.39 TWh 4 Hydro 4355.04 TWh
2,000 TWh « Wind 1590.19 TWh

@ Other renewables, including bioener: 702.89 TWh
= it « Solar 844.39 TWh

®Wind
1,000 TWh //

@Solar
@®Other renewables, including bioenergy

O0TWh -t * ¥ j 1
1965 1980 1990 2000 2010 2020
P https://ourworldindata.org/renewable-energy
City University of Hong Kong
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Renewable Trends in China

ENERGY CONSUMPTION 2019 POWER CAPACITY 2019
Renewable energy Renewable
consumption installation
2020 capacity

2020
2,082,800 GWh

(27.32% of total) 900 GW

[295 GW solar
281 GW wind]

- Coal (incl. coal gangue): 4,553,800 GWh
(62.2%) Il Coal (incl. coal gangue): 1,040,630 MW

I Natural gas: 232,500 GWh (3.2%) (51.8%)
Other thermal: 147,600 GWh (2.0%) B Natural gas: 90,240 MW (4.5%)
Nuclear: 348,700 GWh (4.8%) Other thermal: 33,340 MW (1.7%)

- Hydro (conventional): 1,270,200 GWh Nuclear: 48,740 MW (2.4%)
(17.3%) - Hydro (conventional): 327,750 MW (16.3% (C-f- 1 040 GW Coal)

B Pumped storage hydro: 31,900 GWh (0.4 B  Pumped storage hydro: 30,290 MW (1.5%

Wind: 405,300 GWh (5.5%) Wind: 209,150 MW (10.4%)
EBET AR Solar: 224,000 GWh (3.1%) Solar: 204,180 MW (10.2%)
City University of Hong Kong Sl EERS Rt ey Biomass: 23,610 MW (1.2%)

Prof. C. K. Michael Tse https://en.wikipedia.org/wiki/Electricity_sector_in_China 7



EVs Growth Trends

2020 Global passenger car sales*
« 3.1M EVs sold
(million) i EVs Other cars -0-EV %
(4.7% of new cars - - 60%
SO|d) ;;g - 50%
60 - 40%
2030 50 - 30%
40
* Projected to - - 20%
increase to 48% 10 “ul I I I I - 10%
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030
Tre m e n d O u S d e ma n d https://canalys.com/newsroom/canalgs—gIobal—electric—vehicIe—sales—2020
increase in chargln.g. P HONG KONG o |
stations and electricity 24.9% M

supply infrastructure.

5%

EHBIWTHAE . 2017 218 2019 2020 5021
City University of Hong Kong © Bve ® PrEvs
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Datacenters Growth Trends

. 9,000 terawatt hours (TWh)
* |CT is expected to account for

0 i ENERGY FORECAST 20.9% of projected
21% of g|0ba| power Consumptlon Widely cited forecasts suggest that the electricity demand
by 2030 total electricity demand of information and

communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice,

 Networks and Datacenters will be B Notworks (wiroloss and wired)
the key consumers B Production of ICT

Consumer devices (televisions,
wws.m%bnlc phones)
W Data centres
‘ e ) e R e G e

Historical:

Lighting used to take a big share
(15-20%). As LED becomes the key
technology, lighting no longer takes

the largest share of consumption. 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

BFEEBTHAE The chart above is an ‘expected case’ projection from Anders Andrae, a
City University of Hong Kong specialist in sustainable ICT. In his ‘best case’ scenario, ICT grows to only

Prof. C. K. Michael Tse 8% of total electricity demand by 2030, rather than to 21%.




Key Driving Forces

SUPPLY SIDE — - -

—y
. -
Conventional sync generators » New Squrce 7 ~

-Renewable power sources ¢ i, S PP — S\
/ ger_DCar / \
Load SIDE I 1
Conventional loads \ 1oad (PE) WPEtadiEres CLUSTERk 4
-Active regulated loads M
N\ CLUSTER j DC or AC LINK
CLUSTERING T - _
Intercluster connections DC or AC LINK e

Power trading

Long distance transmission Inter-cluster links can be PEconverter  pE converter '\ Model allows incorporating
. DC or AC as facilitated by ® ®  synchronous machines
- _ munt® y d
AC-DC conversion power electronics ' ‘ r power electronics converters,
converters (DC links are \ | control, source converters,
used in China) \ . / power electronics controlled
N CLUSTER] loads, inter-cluster links, etc.
~ ”

