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Abstract

Power electronic converters play a vital role in the transition towards low voltage
(LV)DC distributed power systems (DPSs) with the proliferation of renewables and end
use electrification. These systems are pronastillationsfrom small disturbancedue to
interactions occurring between sources and I8agwwer electroniconverterswith their
tight regulationjntroduce a negative impedance characteristicrtiegt destabilizgoorly
damped oscillatory modes of the netwdRecent evidence dhe existence ahodal inter-
actionsthat may occuibetween loadgjives rise to additionatomplexty in dynamic
behaviour As DPSs are subject to many inherent uncertainties and a wide range of operating
conditions, different interactiophenomenanay influence the smaslignal dynamics ima
nonlinearmanner. Hence, with highly uncertain systems, extrapolating behaviour based on
ideal and nominal models can lead to serious qualitative errors.

The thesis focuses otihe modelling and smatlignal analysis of LVDC DPSs with
uncertainties arising from parameter variabildynew automated toplSymMIAL, is de-
veloped tohelp synthesse high-fidelity statespacesystemmodek based oma modular
approachSymbolic inearisation is performettd ensure models represent sasadjnal dy-
namics over all possible operating poiRsobabilistic variancéased sensitivity analysis
(VBSA) is proposed toguantify theinfluence ofparameters and their interactions over the
full-range of uncertainties.

Using this novemethodology and newly developetbdellingtools, theimpactof
uncertainparameteson the smalkignal dynamics of LVDC DPSs caowbe comprehen-
sively investigatedA test DC power system was constructedturirg two paralleffilter-
converter subsystenfed from acommon point through eesistive line For the first time,
anapparent dichotomy in the effect of sousideline resistance is revealédroughsmalt
signalsensitivity analysi® line resistance isn®@wn tocontribute to both positive and neg-
ative dampindo filter modes depending on preciggerating conditions.

To resolve this contention, linear mode coupling theory is applied to system state
space modsl Contribution of line resistande dampimg of modeds quantified anéppor-
tioned todifferentinteraction phenomen#&ositivedampng occursthrough surceload
interaction negative damping occurs through modal interacéoralytical results based on
theoretical models are validated against measured data from experimental hakdw@re
DPSsand simulations.
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Chapter 1

Introduction

Decarbonisation of energy systems is at the forefront in the fight against the grow-
ing threat of climate change, rising global energy demands, and emerging risks to energy
security.To limit the use of conventional fossil fuels, modern electrical powdes\s
are integrated with localised smattale power generators based on renewable energy
sourceq1]. Likewise, more efficient energy use at the consuemek is being achieved
with the electrificationof multiple sectors including industry, residential, and transport
[1], [2]. These changes, made possible by the technological innovations in power elec-
tronic converters, are radically altering the composition of poewvarks from both the
supplyside andoadside As a consequence of these now highly distributed technolo-
gies, the conventional paradigm of tdpwn centralised power systems (CPS) is shifting
towards one based on distributed power systems (DPS) comgpoisiocalised genera-
tors and loads with various power electrebased interfacel8]. Furthermore, the use
of low-voltage direct current (LVDC) distribution systems are gaining considerable in-
terest owing to their numerous benefits of increased efficiency, utility, and ease of control
compared to traditional AGasedsystemd4], [5]. However, the widespread adoption
of LVDC DPSs is predicated on their reliable operation. Ensuring stability is increasingly
challenged due to poor power network damping, compdedinearbehaviour of power
electronicbased intedces, anthe potentiainteractionghat mayoccur between various

power system components. This is further complicated by the wide range of operating
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conditions and uncertainties that traditional power system modelling and analysis tech-
niques often negt.

This chapterintroduces the research topprovidescontext,and defines the scope
of the thesis. Sectiah1establishes the presetdy transition towards paw electronics
dominated DPS and the potential for wider adoption of LMIRSs Sectionl.2sets out
the main factors impacting the stability of these systems and the challenge in modelling
and smabhssignal stability analysis considering parametric uncertainties. Here, the current
research gaps are introduced to the reader. Subsequently, 3egtefines the central
research aims and lists the central objectives of the research. Finally, Sebtiotines

the contents and original contributions of each of the chapters.

1.1Transformati on of Moder n
Syst ems

The development and operation of energy systems are increasingly required to ad-
dress challengesoncerning environmental sustainability, energy demands, and security
of the energy supphA brief overview ofthis is discusse(Sectionl.1.1) whichexplain
subsguent development®lating to éctrical power systems: the growth of renewable
energy generation and increased electrification enabled by power electronic converters.
The widespread adoption of these new technologies calls for more efficient andeversatil
designs for modern power netwodk®PS are introduced as an alternative to conven-
tional topdown CPS (Sectiori.1.9. In particular, LVDC DPS are emerging as a
promising solution for an increasing number of applications (Sedtibr3.

1.1JAddressing energy sustainabil/|

Energy systems are vital for moderrcigty. Our ability to harness energy drives
the development and the prosperity of societies through activities in areas such as agri-
culture, industry, transport, information technology, and the built environment.

Ultimately, progress in these areas is diselinked to human development and
peoplebs quality of Iife. 1t is projected t
will grow approximately by 27% from 2018 to 2040 (~163,000 to 207,000 TWh), with



CHAPTER1

demand coming primarily from population grdwurbanisation in developing nations,

and rising incomefg]. At present, the energy demand from domestic, industrial and ser-
vices sectors is expected to be met with traditional sources such as natural gas and coal.
Similarly, energy demand from the transport sector will be met with liquid fuels such as
petroleum. This, however, comes at a profound cost to the environment, @aciiog

ture prosperity at risk.

The adverse environmental impact of fossil fuels has been a focus of global con-
cern for many decades. Rising temperatures and sea levels with an increased frequency
of extreme weather events are forecasted which may leazhtoity of food and water,
loss of housing and livelihoods, mass migration, ultimately leading to lower global stand-
ards of living. To address these climate risks, a widespread international effort has
focused on introducing sustainable policies thaitliamthropogenic greenhouse gas
emissions, in particular carbon dioxide. Although conventional fuels have enabled past
growth, future development must prioritise sustainability through alternative energy
sources and improved in energy conversastribuion, and energy use. The modern
concept of sustainable development was initially proposed in 1987 in the Brundtland
Report, titledOur Common Future deselodment that meets the needs of the present
without compromising the ability of future generasiont o me et t[Alei r own

Following the publication of # Brundtland Report, there has been an increased
political imperative to adopt policies for future sustainability relating to economic, social
and the environmental factors globdIf]. International agreements to mitigate climate
change through targeted reductions in greenhouse gas emissions have been established,
most notably théJnited Nations Framework Convention on Climate Change (1892),

Kyoto Protocol (1997)and theParis Agreement (2015).

The introduction of sustainability policies has caused energy systems of today to
have drastically differemmequirements compared to those of th& @éntury. The evolv-
ing tradeoffs between cost, greenhouse gas emissions, and energy security have an
impact on our existing systems of productioanversionand consumption of energy.

Such processes are likely be dominated by electrical systems in the future. As such,
improvements to power generation capacity,-tmasbon technologiegfficiency, and

design of electrical power networks present opportunities towards achieving sustainabil-

ity.
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UK Energy Flow Chart, 2018
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FIGURE 1.1 Sankey diagram of UK energy flows showing the transformation of pri
energy resources to emnde sectors (all units in TWh). (Data from the Digest of L
Energy Statistics 2018].)

The United Kingdomis a representative example of a developed econoatyigh
actively reducing its primary energy dependence away from conventional fuels. The an-
nual energy flows of the UK (201&re depicted inFigure 1.1, showing the primary
energy resources directed towards different sectors feusgad he overwhelming ma-
jority of primary energy demand is currently met by fossil fuels, mostly petroleum and
natural gas. The transportation sector is the largest constitierse fuels, with auto-
motive vehicles accounting for the majority, followed by aerospace and marine, while
rail has for the most part already electrified. Within the domestic sector, fossil fuel con-
sumption is used principally for household heatiAghieving sustainabilitywill be
achieved in no small part frothe decarbonisation of heat and transport

Electrification of these endses is a key strategy towalimniting greenhouse gas
emissions. However, full electrification in sectors presently usléetrified will impose
significant new pressurem existing grid infrastructure. Nevertheless, decarbonisation
via electrificationalsoinevitably implies that the electricity generation is likewise decar-
bonised.



CHAPTER1
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FIGURE 1.2 Overview of the structure of conventional laigeale centralised powe
system (CPS) with electrical grid based on interconnected transmission ar

distribution networks.