~ -
EEEm AR — o -
City University of Hong Kong
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And Other Factors

leading to increasing deployment of
power electronics

Ageing equipment
70% of transformers are 25 years old
60% of circuit breakers are 30 years old
(USA, as of 2014)

Power electronics substations
Solid state transformers (more compact, smaller)
Control for power quality
Facilitating DC distribution & transmission

Energy Trading

Bulk power transmission due to uneven source

distribution
EBE AR
City University of Hong Kong

Prof. C. K. Michael Tse

HVDC Installed Capacity in China (2001-2015) Source: PTR

2010 2011 2012 2013

1 2014 2015

Roughly 60% of the HVDC projects installed after 2010 were
3GW or more in China. State Grid of China (SGCC) spent
roughly $90B just in UHVDC interconnections from 2009 to
2020 to make more than 20 UHVDC transmission links
operational by 2030. The Changji-Guquan UHVDC link,
which was commissioned in 2019, will set new records in

voltage level (1100 kV) transmission capacity and
transmission line length (Xinjiang to Anhui). This UHVDC link
is expected to deliver 12GW of power through DC
transmission lines spread across 3000 km. It has the
capability to transfer 50% more power than 800kV UHVDC
transmission links.
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MODERN POWER GRID
FUNDAMENRALLY THE SAME, BUT WITH LOTS OF POWER ELECTRONICS
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City University of Hong Kong
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Questions / (Mis-)expectations

Hong Kong: 1 M vehicles; about 3% being EVs

Suppose EVs increase to 20%, and each consumes 20 kWh per day.
* EVs need 40 MWh per day!

* 40,000 charging stations (5 EVs share 1 charger)

* 1280 MW extra capacity (32 kW charger)

* More EVs are expected in coming years. We need
more charging stations or home EV charging devices.
Can we do it?

* We should deploy more PV or wind power. We are
able to double or triple the renewable generation.
Should we do it?

* We can build high-performance power conversion
equipment, like fast-response power supplies, high-
efficiency power loads. Should we further optimise
performance?

13



More Power Electronics
What’s the impact?

EEBHAE
City University of Hong Kong
Prof. C. K. Michael Tse



Overview of Grid Control

Synchronous machine dominated |

-

current at the same rotor’s frequency

* Power balance achieved:
Mechanical = electrical Steam :

Governor

Conventional Control: Working Mechanism¢t | - — -

 Power + shaft torque af AV Frequency-Power
. utomatic Control
Output voltage + field current | Vtiage Regulator | oS
] ) and Power < q
» Automatic Generation Control (AGC) System Stabilizer | Detects change in
- frequency and
* Detects frequency variation and changes torque to balance power adjusts torque in

rotating shaft

» Detects voltage variation and changes excitation of generation

EEEm AR
City University of Hong Kong
i 15
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Concept of Inertia

Synchronous d )

Generator RS P, —P =T,—
m e J

excitation - - dt \
e @
frequenc
) mechanical power |actric power inertia q y
ROtatlng — S by turbine  ,.5quced and to be
Mass S CReuIT used
BREAKER

Inertia : the key to stability Power electronics have no inertia!
Tendency to keep rotating due to the energy When a power converter plugs on to the grid,
stored in the rotating masses. Inertia in the it assumes the grid being a voltage source in

power system is provided by the synchronous order to work properly. Such converters are
generators that dominate the power generation  grid-following.
in the system.

But this only works as long as the grid is still

Im 5% 19 T oA B stiff, i.e., dominated by synchronous

City University of Hong Kong . '
Prof. C. K. Michael Tse machines! 16




Power Electronics - What’s the difference?

Power converters work in switching mode, i.e., toggling of two or more circuit
topologies to modulate power flow, but there is NO STANDARD switching

frequency!
+sync machine:el\‘ switching converters
L }i | | | —
.. 50 Hz .-r1kHz 10 kHz 100 kHz 1 MHz o0

NONLINEAR AVERAGED

LOW-FREQUENCY
SMOOTH

HYBRID SWITCHING
CONTINUOUS SYSTEM

CONTINUOUS SYSTEM

CONTINUOUS
SYSTEM

/\/M ITCHING SYSTEMS q SMOOTH
EHBTAS N >
City University of Hong Kong
17
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Power Systems with Power Electronics

Synchronous
Generators
e) -—1

N
) P [
4

Transmission

Distribution to homes
Factories and Buildings

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse

POWER

ELECTRONICS Switching Frequency

1kHz — 1MHz
(not high enough to
become continuous
systems as seen by grid)

Switching
Circuits

Wideband Oscillations
Vulnerable to large Chaos
disturbance due to Feedback control

violation of small-signal systems present negative

design assumptions impedance to grid

Multi-time Scale
Wide range of
operating frequency
of different
converters/inverters

Nonlinearity

18



Basic Issues - Problems Already Emerged

 LARGE DISTURBANCE

* Nonlinear systems linearized for small-
signal design

* Violation of small-signal assumption
leads to design inconsistency

* OSCILLATION & CHAOS (INTERACTIVE)
* Power converters are control systems

with feedback to optimize performance.