1.1.2Di stri buted Power Syshems$ ¢DPS
wards decentralisati on

Conventional AC power distribution, as representdeiguirel.2, involves gener-
ating power in large capacity power plantLongdistance power distribution via
networks of power lines and substationstil terminaton at individual consumerat a
low voltage level. This topdown structure is increasingly challenged by the emergence
and proliferation ofnultiple localisedpowergeneratrse na bl ed by so cal |l ed
ener gy o tsclasoadPY,gvingtsrbines, energy storage devices, and vari-
ous enginesTheseultimately influence how modern electrical power systeame
designed, operated, and maintained.
A promising type ofDPSis called a microgrid, originally proposed irf9] as a

building block for future decentralized power systemBe term nicrogrid has no

! Depending on context, the term low voltage (LV) can refer to different voltage levels. The IEC
definition for LV and extreLV is anything less than 1kV AC RMS or 1.5kV OC23].



CHAPTER1

/Distributed Generatioh

LW .
EEEE Conventional
i ——— Power System
SOLAI_:{FARMS
D
K Ad J
1 [ AC Distribution Network
/AC DPS I N/ DcDPS % II\
4 LiLyly LpLyly
R T T b=
SS=S ¢ - 2
SOLAR FARM g STORAGH SOLAR FARM STORAGH g
D s D D D s
aAd o AQ DG Dg %)
< A &)

, ,
:
o) I

— N il

. . #R T : rEEER 3

5 oA ElEEE
\ D( STORAGH OSUM STORAGH DATACENTRE

FIGURE 1.3 Example of AC and DC DPS architectures and microgrids

standardised definition and can encompass many tfpgeswer systemsith their de-
sign and implementatiodiffering based on specific local requiremenigure 1.3
represents possible microgrids or DPI8sgeneralmicrogrids can be characterized by
havingmany smalletocal generation unitsndlocalloads (and increasingly energy stor-
age) distributed throughout the systérhesemodularsystemanustbe able tamperate
independently from a centralised gricthown as standalor islanding modeandman-
age energy flows intelligently. Examples include power generation/delivery in remote
areas and transportation applications (e.g., aerospace and maadnme. micogrids,
however,are designed tbeinterfacedto a central grid systems shown irFigure1.3.
Thepoint of interconnection between the bulk grid androgridservices the transition
betweenslandingand gridconnected modes, providing the benefits of both a centralised
and a distributed systef0], [11]. In this regard, future DPSs need mi$place the
status quo as they can exist concurrently with existing networks.

Microgrids can be perceived as an extension of the traditional low voltage distrib-

uted power systems seen in telecom, data centresaasg@ortationWith the integration
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FIGURE 1.4 (a) Power supply topology as a CPS: single converter supplying mt
outputs to individual load¢b) Power supply topology as a DPS: power distribut

through an intermediate bug.s supplying multiple poirbf-load converters.

of modern and newly economically feasible technologies resulting from advanced powe
electronics converters, increased renewable generation, decentralised energy storage, and
improved control, the grid'structure does not ne¢a follow past convention€Conse-
guently, great interest is shown from both the public and private sectocriogmas for
new residential and industrial applications which account for the majority of electrical
power consumption in the world. Major key drivers for their use are their advantage in
efficiency, resiliency, and availabilifit], [3], [4], [12]6 ultimatelyaddressing the issue
of sustainability.

DPSs can also be viewedthe context of power supply designs used in electronic
equipment and embeddeagplicationsFigurel.4 shows two possible configurations of
a power gpply based on a CPS and DPS architectline centralised power supgly
Figurel.4(a) contains multiple conversion stageghin a single unito provide the re-
quired power/voltage levels to individual loaa#ile Figure 1.4(b) shows a front-end
supply regulating the voltage of antermediate bushat feeds multiple poirdf-load
converters.

As is the case with microgrid$ie DPS concept in power supplies offeasnerous
benefitscompared to traditional CPSadividual power convertersan be standardised
to specificinput/output voltages and power levéierebyreducingengineeringeffort.
An intermediate bus enabldse distribution of power to high current loads located near
the pointof-load. This often simplifies the cable and PCB track requirementsibyj
mising systemOY lossesimproving efficiencyas well as easing thermal management.

It is possible to improve fault tolerance and reliability, for exampl&igure 1.4(b)
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multiple redundanupstream converterssed h parallelto supply the same bus that
failure in one converter does not lead to failure of the complete power system.

The paradigm shift towards decentralisation through the use of DieBddasvay
in grid infrastructure anchanyother sectors such as transportation. This introduces nu-
merous new degrees of freedom into the design of modern power systems in terms of
topologies and power distribution characterigtiésr example, voltage leveland the

choice between AC or DC power distribution.

1.1.3The caseVdlotragewxirreenctt ( LVDC) O

The dominance of AC over DC in powdistribution and transmissiaretworksis
largely due to historical factors of the early™6entury, with the contest often referred
to abvatheéeefnof [4. b@basedipoweesystem®were constrained by the
complexity of DC motors and the inability of BQC voltage conversion, whereas the
developmenbf asynchronous motors and the simpjiaf transformers facilitated the
spread of AGbased power systems. Nevertheless, DC continued and grew with the use
of variable speed motor drives in rail and industrial applications.

While legacyeffectsfavour AC andhas beeradequate for the needs thie 2"
century moderr21%t centurydevelopmentprovidea plethora oincreasinglycompelling
argumentgor future (LV)DC DPSH4], [5], [11], [13]:

U Local renewable energy generatismyipically DC-based
A Photovoltaic (PV)cells generat®C output,
A Wind turbinesare variable speed generators that feethammediateDC-
link within the power electronic interfagge
A Energy storagsystems are commonBC (e.g.,batteries and fuel cells).
U Simplification in contol due to lack of reactive and harmonic power flparsd no
need for synchrosation efforts.
U Electrification enabled byower electroniad a trend towardsgreateruse and
guantityof DC loads(e.qg. electronics, variable speed drivaadlighting systemy
U Alreadywidely usedn transporation (i.e., maritime automotive and aerospage
U Elimination of inverters and rectifiets reduce costandincrease efficienciely

reducingAC-DC conversion losses.
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Today, DC systems are dominant atvleey-HV range (e.g., HVD(ower trans-
mission) and the extrV range (e.g., embedded applications). Recent years has seen a
gradual convergence towards adoption of DC to applications between these two ex-
treme® into the LV rangé with the changing nature oélectrical generation and
ongoing electrification in endse.LVDC can better meet energy system objectives by
enabling modular and decentralized power architectdv@such modern LVDC DPSs
are becoming an increasingly important innovation towardsisabibty.

To facilitatea widespread adoption of LVDC DR #e designof these systems
mustensure stdb operatiorduring disturbancesver a wide range of operating condi-
tions. This involes system modelling, stability analysid assessment of thepact
of uncertainty establishing the broader context for the théde challenges associated
with these issues are introduced in Secti@with the research scope outlined in Section
1.3

1.2Chal |l engesDifsarr ilbvuiiGc d Pow
t ems

In many applications, the adoption of LVDC DPS with the enereasingprolif-
erationof powerelectronic converters presents several challenges to both system design
and operation. These power systems are subjeetiral conftting objectives, includ-
ing cost, performance, reliability, while their operation must contend with tighter margins,
harsher environments, and function for longer. Neverthdl®d43C DPS must still en-
sure the reliable delivery of electrical power withbétaoperation over a wide range of
operating conditions and multiple uncertaintiBise aim of this section is to establish the
major themes and challenges to set the stage for the main research questions and thesis
objectives (Sectiod.3).

This section is structured as follows. Firstly, we provide an introductory overview
on the topic of power system stabilitypomparingtraditional AC DPSwith DC DPS
stability. LVDC DPSsare increasingly prone to smadignal oscillatory instabilit§y
wheresmallsignal stabilityis concernedthe constant power logPL) behaviour of
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power electronic interfaces and the declining damping of the resonant characteristics of
distribution networks are proving critical.

Secondly, wentroducebriefly the two distinct interaction mechanisms timaay
influence smatkignal dynamicssourceload interactionsandmodal interactionsBoth
types ofinteractions occur as a result of the properties of lisedupower systemand
arise as a result of the interconnection of various power system comp&@uwemtsload
interactions emerge from the tdeack properties of cascaded power converters, whereas
modal interactions are from the internal resonant properties of the network. While stabil-
ity is studied under smadlignal conditions, the impact of the timberactionphenomena
on smallsignal dynants can be highly nonlinear over parameter variations and uncer-
tain operating points in LVDC DPSs.

Thirdly, power systems need to be modelled appropriately to study the effect of
interactions between subsystems and parameters in detail-stgnall analys requires
linear approximations of nonlinear power systems at various sstatdyoperatingon-
ditions Therefore, in order to properly account €orcertaintyand changing operating
points nonlinearmodelling suitablefor symboliclinearisation is to le addressed. The
two prevalent techniques for smalfnal analysisre discussedmpedancebased fre-
guencyresponse analysis asthtespaceeigenvalue analysis.

Finally, oftenoverlooked in literaturarethe inherenparametriauncertainiespre-
sent in LVDC DPSsDeterministic approaches to smaignal stability assessment are
often no longer appropriate due to the profound impact uncertainty has the operating
point and thus themallsignal dynamicsintroduced here are global sensitivityadysis
techniques that are promising for assessing the impgetrametes overthe full range

of uncertainties.

1.21Power systeambaanlksdgraoburndty:

A reliable supply of electrical power to loads requires the stable and predictable
operation of powesystemsModern DC systems face many of the same challenges as
traditional AC systemaNe first begin with a brief introduction to instability phenomena
from the AC power system perspective. Increased susceptibility to stability problems in

these systemean be attributed to changes to the structure of the network through the

10
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proliferation of power electronic interfaces and distributed generation. Here, two factors
are of interegt instability in grid frequency due to lower inertia, amdor angle insta-

bility from poorly dampeelectromechanical oscillationg/hile the emphasis is not on

AC systemsthe instability phenomena observed in DC systems are conceptually analo-
gous.With changing system characteristics caused by the transition towards LVDC DPSs
domnated by power electronics, the network is becoming far more suscépioléage
instability following small disturbance&actors that impact this type of instability are
primarily from thepoor damping of the electrical networks andlegative impdance
characteristics of thEPLs

The following definition is used to describe power system stapilty. i P o we r
system stability is the ability of an electric power system, for a given initial operating
condition, to regain a state of operating equilibrium after being subjecte@ to
physical disturbance, with most system variables bounded so that practically the entire
system remains intact.o

Power system instabilities that can occur are then further classified into three cat-
egorieq14]: the nature of instability indicated by the main systariable (e.g. voltage,
frequency, rotor angle); the magnitude of disturbance (ssigalal disturbances or large
signal disturbance); and the time frame required to observe instability-{straror
long-term).

Traditional largescale AC power systengse reliant on the combined inertia of
interconnected synchronous generators to maintaintkenng frequency stability. Syn-
chronous generators store kinetic energy within their rotating mass to deliver an inertial
response when an imbalance occurs betweechanical and electromagnetic torque in
the electrical grid, as represented by the dkebwn swing equatiofiLl5]. As generators
are synchronously linked, any deviation in the synchronous speed of a single machine is
opposed by the total combined inertia of the remaining generators. Sufficient power sys-
tem irertia is required to maintain an active power balance with nominal grid frequency.

The power system inertialsosupports synchronism of the rotor angle dynamics
between multiple generators. Following grid disturbances, the significant inertia prevents
large deviations in grid frequency which provides sufficient time for other control algo-
rithms to respond in rebalancing rotor angle swings. While excitation systems with fast

response provide synchronising torque to improve transient rotor angle staility,

11
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insufficient damping torque is known to cause sraghal electromechanical oscilla-
tions [16], [17]. The frequency and damping characteristics associated with these
oscillations are @scribed in tens of power systemmoded18]. Thesemodesarise fran
the complex interactions occurring between various components of the power system,
including mechanical characteristics of the generators, electrical characteristics of the
network, and controller dynamics of active devidd. Weak coupling between differ-
ent synchronous generators from a changeetfvork structure can cause the poor
damping of certain modes and lead to unstable rotor oscillations. While a detailed inves-
tigation of smaksignal rotor angle stability is outside of the scope of the present work,
analysis techniques in literature arevant here. In particular, those relating to modal
interactions introduced later Bection1.2.2

With the transition to AC DPSopwer levels of overall power system inertia and
damping are expected as large synchronous generatdis@eeedy norrsynchronous
generators. These smallpower electronicbased generators do noherenly contrib-
ute rotational inertia or damping to the sysdephotovoltaics have no mechanical
inertia, and variable speed wind turbines are decoupled from the grid through an inter-
mediateDC-link. A weak grd, characterised by low inertia, increases the rate of change
of frequency following a shift in generatidoad balance. Therefore, systems with insuf-
ficient inertia may result in excessive frequency deviations after disturbances. Grid
frequencies exceedyrated limits can lead to the poor performance of connected devices
and may result in lonterm frequency instability and failure.

Poor damping of oscillations in AC DPS results in sra@hal instability through
the loss of generator synchronicity witie network. While in conventionpbwersys-
tems lowfrequency oscillations are typically the result of insufficient damping torque of
electric machines, AC DPSs are dominated by power electoomigerterswhere no
physical rotor exists. Here, grid synohrsm is performed through embedded control
methods, commonly based on PLLs including V&@sed converters and synchronvert-
ers[20]. Undamped oscillations due to poorly tuned control parameters becomes a new
concern for system stability. PLLs modify the dynamics of power converters and may
introduce a negative damping commgat thus destabilising the system. Unlike the-low

frequency instability of conventional AC systems, higher frequency resonance

12
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oscillations are known to occur from dynamic interactions between power filters, para-
sitic feeder capacitances, and contsyldems[21]i [23], [23].

The principles of DC power systems are highly analogous to those based on AC.
Instead of AC frequency as the main variable for (active) power balance, DC systems
rely on regulating voltage to manage powernatasns. While instantaneous frequency
response is provided by the stored kinetic energy in the inBdayrid voltage is sup-
ported by the stored electric potential energy in capaci®aboth inertia and
capacitance are used to prevent large changesqodncy and voltage following a dis-
turbance, respectively. Disturbances that cause excessive voltage deviatid@s in
networks are known to be an issue for the operation of sensitivg2#ddSuch disturb-
ances typically arise from discrete events including step changes in load demand or fault
conditions. Weak DC network conditioids characterised by low capacitadcare espe-
cially susceptible. Source converters may have an insufficeEmient response time to
maintain a nominal voltage, and this suddbange may result in loss of output regula-
tion in downsream converters. This transient behaviour is associated withdayge!
instabilities.

Modern DC DPSsmuch like AC DPSare becoming increasingly vulnerable to
instability due to undamped oscillations following small disturbances. Contributing to
smallsignal instability are the poor damping of resonant circuits in the distribution net-
work (including power lines, and inpand output filters of switching converters) and
the introduction ofCPL dynamics oftightly regulatedpoint-of-load converters. A cas-
caded system is formed when an upstream feeder is interfaced to a downstream load by
connecting their output and inpetrmnals,respectively. This resembles a feedback con-
nection between two subsystems where the combined dlogedbehaviour can be fully
determined by their transfer characteristics as viewed from the interface terminals. None-
theless, smaisignal stabilitycan be more easily tested by applying the classical single
loop Nyquist criterion where the opéwop transfer functiohis the input/output imped-
ance ratio between the subsystems. Below we provide a brief discussion orssieirce
and loadside charactestics responsible for the susceptibility of LVDC DPSs to small

2Theopenloop transfer functions often referred to as thminor-loop gainwhen discussing cas-
cadedpower systems, originating from the seminal works by Middlebrook E8G|.[37].

13
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signalinstability, while the underlying mechanisms of interaction and stability analysis
are introduced in more detail 8ection1.2.2

Poor damping in LVDC DPS is an unwanted sifiiect of ongoing trends affect-
ing the electrical properties of these networks. In essence, a passive power distribution
network can be described as an eleatrcircuit comprised of a combination of re-
sistancescapacitancesand inductances. These elements form a series of resonant
circuits that can approximate the network characteristics in terms of the damping coeffi-
cient and frequency of one or more madeélse damping coefficient governs whether
oscillations occur following a disturbance. The most basic configuration of a damped
circuit is theRLCfilter. We can expect far less damping in future networks by consider-
ing the relative changes R L, andC as systems evolve.

Firstly, LVDC DPSs are increasingly characterised by their small system capaci-
tances. Capacitors are an essential paaplications dominated by power electronics
and are typicallyocated at both the output and input terminals of edievs. They serve
two main functions: energy storage and filtering. Large capacitances (provided by what
is often referred to dsulk or reservoircapacitorsprovide stabilizing energy to prevent
sudden deviation in voltage following transients andlterflow-frequency rippleThis
smooths the voltage locally providing enough time for converter feedback loops to ade-
quately regulate output. In contrast, filtering at higher frequency (w#ecgupling
capacitorsjs also required to prevetite harmonicgenerated by the switching converter
from reachingpower lines. Likewise, these higlequency filters prevent any harmonics
already present in power lines from affecting the power convdittese capacitors are
typically paired with an inductor to form of &%rder filter for greater attenuation of
unwanted frequencies with minimalC losses.

Thedesignof power electronic converters in recent years has focused on reducing
the size of pagve components, including capacitdsachievehigher power densities.

A prime example of this is in transport applicationg do limited onboard space and
stringent payload requirements. Switching frequencies have steadily increased over the
years thesby reducing the voltage ripple enabling a lo@&rbulk capacitance and both

input and output terminals. Additionally, harmonic filters may be designed with higher
cutoff frequencies to minimize their footprint through smaller inductors and/or capaci-

tors. While the capacitance may be optsed for density in individual power converters,

14
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thiscomes at an expense to the damping characteristics of the modes of the wider power
system networkAssuming all other parameters are held constant, this resultshift a
towards a less stable operating region leading to larger voltage overshoots and potentially
resonance.