High performance needs high-gain and
wideband loop, presenting to grid as
negative impedance!

 MULTI-TIME SCALE
 Variety of operating switching
frequencies. Analysis is not scalable!

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse

Real-life Example |
Railway System
usual oscillation transmitted through HV link

Regenerative

current
.>

Transformer Transformer

Tlege\nera-kive R

4

Power vot '

fully absorbed “‘

at L\/, l)o'l:
transmitted
through HY VSC
line +o (power
another l l electronics)
station’s _ .
: TVS with regeneration
equipment



Real-life Example 2

POWER GRID
* Power Supply System to
switchboard controllers in
railway system Fro
VSC| ] | BUS+ to power line
SB control
« DC Bus oscillation —t — E BUS- control
Well designed to power line
DC-DC converter loop too regula’:%n SB control
tight, presenting negative loop control
impedance to the bus
* Insulation leakage at cM [
BUS- terminal M detector
/
Insulation fault detector S /

¥dll could have recorded return
noise current S

B 38 i T A B R 04
City University of Hong Kong

Prof. C. K. Michael Tse 20




At load side, devices are coupled via grid

|[EEE Transactions on
Power Electronics
Best Paper Award 2015

The moral is:
Converters too well designed
aren’t good for others!

COMPLEX
BEHAVIOR
OF

SWITCHING
POWER
CONVERTERS

We started research on
power converter’s
nonlinear dynamics
back in 1992.

We were the first

extending the study to
interactive grid-
connected converters
back in 2012.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 7, JULY 2015

-

3589

Effects of Interaction of Power Converters.Coupled

via Power Gfid: A Désign-Ofiented Study

Cheng Wan, Meng Huang, Member; IEEE, Chi K. Tse, Fellow, IEEE, and Xinbo Ruan, Senior Member, IEEE

Abstract—Voltage-source converters are commonly employed as
rectifiers for providing a regulated dc voltage from an ac power
source. In a typical microdistribution system, the power grid is
nonideal and often presents itself as a voltage source with signif-
icant impedance. Thus, power converters connected to the grid
interact with each other via the nonideal grid. In this paper, we
study how stability can be compromised in a system of interacting
grid-connected converters, which are used typically as rectifiers.
Specifically, the stable operating regions in the selected parameter
space may shrink when grid-connected converters interact under
certain conditions. We consider the effect of both source (grid)
impedance and transmission line impedance between converters,
and derive bifurcation boundaries in the parameter space. A small-
signal model in the dg-frame is adopted to analyze the interacting
system using an impedance-based approach. It is shown that the
system of interacting converters can become unstable. Moreover,
results are presented in design-oriented forms so as to facilitate the
identification of variation trends of stable operation boundaries.
Experimental results verify the instability phenomenon.

Index Terms—Grid-connected converters, interacting systems,
power converters, stability analysis.

Power Grid

AC/DC|eee |AC/DC AC/DC | e | AC/DC

Fig. 1. Multiple VSCs connected to power grid.

energy sources for renewable energy generation, battery stor-
age systems, power conversion systems for process technology,
and so on [1]. In most of these applications, the VSC does not




aty

Analytical Methods

EEEm AR
City University of Hong Kong
Prof. C. K. Michael Tse
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Two Distinct Perspectl

Bottom-up (circuits with grid connection)
approach

* Gives detailed views of the dynamics of
devices at specific locations or groups of grid-
connected devices.

* Does not offer a comprehensive view of the
entire connected system (e.g., when the
effects of dynamic processes or events in one
local area extend to other parts of the system).

Top-down (networkedyr systems) approach

converter - Considers the grid as a large-scale
network with groups of subsystems
converter sharing similar properties, and examines
grid phenomena at global level.

* Does not offer detailed circuit-level
Imi = 55 A B mechanisms, e.g., unstable operations.