Secondly, dampingf oscillations is mainly governed by resistisiecuits such as
snubbersHowever resistive losseare undesirable and asgoically minimisedto max-
imise efficiency. This has ledto a vast body of literature on the design and
implementation opassive andctive control methods to introduce damping by reshaping
the impedances of power convertg@s]i [29].

Lastly,in realworld LVDC DPSs, sources and loads are interconnected via induc-
tive line® a DC distribution bus that is entirely capacitivaiigeasible Often LVDC
networks are modular and power paths are thraagles over a long distandegether
with reduced capacitive and resistive characteristics, inductive properties may begin to
dominate.Due to the fact that both inductance and rasist scale linearly with cable
length, it is possibléor thepower networko inherently havéow damping.

Another factor is the introduction GfPLs An increasingly prevalent class of elec-
trical and electronic systems operate on either a fixed vaitafijpeed current with power
conversion achieved through tight regidatof switching power converters. To maintain
conversionwith high efficiencythe voltage/current should vary inversely: for example,
the converterdraws less curreras the source voli@ increases and vice versBhere-
fore, within the regulator bandwidth, thesead converters appeaio exhibit CPL
behaviour with negative incremental resistateeahe sourceside network [29]i [31].

This dfectively addsa negative dampingharacteristic to the system.

In literature, much of the early work in analysing the effect of tigbtigtrolled
converters have used the ideal model @RL and itslinearised equivalen{32], [33].

While this typically indicates the worstise condition, the clear disadvantage of this
approach is that this yields oveitpnservative analysis and does not show the impact of
controller interactias [19], [31], [34] Detailed models are required to investigate the
impact on system behaviour

The proliferation of power electronic interfaces in LVDC power systems with
stringent requirements for efficiency and power density is leading to less overall damping

of powerdistribution network. Likewise,point-of-load regulators appear @®Lswhich
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introducenegative damping. Together, these two factors increasingly challenge the sta-
bility of these networks. Oparticular interest is the stability of LVDC DPS when
subjected to continual small disturban¢ssch as random noise, parameter variations
ambient temperature, and minor load chandeg)essive oscillationarewell known to
trigger protection devices, dameagpmponentsiesult inoverheang, andreducesystem

lifespan.

1.22l nt eractions snffhaénstadi $§ malkl

In the previous seidin, we introduced two critical ongoing developments in LVDC
DPSsthatwill impact smallsignal dynamicdgrirst,the resonant properties pbwer net-
works often become poorlgamped Second, converters based on power electronics
typically behave a€PLs, introducing negative dampirighgether, these factoase well
known tohave a significant impact ahe interactions between power system compo-
nents that may lead to excessive oscillations and instability.

The focus of this thesis is on the srdiiturbance stability of DC power systems
Here, nstability is associateavith a negative damping of modesich thathe system
variablesassociated with those modge., the voltages and currents)ll begin to self
oscillate with exponential behaviowlliowing smaltsignal perturbationhapter2 in-
troduces this phenomenoim more detail.

LVDC DPSsare composed of many interconnected subsystehesdynamic re-
sponse of theompletesystem is a function of the individual subsystems and the
interactionsthat occur between subsystems. Here, we make a distinction between
types of interactionthat maycontribut to thecombineddynamics:sourceload inter-

actionsandmodal interactions
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Load
Subsystem

Source
Subsystem| 7]

LY - R

Zow(9)  Zin(9)
FIGURE 1.5 Circuit representation @ DC system with source and load subsyste

1.2.2.1 Sourceload interactions

Any DC power system, as shown kiigure 1.5, can be divided into a cascaded
source and a load subsystddynamics of this cascaded system fsirction of the in-
teraction between the source and fbalroughclosedloop feedback (see Secti@rd).
Loadside dynamics can excite oscillatory msde the sourcside circuit. As such, we
will refer to this phenomenon asurceload interaction.

The sourceside subsystem ifigure 1.5 may have natral modes of oscillation
from its inherent circuit characteristics. Considering a simpledass LC filter, the volt-
age and current will oscillate when inductive reactan8e (1 0) and capacitive
reactance§  pA O are of equal magnitud8 ( 8 ) at aresonant natural frequency

(9 ), with solution given in1.1):

5  pIvid 6 (1.1)

In a practical filter, the presence of a resistive component in the circuit (e.g., in-
ductorébés parasitic DC resistance) results i
an RLC circuit, the resistance contributesléanping €) and also reduces the peak res-
onant frequency the oscillation. In the underdamped case, the dynamics of the circuit

represented bgo 0 will have solution of the form shown {i1.2):

WO WQ »wQ (1.2
Where,

—f - Qp - 1.3)

The constant&) and® are initial conditions;-is thedamping ratig and natural

frequency i3 as before.
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The addition of a load at the output of the sotsicke circuit forms a cascaded
closedloop system. Compared to an unterminated source, the dimgeéeedback with
the load influences the characteristics of the oscillatory modes. It has been well demon-
strated in literature that the addition of active loads, with fast controller dynamics, (i.e.
CPLs) present as a negative input impedance at the output of poorly damped networks
(i.e. filters) which can form a unstable cascaded sy$8&jn [35]i [37]. This indicates
that the <criti c ahasshifted @athging las bepama gegativa and o
thus the system is pushed into instability.

With sourceload interaction, the combined system dynamics are changed with the
damping and frequenaf a single (local) mode. This is in contrast to modal interastion
which will be introduced next, where the dynamic properties of multiple modes are cou-
pled together.

1.2.2.2 Modal interactions

oO—— ——oO
Subsysten
WO
O— I —O
A .) Ep- 10 (1)
En 10 8(10) |
oO—— ——oO
Subsysten
B
O— —O

FIGURE 1.6 Circuit representation of a DC system with modal coupled subsystel

coupling factorf influences energy exchange between subsystem A and B.

Another type of interaction iseferred to asnodal interactionin which two or
moreoscillatorymodes become coupléldereby havingnutually dependergroperties.
Frequency and damping characteristics are therefore no longer independent between the
modes.

When multiple modes at similar frequencies exist in the system, they may interact

with each otheand exchange energy. This is represente&igyre 1.6. Subsystems
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may be coupled through some parameter(s), or coupling fdctehich canalter the
dampingproperties potentially establishing conditions for sustained oscillations. These
modal interactions have been known cause unexpected-sigral characteristics in
power systems over parameter variatig, [38], [39], and potentially problematic to
the reliable operation of future LVDC DPSs.

Modal interactiorphenomena occur multiple other engineering fields, including
mechanic$40], electromagneticgll], acoustic$42]. A vast body ofiterature suggests
that modal interaction phenonmgemay have a significant ipact on response dynamics
and stabilityin sensitive system1], [23], [43]i [47]. Sometimes this phenomenon is
referred tan literatureas eigenvalue interaction, resonance interaction, mode coupling.

One of the welknown examples of modal coupling phenomenon in traditional
power system is the condition of subsiironous resonance. The mutual exchange of
energy below the synchronous system frequency through coupling between turbine gen-
erators and natural modes of the grid has been observed to result in unstable oscillations
[48]. Thesee c al |- de & 0 pasariskeifgoorly damped9], [50] and hae
receivedncreased attention in the powsistemsommunity in the past decagle

Existing literatureon LVDC DPSshasoftenbeen limited to investigating and mit-
igating instabilitydue toonly sourceload interadbns. Often network dynamics are
neglected olumped together by modifying impedance to reduce to a simplified model.
This ignores the impact of changing the operating point on the rest of the sysi@m.
realistic LVDCDPSs therea very reapossibility that couplingccurs between multiple
modesas indicated by[26], [51]. These interactions are typically encountered in power
systems as resonancesth an exchange of energy between different subsystdras
multiple natural frequencies deace.

Recent gidencesuggestthat hesmaltsignalstability of LVDC DPSs can be sig-
nificantly influenced by botsourceload interactionsandmodal interaction$26], [51].

The impact and theelationship between these interactions on ssigtial dynamics
must therefore to be understoaild quantifiedA more detailedheoretical preliminary

onmodal interactions is given in Section 2.4.
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1.23System model |l ing aedhatghbebity

Modern LVDC DPS architectures are characterized by the interconnection of mul-
tiple components across distribution lines, potentially including a wide array of different
power electronibased interfaces, generators, and lodtese devices hawefunda-
mentally nonlineabehaviourWhile all components may lakesigned to bendividually
stable, the interconnectidretween thenfiorms a circuit with feedback. As a result, the
combined system dynamics is determinedaloypnlinearcombination of thendividual
component dynamics and their interactions.

The study ofLVDC DPS stability relies on a suitable representatafrthe real
worldbehavi our using mat hemati cal model | i ng,
under consideration is adequately captl. Smallsignal analysis assesses power sys-

t emos dynami c behaviour around a kKknown €
perturbations. In practice, following a disturbance the system will either converge back

to the previous (smallignal stable) equilibrim or diverge with increasing amplitude

(smaltsignal unstable). Under these conditions, a linear approximation of the system is
sufficient, and enables the use of a wide variety of mathematical methods developed for

linear time invariant (LTI) systemsvith some shown ifigurel.7.

While system dynamicgnder small perturbatiorean be assessed using a linear-
ised system model, the model itse#fiies nonlinealy with changes to the individual
componentstheir parametes and operating conditionés a result of interactions, the
dynamic characteristics of the aggregate system are a nonlinear combination of the indi-
vidual components. Furthermore, modern switching converters have complex internal
dynamics and fast contsothat have been shownitderact andmpact power network
stability [19], [52], especially those DPSs consisting of multiple nodes and uncertainties
[53], [54].

The dynamic behaviour under large disturbances is referred to asigngé sta-
bility analysis. Stability can be assessed with a wide range of parameter variation and
operating point$55]i [57]; however, this also includes stability after step changes such
as stardup/shut down of loads and any faults conditions. While taigeal stability can
beassessed, identification and quantification of interaction phenomena based on nonlin-

ear models can be highly demanding in terms of modelling effort and computational cost
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FIGURE 1.7 An overviewof modellingand stability analysismethodsused forpower

electronicsbased LVDC DPSsThose Ighlighted in bluearewithin the scope of this

[58]. Likewise, robust stability assessment based|pamalysis enables the inclusion of

thesis.

multiple uncertain parameters on system dynamic\beheto determine robust stability

margins[53], [54], [59]i [61]. These methods are based on computation of bounas on

and cannot be used to investigate inteoactffects.

Understandindgnow interactonscontribute to nonlinedrehavioubecomes funda-

mental to avoiding unstable power system oscillati@untinual effort has been made

for methods for stability and interaction analysis, and often these beasfitlie devel-

opment ofhonlinear averaged modd¢hat a carused to derive the linear modsilgiven

operating parameters and inp[68], [63].
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As illustrated inFigurel.7, linear stability analysis techniques for power systems
fall into two broad categoriesmpedancéasedfrequencydomainanalysis andtate
spaceeigenvalue analysis

Impedancebased methods, based on the application oNgrrpuist stability crite-
rion, are commonly used in literature to assess the -sigalhl stability of LVDC DPSs
and to formulate design criterinat guaranteestability. Originally introduced tstudy
cascadedC-to-DC convertersystems by Middlebroolkt al. [36], theseconsideed
sourceload impedancénteractiors at aninterface.Referring to sourcéoad system in
Figure 1.5, the Nyquist stability criterion can be applied teetoperAoop transfer func-
tion, the ratio between the output and input impedarioes ( & i ); further detail
is given in Sectior2.3. To guarantee that the op&op transfer remains stable following
connection Middlebrook et al. proposed the sufficient condition ¥ i sl
0 i g37]; while many others developed less conservalesignoriented stability
criteria[64]i [66]. Application of impedancéased analysis, however, is not prevalent
for medium to large power systems.

Impedances of subsgshs areoften determined bypracticalmeasurementCon-
verters are considered as stiees,60 b | -la @ *wib-port networkg33]; withoutneeding
parametrianodelling or detailed knowledge of internal structuréheke circuitsThese
measurednodels can be easily combinedfited stability margin orbe usedo define
boundary conditionfor any additional subsystem. Howevearameter variations cause
thesmalksignal dynamicso vary nonlinearly with operating poifi20], typically requir-
ing a parameterised tirdomain nonlinear model to calculate the impedarmes
possible operating poinf63]. Determiningparametemfluenceon states andmallsig-
nal interaction phenomenavia impedancebased methodsecomes a challenge
providing limited insight inpracticaluncertainsystems

A statespace representation can be used to model large power sysidntbe
smaltsignal dynamics assessed via eigenvahaysis. Tis methoddecomposea com-
bined linear system of differential equations, represented by eq@a#ddrinto asetof
eigenvalues. Eigenvalselenote the oscillatory modes and are calculated by solving the

characteristic equation {1.5).

Qo TA O 6 oo (1.4
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D) !'1room (1.5

Whereo is the linearised system state matcbrare the state variablgs,is the
right eigenvectorThe damping ratios and frequencies of eacthefeigenvalue modes
are defined previously ifl.3).

The advantage of eigenvalue analysithatcalculationsn in (1.5) are straightfor-
ward [67], provided the system hdmeenappropriatelylinearisedat a given operating
point. Unlike impedancéased methods, which depends on analysis at a given interface,
the eigenvaludased approach finds the finds the frequency and damping factor (and
therefore stability) of all modes in the entire system. This is particularly important for
LVDC DPSs where critical destabilising modes are not knawamiori. Furthermore,
participation analysis may be used to identify of which states variables influence which
modes, and vice versa.

The trajectory okigenvaluesnovemenunder parameter variationsay be stud-
ied, showing the changes to shapenotieqd19], [68]. In power systemthese parameter
variations may represefdgad changes, component aging, environmeetalperatures
and other uncertaintie$f and when the locus of eigenvalues crosses into the positiv
right-half plane, therthe power systenis unstablaindersmall-signal conditions

The challengén applyingthese techniqueas LVDC DPSs is theffort andcom-
plexity of modelling The full system model o LVDC DPS is formed by the
interconnection ofmanyindividually modelledower-order subsystem3 he subsystems,
often powerelectronicsbased, havaonlinear dynamicever a wide range of operating
points thereforeequiring detailednonlinear)modelling.Conventional approaches typ-
ically linearise subsystem mdderior to combining19], [69]. However, linearisation
requiresknowing thepreciseoperating poinwhich canonly be determinedrom the
dynamics of the full, combined systerAs such, stability and interaction analysis of a
single linear model under nominal conditidrecomesighly constrained when consid-

ering uncertainty.
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Type of Sensitivity Analysis:
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v
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Sampling approach:
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One-at-a-time
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l
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l
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FIGURE 1.8 An overview of several methods used for sensitivity analysis. Meth
that are highlighted in blue are within the scope of this thesis.

1.24l dent i fi cation of I nteract.i

uncertainties

ons

Whenanalysingthe sability and interaction dynamics pbwer systemst is con-
venient to assume that models, regardless offideiity, are a precise representation of
real behaviourln reality, however, uncertainties are unavoidable. This is a particular
problem for fuure LVDC DPSswith highly variable system conditions, proliferation of
intelligent power electronic converters, harsh environments, and often an exopahg
ogy over time.

Today, engineers need new methods to examine a vast number of possible operat-
ing conditions to determine the likelihood of poorly damped or unstable modes due to

increasing andomplex interactions between subsystems.
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There are two major concepts when dealing with uncertainty. The finstoés-
tainty quantificatiorthat aims tadentify andcharactese different forms of uncertainty
in system models. These are comprised of aleatory (irreducible) undestéerg.,ran-
dom variationover timedue to environment, component aging effecsd epistemic
(reducible) wcertainty (e.g., due to model simplification, inaccurate parameter data)
[70]. Aleatory uncertaintyvill always be present and should be explicitly modelled, most
commonly using probability distributiofigl] or boundg60]. Epistemic uncertainty can
be reduced with model refinement and measurements, hqwe\eacticethis proves
burdensome andtill must bemodelledwith probabilitiesbased orexperimentadata
(e.g., componentalue tolerances)

The second is conceptsensitivity analysigSA). While precisequantification of
uncertaintycan beworthwhile, it is often unnecessarf$omesystemparametes might
have |l ittle to no efdvertbdr possible/alieseSAsinstd e mo s
determineof the influenceof different parameter valuesn a phenomenon of interest
(e.g.,systemoutpus or metrics suchdamping factoy. Identification of tle mostinfluen-
tial parametersllows for better management of risks to stability of future LVDC DPSs.

Figurel.8 shows the key SA methods applied to pogyestemsLocal SA methods
are applied t@ single (nominal) modelnd are bsed on calculatingartial derivatives
Application of these methods to power systems are typitdalbghparticipation factor
analysis[19] and eigenvalue sensitivity analy$i&?]. However, analyses of nominal
models are not abk® identify nonlineareffectsand parametenteractions over a wide
range of uncertaintiedlo overcome limitations of local SAgrobabilisticglobal SA
methods ar@roposedo evaluate the influence of parameters across their full (global)
uncertain rangg/3].