City University of Hong Kong
Prof. C. K. Michael Tse [ No mature method developed so far. |

23



Samples of methods

BOTTOM-UP (LOCAL) TOP-DOWN (GLOBAL)

Approaches | Perspectives  Sample Sample Approaches | Perspectives  Sample Sample
Issues Methods Issues Methods
Bottom-up Local Stability Small-signal model Top-down Global Stability Network theory
- Oscillation Impedance method - Synchroniz-  Multi-timing dynamic
- Bifurcation Large-signal model ation system model
- Operating Circuit theory Robustness Power flow analysis
boundaries Differential equation - Failure Topology analysis
- Effects of Frequency-domain events Markov chains
parameter method - Cascading Stochastic processes
changes Switching dynamical failure Probability theory
- Mutual circuit analysis - Metrics Game theory
interactions  Parameter analysis Effects of Complex network
Sensitivity analysis topology concepts & metrics
Effects of Cyber-physical
Nonlinear dynamics and complex behavior coupling system model
Dynamic state Nonlinear Kalman
estimation filtering

Complex networks and robustness behavior

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse 24



converter

converter

Review of Bottom-Up Approach

(relatively more mature)



A Conventional Perspective

« Traditional small-signal models and linearized analysis

* Impedance based stability criteria (e.g., Middlebrook’s criterion, Nyquist, ...)

GRID_CONNECTED VOLTAGE
GRID CONVERTER \
—mn
) VOLTAGE-SOURCE AV [N
CONVERTER

—AJ CURRENT

Negative Impedance if the VSC is very tightly regulated

Im BH AT AS such that its output delivers CONSTANT POWER
City University of Hong Kong

Prof. C. K. Michael Tse 26




More Sources of Nonlinearity

Power synchronization control contains

PLL which is nonlinear.

1018

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 1, JANUARY 2021

Nonlinear and Transient Stability Analysis of
Phase-Locked Loops in Grid-Connected Converters

Jiantao Zhao, Meng Huang “/, Member, IEEE, Han Yan

Abstract—The undesired operation of phase-locked
loops (PLL) is one of the main causes of transient instability in
grid-connected converters. However, the stable operating region of
PLL, knowing which is helpful for protection purposes, is hard to
find due to the nonlinear characteristic of the transient process.
In this article, the nonlinear characteristic of the PLL control loop
relevant to the grid-connected converter operation is identified. The
averaging method is applied to derive a time-domain expression
for the PLL operation under disturbance. Based on the analytical
expression, the transient response and related stability criterion are
established, and the PLL design is improved while targeted to focus
on various ac grid faults or disturbances. The results, applicable to
transient stability enhancement, are verified by circuit simulations
and experiments.

Index Te Grid- converter,
phase-locked loop (PLL), transient stability.

analysis,

, Chi K. Tse ", and Xiaoming Zha ", Member, IEEE

feedback control, the PLL maintains its stable operation and
generates accurate frequency and phase references for the con-
verter. However, under nonideal grid conditions, the behavior of
the inherently nonlinear PLL becomes rather complex, posing
possible stability issue to the converter that employs it [4].

The PLL is usually modeled together with the grid-connected
converter. For instance, Wang et al. [5] established a unified
impedance model and claimed that a high PLL bandwidth can
be harmful to system stability in the face of system harmonic
disturbances. Wen et al. [6] reported that a grid-tied inverter
may be destabilized by the negative incremental resistor in-
troduced by the PLL. This result was also extended to the
multigrid converter system [7]. Much study has focused on
stability assessment in terms of the passivity properties of the
VSC input admittance [8], [9]. The state-space model is applied

source voltage

line line grid
DC il current voltage AC
constant o % Vs rid
N— ! T -
power( P — I - point of
source s g, & ~ommon
PN 4 goupling
AC o |da ‘s
N PLL '
) . abc '
' — |
Y QPLL "
. N ’
DC ] voltage > current | & |94 o pWM +2
voltage control control o= - —M
reference reactive
. current ref.
switch control

Nonlinear damping of PLL

Nonlinear phase detector:
- Rapid drop in damping at small short-circuit ratio (weak grid)
- Short-circuit ratio=Vg /In Zs

/ AN

grid voltage source impedance of grid

line current

- Unstable operation as damping weakens o7



More Sources of Nonlinearity

Saturation nonlinearity from hard limiter.

 Overmodulation leading to saturation,

causing irreversible instability

1062 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 60, NO. 4, APRIL 2013

Catastrophic Bifurcation in Three-Phase
Voltage-Source Converters

Meng Huang, Student Member, IEEE, Siu-Chung Wong, Senior Member, IEEE, Chi K. Tse, Fellow, IEEE, and
Xinbo Ruan, Senior Member, IEEE

Abstract—Active pulse-width-modulated (PWM) voltage recti-
fiers are commonly used to convert ac power from a three-phase
grid to a regulated dc voltage with unity input power factor. The
output voltage regulation is normally achieved by an outer voltage

loop and a si idth (SPWM)
inner current loop. Due to olltput voltage disturbances, such as
those produced by a capacitive load, the inner current loop can be
easily driven into over-modulation and possible six-step operating
regions. Current research efforts have focused on extending the lin-
earity of the modulated voltage in the over-modulation range to re-
duce the input current harmonics and on studying the closed-loop
stability via conventional small-signal linearization around a fixed
operating point. Such linear techniques obviously fall short of pre-
dicting large-signal transient stability. In this paper, catastrophic
bifurcation of the three-phase voltage—source converter is reported
The physical origin of the is i Boundaries of
catastrophic bifurcation in the parameter space are derived. The
phenomenon has been verified experimentally.

Index Terms—Bifurcation analysis, catastrophic bifurcation,
stability, switching power converter, three-phase boost rectifier.

Vs Vg

Fig. 1. Three-phase voltage-source rectifier.

Fig. 1 shows a common three-phase voltage-source rectifier.
The rectifier is generally regulated with an outer voltage loop
which operates in conjunction with an si idal-pulse-width-
modulated (SPWM) inner current loop, as shown in Fig. 2.

The operation of SPWM is depicted in Flg 3. The funda-
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It’s all about “Bifurcation”!

« Bifurcation — Change in qualitative behavior as one or more parameters are varied.

|t is basically a study of STABILITY, if we define one kind of behavior as the stable
operation (one of the regimes).

 Bifurcation analysis is therefore nothing but stabilty analysis extended to MORE
THAN one operating regimes.

The Expected or Desiged Oscillation at low-frequency or

Periodic Operation Another regime

(STABLE)

EEBHHARE .
@ City University of Hong Kong Parameter p increases

Prof. C. K. Michael Tse 29

limit cycle
(UNSTABLE)

Bifurcation

Bifurcation

(UNSTABLE)

=
o
)
N ~



Design-Oriented Bifurcation Analysis

grid inductance = 1.2 mH, load resistance = 30 Q

feedback gain of converter 2
ST I T
I NI N ST -

unstable

connecting inductance

ol g : =40 pH
connecting inductance

=120 pH

stable

e
B~

ay

1.6 18 2 22 24 26 28 3
feedback gain of converter 1

Bifurcation Analysis

32

grid inductance = 1.2 mH, feedback gain of converters = 2.4

connecting inductance

25 30 35 40 45
load resistance of converter 1 (Q)

— Stability analysis of local linearized models, but MOVING

operating point.

It is thus NOT a linear method strictly speaking, though at each

operating point, it is!

EEEm AR
City University of Hong Kong
Prof. C. K. Michael Tse

grid inductance = 1.2 mH, feedback gain = 2.4, load resistance = 30 Q

connecting inductance
=120 pH stable
S \\\

inductance
=40 uH
0.8
0.8 0.9 1 1.1 12 1.3 14
DC load capacitor of converter 1 (mF)

—
By

—
)

b

—_

—

unstable

DC load capacitor of converter 2 (mF)

Regions of different operating
regimes in parameter space

Location of stable / unstable
operation boundaries

Identification of affecting parameters,
e.g., connecting inductance

30



Examples of Bifurcation or Loss of Stability

grid voltage (125 V/div)

output voltage (2.5 V/div)

V line cfnent @0 A\?div)

time scale (20 ms/div)

/
/

Grid-following
converter

grid

/

Unstable /
oscillate via
jumping off a s
stable region

L

GRID-FORMING

<

Grid-following
converter

CONVERTER

Ability to resynchronise
with grid after disturbance
via Homoclinic bifurcation

OSCILLATIONS

Hopf bifurcation in three-phase grid-connected voltage source
converter showing high harmonic contents in grid voltage and line
current, and AC coupled load voltage, as the load current increases
to a certain value (feedback gain too high).