The method of Morris extends partial derivative calculations one-at-a-time
variationof inputs to sample the systemdsfferent operating point3]. While able to
establish nonlinearity and interaction effetti® Morris method cannot discriminate be-
tween the two.To identify parameter interactionsanation of inputs ovepossible
operating poirgis required known asall-at-a-time variation. Alternative methods$or
this approachcan becategorised as correlatidrased, varianebased, and density
based as shown irFigure1.8. A good candidate faapplication td.VDC DPSsis var-
iancebased sensitivity analysis (VBS/)3]i [75], introduced in detail in Chapter 2.
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l1.3Research Aims and Object

The thesis focuses on the smlinal stability of power electronics dominated
LVDC DPS and the analysis of interactions betwsgstem components. Compared to
traditional power systems, DPSs are increasingly prone to-sigall instability risks
with the introduction of fast control loop dynamics of power electronic interfaces inter-
acting with poorly damped oscillatory modegtod distribution network. These systems
are subject to many inherent uncertainties and a wide range of operating conditions. In-
teractions occurring between components may influence the-sigiadil stability in a
nonlinearmanner, therefore extrapolating behaviour based on nominal models in no
longer sufficient for highly uncertain systems. Therefore, the impact of interactions on
stability assessment under uncertainty poses a significant challenge for analysis of LVDC
DPS model behaviour. Identifyingyuantifying,and understanding the nature of these
interactions is an important first step towards further aesigalysis and system inte-
gration

A primary concern in the development of LVDC DPS is ensuring the stablgstead
state operation under smalgnal disturbances and shifts in operating point due to para-
metric uncertainties. This work proposes the application of variaased global
sensitivity analysis to identify the critical parameters influencing interactietvgelen
components over the full range of uncertainties. We aim to develop suitable modelling
and analysis tools that enable probabilistic analysis while incorporating detailed subsys-
tem models including controller dynamics. Additionally, we ainvatidatemodelling
resultsthrough numerical simulation and laboratory experiments.

A case example where interaction phenomena critically impact stability is the
modal coupling between paralebnnected input filters a&€PLsfed by a common point
through a nondeal source. In this configuration, the precise nature of the effect of
sourceside characteristics on modal coupling has been so far unaddressed. A contention
exists in the statef-art as to the effect of resistive characteristics at the source on system
smallsignal stabilityy an apparent dichotomy exists, previously demonstrating that re-
sistance can contribute to both an increase in stability m@@inand a decrease in
stability margin[26]. Following VBSA to find the critical factors affecting smalgnal

stability, we aim to address the modal coupling phenomena systematically through modal
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analysis to fnally resolve the contention. The developed tools and methodology are ex-
pected to find further application in the study of parameter uncertainties on interaction
phenomena in LVDC DPSs.

The following research objectives have been established to addr&sswiedge
gaps and abovmentioned aims:

1. To investigate the underlying mechanisms leading to ssigaial instability in
LVDC systems with high penetration of tightlggulated power electronics in-
terfaces under weak DC distribution grid conditions. Idit@h, to compare the
dynamics of ideaCPLs to the input impedance characteristics of pofribad
converters with output regulation.

2. To establish a methodology for the analysis of parameter interactions and to de-
velop a set of practical tools for faghd accurate probabilistic smalgnal
analysis of LVDC DPSs. This enables evaluation of the novel techniSA
to study the influence of parametric uncertainties on system dynamics.

a. Development of MMATLAB toolbox to automate the generationnoin-
linearsymbolic system models based on the inmputput interconnection
of different components; to create a library of component modalxcto
rately describe the dynamics of power electronics interfaces with detailed
circuit representation and feedback ohers.

b. Based on the generated system models, perform probabilisticsgrel!
stability analysis through linearisation and calculation of eigenvalues over
multiple parameter uncertainties simultaneously.

c. ldentify the most influential parameters andithnteractionghrough the
computation ovariancebased sensitivitindices.

3. To investigate thedichotomy in the effect of souresde resistance on smailg-
nal stability due to modal coupling between parat@hnected input filters
feedingCPLs.

a. Apply linear modal coupling theory to investigate the causal relationship
of sourceside resistance characteristics on the sensitivity and location of

eigenvalues related to the resonant modes of input filters.
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14Mai n Contri buti ons and
Thes

The dynamics and stability of future electrical networks is a major concern as they
transition towards poweslectronics dominated DPS. The proliferation of renewable en-
ergy sources andlectrificationof enduses has given rise to an increased intares
LVDC DPS. However, concerns exist over the stability in these systems as interactions
between source and load subsystems which are known to occur-&eetevnic inter-
faced loads can introduce a destabilizing effect due to their negative impedance
characteristics at the same time as the inherent damping of networks are weaker in DPS
compared to traditional CPS.

This thesis focuses on the issue of modelling and ssiadkbl stability analysis of
LVDC power networks with the practical consideratiopafametric uncertainty. Exist-
ing literature has often neglected the effects of multiple changing parameters on the
occurrence and impact of subsystem interaction on stability and dynamic performance.
Probabilistic smaikignal studies with higfidelity models require new computationally
efficient tools to be developed. This enables the study of parameter interactions through
the application oVBSA allowing identification and quantification of interactions be-
tween two or more factors. One such interacggrenomenon, understudied in the
literature, is the modal coupling phenomena between parallel loads influenced by the
characteristics of supplside interfaces.

Chapter2 begins with an overview of the distribution structures which provide the
functions to create more complex LVDC DBSgaralleling, cascading, stacking,
sourcesplitting, and loaebplitting. Using a basic model of two cascaded subsystems, the
theoreticAbasis of the instability phenomenon in LVDC DPS is introduced. The feed-
back interaction between a downstream CPL and a poorly damped upstream circuit
causing instability is analysed using impedabased stability analysis. Also, the current
stateof-the-art mitigation and control methods to address this problem are reviewed.

Chapter2.6 presents a systematic modelling framework for the detailed dynamic
modelling ofLVDC DPS siitable for smabsignal analysis. Individual sources and loads
(including controller dynamics), as well as the power distribution network, are all mod-

elled as individual subsystems. To account for parameter uncertainties, a wide range of
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operatng points, and nonlinear dynamics of various subsystems, the subsystems are rep-
resented by nonlinear ordinary differential equations in symbolic form. To construct the
full nonlinear dynamic model of tteystem each subsystem is combined based oninput
output connections. In contrast to previous approaches in the literature, sylimeaire

isation is performed with steaebtate equilibrium values calculated based on the
nonlinear model allowing an analytically tractable and computationally efficient model
for smallsignal analysis applicable for probabilistic studies (in ChaperA new
MATLAB toolbox, called SymMIAL(Symbolic Model Interconnection and Linearisa-
tion), was developed to automate the modelling procedure, linearisation, andigmall
stability assessment.

Modelling and smailkignal stability analysis using eigenvalues are demonstrated
on several examples smaltaleLVDC DPS with results verified, though both time
domain simulation studies and laboratory experiments, validating the applicability of the
specified procedure. Additionally, individual subsystem impedances are derived with
this framework which is used for stability analysis through theulytability criterion.
Further results show that tightly controlled leside converters can have their dynamic
modelling reduced to ide&@PLsdepending on controller parameters (used in Chapter
6).

Chapter4 describes the experimental system and simulations used to validate the
applicability of the modelling procedure (Chef2.6) and to verify the analysis of modal
coupling phenomenon investigated in ChateA single active load comprised of an
input LC filter with a tightlycontrolled synchronous buck converter feeding a resistive
load is presented. The description of the hardware implementation, digital controller de-
sign, and experimental ragurements argiven, andcomparisons between theoretical
models and experimental data are shown to closely match. Additionally, the experimental
setup with the parallel operation of two active loads (studied in Chaptand 6) is
presented.

Chaptel5 outlinesthefoundationfor VBSA as a probabilistic framework for iden-
tifying and quantifying firsiorder and totabrder effects of parameters, including
parameter interactiongscrossall possible operating conditions. This work develops a

novel procedure for applying VBSA to practical modeld¥DC DPSto assist the
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understanding of parameter effects on the seighal stability. Advantages over con-
ventional sensitivity analysis based amgée nominal models is discussed.

VBSA is applied to a number of differeb DC DPS models to demonstrate its
applicability. In cascaded systems with multiple loads, the influence of parameters dif-
fered substantially between scenarios. In the first daslg,sVBSA was used to identify
and select the critical subsystems with load and controller bandwidth uncertainties in a
network ofN-parallel loads. In the second case study, VBSA was performed on two sys-
tems with identical structure but with differentmimal values. Results indicated that the
effectiveness of souresde resistive damping was reduced when resonant frequencies
of load input filters are nominally matched. Interactions are present between parallel
loads and soureside resistances, and tkagsults are verified against conventional de-
rivative-based sensitivity analysis and discussed. For the first time, the apparent
dichotomy in the effect of souregde line resistance is revealed: line resistance can act
as both a stabilizing and destabilg element on the overall system depending on oper-
ating conditions.