13176 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 11, NOVEMBER 2021

— Homoclinic Bifurcation of a Grid-Forming
Voltage Source Converter

Jingxi Yang “, Member, IEEE, Chi K. Tse ", Fellow, IEEE, Meng Huang ', Member, IEEE, and Xikun Fu

Abstract—Under transient disturbance, the grid-forming
voltage-source converter may lose its synchronization with the
grid, induci ined low-freq y oscillation in instantaneous
power, current, and phase angle. The physical origin of such oscil-
lations is found to be a homoclinic bifurcation in this article. Before
the system runs into a homoclinic bifurcation, a stable equilibrium
point (SEP) and a stable periodic orbit coexist. When a large tran-
sient disturbance is applied, the system exhibits a periodic orbit,
which manifests itself as low-frequency oscillation. Moreover, after
the homoclinic bifurcation, the periodic orbit subsides, and only a
single attractor, the SEP, exists in the phase space. In this case, the
grid-forming converter is able to resynchronize with the grid even
under transient disturbances. Bifurcation diagrams are derived as
the boundaries of stable operation in the parameter space, which
serve as practical design guidelines to avoid sustained oscillations.
Cycle-by-cycle simulations and laboratory experiments are per-
formed to verify the analytical findings.

Index Terms—Basin of attraction, equilibrium point,
grid-forming converter, homoclinic bifurcation, periodic orbit,
sustained oscillation.

In Huang et al. [8], a catastrophic bifurcation has been identi-
fied in a grid-following VSC, where the output load disturbance
drives the current loop into an overmodulation region and desta-
bilizes the system. In a subsequent work [9], the mechanism
involved in the loss of stability in a grid-following VSC con-
nected to a weak grid has been uncovered, where low-frequency
oscillation has been found to emerge from a typical Hopf bi-
furcation. It has also been shown that the exhibition of Hopf
bifurcation causes the system to become much more sensitive
to the catastrophic bifurcation identified earlier. Furthermore,
the catastrophic bifurcation has also been recognized in the
grid-following VSC when the grid voltage exhibits a dip [10]. In
this case, the VSC will suffer an irreversible instability, which
means that the system fails to reinstate its usual operation even
after the grid voltage recovers. Moreover, for the voltage dip
scenario, Hopf bifurcation and generalized saddle-node bifur-
cation were found possible in the grid-following VSC [11], and
in this case, the stable equilibrium point (SEP) swallows the
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Preview of Top-Down Approach

(immature research stage)
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The Need for Global View

- -
4' '~

e Analysis under the local or bottom-up '___Zs‘: L U -
perspective can be extended to cover a group ," "'COSZEZ‘T(B) *‘ - RS
of equipment surrounding the point of i N — |7 ] comener 1 9 E],VZ!"
common coupling, but with very limited O B o PP -
capability! \“ T | Converter (By) ol o E] o

* We will soon get stuck by the

GLOBAL PERSPECTIVE

escalatlng c.:omple).aty When the looks at the system as a whole

number of interacting devices and identifies key properties and
their relationships with system

becomes lar ge or the area Of parameters and network structure.

interaction widens.
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NETWORK:  noe
+7 generator ‘.

NODES /(™" /75

!

LINKS '+ l

transmission
line

|:] synchronous generator-based power source nodes;
A converter-based power source nodes;
O circles represent consumer nodes;

— links represent transmission lines or transformers.

red nodes and links are overloaded and tripped during the cascading
failure process;

blue ones are disconnected from the power sources and deprived of
power.

55 ) -
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w City University of Hong Kong EE 118 Bus Test Case
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Making Network Model Realistic

Theoretic network? °0 Power grid follows physical laws
¢ 9
* nodes o225\ 3/ - generators, transformers, loads
. > 2 . . .
- links O o 2 ey %" % < transmission lines
AT ST S Tl NA SN
- ® ad ) Jd 9 > )
R S et B ¢ NN 9
9 R " | JJ JJ v N Karamay
J JJ J J J J J J J J D Wulumugi
> 9 9 9 “\;: -
LR T o
é >
 Rich theoretical results
- characterisations: degree, distance, ®-

betweenness, clustering, ... b comcton e
« impact of structures PR———
- efficiency of information transfer
- routing, etc.
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Crucial Steps to Mimic Failure Propagation

Physical process must be considered. _
ll Our Model

—— percentage of unserved nodes (power lost)
—=— percentage of tripped nodes and lines

0.12 T

Power flow according to Kirchhoff’s laws ol
and electrical properties of the components.