Chapter6 contains a detailed analysis of the effect of the resonant coupling phe-
nomenon beteen parallel loads reported in the literature (ChapteBubsequently, it
was revealed that stability is influenced by the interaction of sesideeresistance dn
active loads in Chapter 5. Linear modal coupling theory is extended to analyse this phe-
nomenon. Divergence of eigenvalue loci between the cowylet®m model and the
equivalent decouplegystem model is used to quantify the effect of the coupling phe-
nomenon, as well as predict the best and woase system damping. Through analysis
of the coupled/decouplesi/stem models, the dichotomy presented in Chdpterre-
solved: line resistance can be apportioned to both subsystem damping and contribute to
the coupling between subsystems. Line resistance is destabilizing when the contribution
of couplingexceeds that of the damping contribution and-vieesa.

The trajectory of eigenvalues under parametric perturbations is also shown to ex-
hibit a mode swapping behaviour, where continuous eigenvalues exchange modal
properties instead afiverging. To address this phenomenon, an algorithm based on par-
ticipation factor analysis has been developed to ensure the conformity of eigenvalues to

given subsystems.
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Smaltsignal stability and sensitivity analysis of the system models are validated
through experimental results, and several scenarios are presented showing the impact of
the modal coupling phenomenon on stability.

This chapter also demonstrates that a resistaged active damping controller im-
plemented alongside soursile voltage redators can produce a destabilizing effect on
parallelconnected active loads. This further confirms that controller dynamics can inter-
act with the overall system dynamics to impact overall system stability and must be
modelled in detail. Simulation studiesnfirm behaviour.

Chapter7 summarises the major research outcomes of this thesis and provides rec-
ommendations for future work.

As part of this thesis the follang journal paper was publishe@,| nf | pa&nce of
ametric uncertainties and their interactions on sk&ignal stability: A case example of
parallel-connected active loads in a D@icrogridd[76] relating to the research further
expanded upon i€@hapters. This work was also presented at the 9th IET International

Conference on Power Electronics, Machines and Drives (PEMD 2018).
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Chapter 2

Preliminaries on Interaction
Phenomena in LVVDC Distributed
Power Systems

ABSTRACT This chapteprovides a backgrounm the phenomena of dynamic in-
teractions in LVDCDistributed Power System®DPSg. In cascaded systeanthe
negative input impedance characteristica obnstant power loads shown to interact
with the output impedance of poorly damped sowide networksWith linear feedback
analysis in the frequenayomain it can be shown that the ratio between input and output
impedance must satisfy the Nyquist criterion §aderiveddesigroriented impedanee
basedcriteria) in order toguaranteetability.

Thisthesisuseghelinearstatespace modellingpproactandits subsequennodal
decompositiorto investigatesmall-signal stability. The advantages$ statespaceare
made clear in relation to the study of modal interacoiméroduced withid and the
need for a genalised modular modelling framework tdeveloplarge system models
(addressed in Chapt2r6). This chaptediscusses the staté-art and containthe theo-

retical preliminariesfor the remainder of the thesis.
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22l nt roducti on

The growing importancef LVDC power networks to future decentralized fow
carbon infrastructure iseingenabled by power electronic convertaspreviouslydis-
cussed in Chaptdr. As such, thetructure of these power networks is transitigrirom
one based on a singlP Sto manyDP Ss. With this change, new challenges are emerging
to thestability of DPSsand therefee isa prime concern to thir implementation and
adoption

The rest of the chapter is structured as follows. Se@i8establisheshe back-
ground to thefundametal problem of sourcéad interactionson smalisignal
(in)stability in cascaded power systensingthewell-establishedrequency domaiap-
proach The dynamic characteristiand impact of botiCPLsand poorly damped source
side filters are shownsing impedancéased stability criterigdAs an alternative to the
frequency domainSection2.4 sets out theheoryfor time-domain statespacesystem
modellingfor modal decomposition and eigenvalue analydgingthe statespace rep-
resentation, Sectiol.5introduces the phenomenon of modal interactiafso(referred
to amodalcouplingor resonant interactiopand their impact o smaltsignal stability
demonstrated by tracing the behaviour of system eigenvalues under parametric variation.

Finally, Section2.6 summarises the chapter.
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23Soud oead I nteracti ons

The early 197006s saw dramatic -cha@e el op mer
converters with the introduction of commercially available power MOSFETs. Due to
their switching nature, unwanted signals are generated and the input and output terminals
of these pwer regulator that cause electromagnetic interference ((3d]) Low-pass
differentiatmodepower line filterandcomma-mode chokes have beetypical meas-
ure ever since for limiting conducted EMI from converter inputs impacting the power
quality of upstream distributiof77].

However, the addition of input filters to regulated converters was observadse
unstablevoltageoscillationsin the filters With the advent ofundamentaresearch on
the modelling ad analysis of power electronic converters, such as-spatee averaging
techniques pioneer ed[32h 8] Mivas deterenimadtbadtke and L u
feedback interaction mechanism from the cas@aamection of individually stable sub-
systems could result in a violation of the Nyquist stability criterion. Herein the
phenomenon shall be refed to as souremad interactionsMiddlebrook proposed a
simplified criterion on the input and output impedances to ensure sufficient system sta-
bility by analysing the dynamic interaction via the of@op transfer function, often
referred to as the mindoop gain. A plethora of less restrictive stability criteria have also
been developed in the following ye46gl]. Ensuring stability is typically addressed by
damping the resonant peakssob u r outpudisipedances.

Today, the transition to DPS is marked by the need for greater renewabl@penet
tion and electrification of loads. Large systems of many interconnected power electronic
converters and distribution lines are increasingly more common which ultimately results

in many new interface points where soula&d interactions may result in masbility.
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FIGURE 2.1 An example LVDC distributed power system. warceload interfaces

(/F-1to /F-5) are subject to impedance interactions.

Figure2.1 shows an example of a LVDC DPS. Multiple B&DC or AGto-DC
converters supply energy and regulatevibieage of thegrimary distribution ba. Shown
explicitly are the cables between the different subsystems that are an important contrib-
utor to the network characteristifg3], [72]. Many independent filteconverters feed
AC and/or DC loaddt is important to emphasise that these loads may also represent its
own power network, such as those seen in intermediate bus archit¢¢@]rda this
diagram it is crucial tainderstandhat all interfaces, such as those denote@# to
‘O, have the potential for sourt@ad interaction as seen from theterface More
broadly, any arbitrary interface between different cascaded subsystems may result insta-
bility. Dynamics of lines due to cable characteristics can also be viewed unique

subsysem with their own input/output interfaces.
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FIGURE 2.2 Cascaded twatage power system with sowload interaction due to

sourceside output impedancgs(s) and loadside input impedancé.(s).

A most basic example, as it relates to destabilisation, is when the source subsystem
is a lowrpass power line fitr and the load subsystem is a regulatede®DC converter
Referring toFigure2.2, the combined behaviour of cascaded system can be expressed as

the voltagegain transfer function, ratio@ed i tow i ,in(2.1):
@ Qi p
— — — T 2.1
w I w 1 w | p Y i 1)
Where”Y i is defined as the opdoop (OL) transfer function and often re-
ferred to as the minor loop gdiB3], [37], given in(2.2):
Yo @i T i (2.2
The functionpj p Y i can be viewed as the sowload interaction be-
tween® i andd® i . If"Y i is zero for all values df ’Qyj, then the source and

load can be caidered fully decoupled and no interaction will occur. Establishing sta-
bility can be achieved bgnalysingjust”Y i by its encirclements of pfrt in the
clockwise direction o Nyquist plot[80]. Each encirclement signifies that an unstable
poleexistsin the closedoop characteristic equation.

The nextsubsectior2.3.1shows that thenputimpedance of an ideal CRhs the

downstream convertes) i ), has a negative resistance characteristic.
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231INegati vepddgpmuae iathar acteristic
constant power | oads (CPLs)
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FIGURE 2.3 The negative incremental impedance characteristi@f.< 0) of an
ideal CPL

An increasingly prevalent class of electrical and electronic systems operate on ei-
ther a fixed voltage or fixed current with power conversion achieved through tightly
regulated switching power converters as an interface. To maintain this regulation with
high efficiency, as the source voltage increases the interfacing converter draws less cur-
rent and similarly as the source voltage decreases the converter draws more current. As
a resul t, within the regul ator 6s-of-mandwi dt h
converters, appear as CPLs to the so[#8¢ [81], with equation in(2.3).

0

w O ol (2.3
In(t)y =L tneatzaton L, pn@fte. Ly
Vin(1) % Ferd
?:): _____ ] /-?(Tr)'r“a;_j ______ } P
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(a) (b)

FIGURE 2.4 Circuit diagrams of afa) ideal CPL; andts (b) linearised equivalent.
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Mathematically, the negative impedance characteristic of converters can be shown
by considering the incremental resistance of an ideal Keferring toFigure2.3, the

ideal CPL shows aonlinearvoltagecurrent relatiorso that aiany operating point the

linearieed incremental impedaneévaysnegative.
The incremental impedance of a CPL can be derikiemlighlinearisation at an

operating pointQ) of the ideal CPL equatiody 6 Q@ O 0 0 'O 0,by
first-order Taylor linearisation i(2.4).
Q 0O eQ O 0 O ©O (2.4)
0 0
Q 0 — —10 ©
(@] (@]
6 0 . (2.5)
¢— =0
O O
Substituting equations ‘0OY andY @ T0O into (2.5) yields the

following equations that show the instantaneous linear relation between voltage and cur-

rent of an ideal CPL at operating poitt (iO) (2.6)-(2.7).