e
o
@

-

A

* Zhang-Tse model (2015) use the DC power
flow calculation to accurately track the
overloading nodes (components) o4y |

Cascading Abruption Point

Initial Failure Point

Percentage of nodes
o
o
(2]
T

(=1
(=]
=

* We also applied stochastic modelling to solve
the timing issue (2017) T R E TR A -

Time (per unit) x10°

Featured in IEEEXplore Innovation Spotlight, Nov 2015

cumulative
- - . I failur H 1 I D
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ssessment of Robustness of Power Systems . - s l
From a Network Perspective 25 B 25
i i 20 20
Xi Zhang and Chi K. Tse, Fellow, IEEE - J
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Abstract—In this paper, we study the robustness assessment of  grid is amenable to complex network analysis [3]. Many re- 5 f 5 /
power systems from a network perspective. Based on Kirchhoff's  searchers have tried to apply complex network theory to power /—’_‘ time time
laws and the properties of network clements, and combining with systems, aiming at gaining new insights into the power grid op- 10 20 a0 40 50 60 (min) 42.5 45 47.5 50 52.5 55 57.5 eo(min)
a complex network structure, we propose a model that generates . P
power flow information given the electricity consumption and €ration that would help enhance the reliability and performance
generation information. It has been widely known that large scale ~ of power systems. sC -
blackouts are the result of a series of cascading failures triggered In early studies [4], [5], real data from power grid in dif- Flgure 1. Cumulative line tflps in WSCC July Figure 3. Cumulative line tri ps inwW C Au
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Modeling the increasing number of PE nodes for assessment of risk
and robustness.

Developing control strategies that balance the grid-following function
and grid-forming support.

EEEm AR
City University of Hong Kong
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Effects of Power Electronics Penetration on Grid Control
« Conventional grid relies on frequency variation to indicate deviation from normal operation
* Inertia resists frequency variation — PE has no inertia!

GENERATOR SIDE

SYNCHRONOUS MACHINE BASED GENERATOR NODE

Transformer

HYDRO g
)
SYNC MACHINE
Transmission Line (I NE RTIA)
THERMAL
POWER ELECTRONICS BASED GENERATOR NODE
/’/ __________ \‘\\ Transformer )'!

Generatof\\ . i"\#\ .JK} = E b

Transmission Line

DROOP CHARACTERISTIC I

frequency

A

active power

Tequency

NO DROOP CHARACTERISTIC I

ELECTRONICS . I

active power

EFFECTS OF POWER
ELECTRONICS

Grid-following inverters

inject current to grid with a
PLL and do not help
control the frequency!

More PE will weaken the
control of frequency.

Need for grid-forming
converters
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Robust

Recent Study 2021

o8 IEEE JOURNAL ON EVIERGING AND SELECTED TOPICS IN CIRCUITS AND SYSTEMS, VOL. 12, NO. 1, MARCH 2022

Effects of High Level of Penetration of Renewable
Energy Sources on Cascading Failure
of Modern Power Systems

Dong Liu™, Member, IEEE, Xi Zhang™, Member, IEEE, and Chi K. Tse™, Fellow, IEEE

Abstract—Tn this paper, we incorporate the dynamical process
of frequency control in modeling cascading failure and assessing
the robustness of power systems with a high level of penetration
of rencwable energy sources. Triggered by an initial failure,
a poy

100% renewable power grids in response to the global issues
of an energy shortage, climate change, and environmental
pollution [1]. Recent statistical data [2] shows that two
mature renewable cnergy sources, namely wind power and
solar power, have rapidly increased their shares in global
ry, _electricity generation in the past decade. Despite the benefits of
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Challenge 1:
Multi-Timing

Mix of dynamical systems of
different time scales:
high performance PE
slow sync machines
daily fluctuations
seasonal fluctuations

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse

Challenges

Challenge 2:
Diversified Dynamical
Behavior

Systems with different

dynamical features:

- zero inertia PE at different
switching frequencies

- tightly PE regulated loads

- high inertia machines

- battery storage

Challenge 3:
Defining Appropriate
Measures for
Robustness
Assessment

|dentification of effective
measures:
- assessing stability
- assessing robustness
- risk of cascading failure
- outage extent vs the level
of PE penetration

41



Challenge 4:
Control Design and
Conflicts

Grid-following converters

- pump current to grid from
renewable sources or as
current loads

- do not participate in grid
frequency control

Challenges

Grid-following
converter

grid

- actually rely on the grid’s stiff
#The grid gets less stiff as the
percentage of synchronous

machines drops and PE increases!

frequency and voltage!

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse

GRID-FORMING

<

Grid-following
converter

CONVERTER

Supports the grid by participating in
grid frequency and voltage control,
typically via a droop strategy.

So, we are still trying to
preserve the old grid control
environment!

Can the grid control be

completely changed?
42



The Dilemma of Transition

Distribution
Substation

Transmission

»® 1B il i Substation
A Residential :: Businesses
If PE penetration is still
shallow,

just following the grid,
assuming the grid promises its
frequency and stiff voltage!
That means converters are
designed with the grid as a

pretty good AC voltage source.

EEEm AR
City University of Hong Kong

Prof. C. K. Michael Tse

g
§ . I .
O® am [
‘b 72 13 "7.
® meee | |
QE generator =~ 7™ 7 ==
. =inverter

If PE penetration gets deeper
and more renewable being
used,

the grid weakens as sync
machines get a lesser share!

Apply grid-forming to restore
stiffness or fake the grid, so
that the grid following devices
continue to work!

® '=generator ®n @ mp | TR SRR
. =inverter

If PE & renewables eventually
dominates,

the grid’s old properties are maintained
artificially. Do we continue along the
same path (??7?)

The PE-dominated grid is no longer the
same grid, then why still mimic the same
old properties?

Eventually, we will have to make a

real change!
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ABSTRACT The penetration of power electronics into power generation and distribution systems has
deepened in recent years, as prompted by the increasing use of renewable sources, the quest for higher
performance in the control of power conversion, as well as the increasing influence of economic plans
that necessitate power trading among different regions or clusters of power distribution. As a result of the
increased use of power electronics for controlling power flows in power systems, interactions of power
electronics systems and conventional synchronous machines’ dynamics would inevitably cause stability
and robustness concerns, which can be readily understood by the coupling effects among interacting
dynamical systems of varying stability margins (or transient performances). In this article, we present the
various problems of power electronics penetration into power grids and the implications on the stability
and robustness of power networks. We specifically attempt to bring together two distinct perspectives,
namely, bottom-up (local) and top-down (global) perspectives, and examine the current progress and future
direction of research in power systems amidst the extensive deployment of power electronics.

INDEX TERMS Power grid, power electronics, grid-connected power electronics, robustness, stability.

I. INTRODUCTION

INCE the inception of the first power system at

Godalming, England, in 1881, the power distribution
network has grown rapidly in different parts of the world
and has been playing an increasingly important role in many
developed and developing economies. For the past Century
and until now, the power distribution network has mainly
been composed of a suite of conventional alternating cur-
rent (AC) equipment [1]. Much of the electrical power has
been generated and pumped into the grid by synchronous
generators, and the magnitudes of voltage at different loca-
tions are transformed by AC transformers. Moreover, the
power consumed by the conventional loads has predomi-
nantly been determined by electrical components connected
to the grid, such as motors, incandescent light bulbs, and so
on. The stability issue of the conventional power system has
been relatively well studied and understood by researchers

h

and electrical engineers. Typical istics have been
revealed and sound theories have been developed and used
for several decades [2].

Today’s power systems, however, are undergoing a rapid
transformation, featured by the increasing level of utilization
of a new kind of equipment—power electronics convert-
ers [3], [4]. In terms of power generation, transmission and
consumption, power electronics devices have been exten-
sively used in place of their conventional counterparts. The
electricity generated from renewable energy sources (e.g.,
wind turbines and photovoltaic panels) that interface with
the power grid through power electronics converters contin-
ues to increase [5]. The HVDC (High Voltage DC) electricity
transmission, with mandatory interface via power electronics
equipment, has gained increasing popularity for large-scale
and remote power delivery and trading [6]. For the load sides,
power electronics adapters are widely used for electric power

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, i .0/
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Top-Down Approach

(immature research stage)

Through combining the top-down and bottom-up
approaches, we hope to be able to build better models
that can incorporate increasing PE devices into the grid
model, hence providing realistic assessments of the risk
and robustness of the grid.

Conclusion

To develop relevant system planning and construction
strategies for power companies to avoid detrimental
stability problems that may emerge in the continuous
development of the power system.

- Can we build more chargers?

- Can we deploy more renewables?
- Can we design more high-performance PE equipment?

Bottom-Up Approach

(relatively more mature)
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