0

w O — Y 00 2.6
5 (2.6)

O ¢ 0 P o 2.7
0 C 5 N w o (2.7)

With equation(2.7), the linearised CPL model can therefore be represented by the

circuit featuring a resistomal current source in paralléh Figure2.4(b).
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FIGURE 2.5 Input impedance of different output regulated convertgrsz(s),
Zin,3(S), Zin,4(S), and that of an ideal CPLjn, z(s). The region in red indicates th

frequencies at which input hasiegative incremental resistance.

Ideal CPLs do not exist in prigee. CPL behaviour is only exhibited within a lim-
ited closedoop control bandwidth of a practical convert&éhe negative resistance
behaviour of the frequency response is only when the phase is bét9dagreeand
1180degregAT © mfor © — ¢*). Thisis highlighted by the red region in
thephaseplot of theBodediagramin Figure2.5. Theinputimpedance curve® §, ® 5,

@ j are exampleshowing the frequency responses of practical converters avfthite
controlbandwidth At higher frequencies, practical converters have a positive impedance

characteristic.
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2.320ut put I mpedance characteristi
resanampstream networ ks

Low damping of sourcside networks mathematically corresponds to a high gain
at the resonant frequency. To demonstrate, this section shows the frequency response
characteristics of the output impedage i of a simple lowpass filter model which

can be viewed assecondorder(damped) harmonic oscillator.

LC Filter
ouz‘(s)
out( 5)
_Vour(9)
“out ( 97 !out (S)

FIGURE 2.6 Circuit diagram of an-order LC filter with DCR &.).

Figure2.6 shows the circuit diagram of a typical LC filter with output impedance
whenw is shorted given by transfer function(i8).
i 0°Y

© ! Il VO IYO p (28)

For simplicity, we an rewrite the output impedance of filter dynamics as a har-
monic oscillator with damping. The transfer function for the harmonic oscillator model

equivalent to thews i of Figure2.6 takes form(2.9):
o
' ; Il i— 1]
o i 03 'l ' 'C— (2.9
O i i i ¢4 1

Where,—is the damping ratip, is the natural frequency, afidrepresents the
DC gain (as this can be viewed as a functiotYdll  p indicatinga lossfacton.

And, in terms of the circuit elements, we can use the following substit(#d:@.

41



CHAPTER?2

: p - Y 6
Mo 6 G

(2.10)

As previouslydiscussed in Sectidh?2.], it is clear that increasing capacitance and
resistance will improve the damping ratio by examining relatiq@.i0). The resonant
frequency at which maximum gaigd i Soccurs can be calculated by the approx-

imate relation in2.11):

T 1 P ¢
(2.11)

W 0 s pfc-
Figure2.7, below,shows the Bode plot of the output impedanceexfondorder
filters with differing damping ratiosout identical crossover frequencyhe critically

damped®d  shows no peakingna therefore will not oscillate at the resonant fre-

quency.
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FIGURE 2.7 Output impedance of loywass LC input filtersZour, 1(S), Zout 2(S),
Zout,3(S), at different damping ratiogs {0.01, 0.1, 0.707}at /o = 1kHz.

It will be shown in the following section that i may cause positive feedback

in the operoop transfer function dependingsity i s pwhen” "Y i wTtJ
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233l nstabil iyt y ndeeursaed ilon bet ween
damped -siodie cfei CPer and a

____________________________________________________

L F— E
Vin(91© “589 1 1e(9 | []2009 @ owls)
o9 |
"""" Source T load

FIGURE 2.8 Simplified circuit diagram of a cascaded system with sesite output

impedanceZs(s) and loadside input impedanc&, (s).

The stability of a cascaded soutoad system can be analysed by the circuit shown
in Figure2.8. Let us consider a soursale input filter feeding aideal CPL.Deriving
the response of the variables at the intermediate interface subject to small perturbations
at the inputs is used fmd the smalsignal stability Here, effect operturbation of load
curentO i on t he r es p sinmteoltagky tihiegivéndy2d?):
@ i Qi

- A I VI 212
0 i Wi el P Wi Fw i (2.12)

As discussegbreviously this is a typical feedback loop and can be analysed by
applying the Nyquist criterion tOL transferfunction™Y i Qi T i.
For this example, the analytical expressions for input and output impedasces
taken from Sectio2.3.1and Sectior2.3.2 and is given below i(2.13):
i 0°Y .

W i o X h i Y 2.13
I VO IYOo p (213

Substituting(2.13) into (2.12) results in:

o i 0@ Y
O 1 066 YO ~— i p YTV

(2.14)
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The denominator of the transfer function(fhl4) is thecharacteristic equation
and is used to establish stability. In this analytical form, the Rdutiwitz criteriort can
be readily applied. Assuming thgg Y ]'Y Tt , the stabiliy condition is given by
the following equation irf2.15):

Y6 — m (2.15)

Rearranging2.15), with following substitutions for the inductor-factor @
1 0FY) at the resonant frequenicy and reactance of the capacitdar ( pX 0) to

yield theinequality:

0 & (2.16)

By taking only the magnitude of the left and rigit@ind terms 0f2.16), it can be
reasoned that the peak of the sowsitE output impedance (occurring at) must be
less than the peak of loaite input impedance, as given(il?).

L3

Y s & wse c (217)

Where the relationship between the magnitude adind damping factor &  pfc—.

More generally, and over all frequencies, the condition for stability can be ex-
pressed in terms of impedanéei andw i , as was originally proposed by
Middlebrook[36]:

Wis Wis (218)

1 While the RouthHurwitz criterion is used here, thyquist stability criterioris viewed as a more
geneal (numerical) approach that permits stability analysisxplerimentallymeasured transfer functions
that the former criterion does not.
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FIGURE 2.9 Bode plot representation of the Middlebrook stability criterion show
conditions for sourcside output impedancgs(s) (input filter) and loaeside input
impedanceZ.(s) (CPL).
In Figure2.9, the magnitude of thiglter6 s out put | mpedance beco
theinput impedance of the CPL near (i.e.,if €0 Q s < 0 9 under twopos-
sible conditions. Firstlyif the dampingof the filter decreases. Secondiy) increase in
load demand of the CPIBoth changesvould violate Middlebrook stability criterion,

andcould potentially destabilise the cascaded system.

45



CHAPTER?2

24Smad il gnal Mo e laloAmhglt gads
of LVDC DPSs

As setout inSection2.3, the phenomenon of sourt@ad interaction has been iden-
tified as a major factor contributing to instabilitycascadegower system components.
Demonstrated in the frequency domain, the dynamics of a cascaded system is modified
by the operloop transfer functiorthe ratio between input and output impedances at the
interface of twanteracting components. While the individual components are stable, the
interconnected system may not be if the cleseg system violates Nyquist stability
criterion. Theinteractionformalism using the more straightforward Middlebrook stabil-
ity criterion guaranteeadherence tdghe more general Nyquist criterion. Any large
system may be split into two cascaded subsystems to Whiphency domaimanalysis
can be applied. However, olations can occur not only due to the interactions between
an input filter and a converter but also due to the possible interactions between several
stages in cascad®82], [83]. It is thereforenot possible to iddify a priori at which in-
terface the destabilising interaction will occur. Therefore, a momgpletesystemlevel
or global method for assessing srrsitinal stability becomgsaramount

So far, the modelling has used the assumption of ideal model dygjampartic-
ular related to loadide power electronic converters. Much of the early research has
analysed sourel®ad interaction using an ideal model aEBL (or itslinearised equiva-
lent) [81], [84]. However, this is only a simplified model of a practitghtly regulated
closedloop convertewhich inherentlyfeature more complexternaldynamics. Effect
of controller parameters are neglected, therefore investigation into how controller varia-
tions irfluence system interactions are not possible. In particular, several methods have
been proposed to modify controller dynamics to include active stabilisationS&)g.

While the ideal CPL model is the wotsdise from a smaslignal perspectivi85], unless
the system has unique conditions (¢34]), it is important to model the converter dy-
namics with higHfidelity including parasitielementsand control parameters.

With these objectives in mind,campletenathematical description of system dy-
namics is warranted. The sections below introduce-statee modelling technique and
how this may be used to study srmtinal dynamicsSpecific model descriptions of the

components present in typical LVDC DPSs are covered in the next chapter, Se8tion
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241Frequency domain techadegues
ssability criteria

This section itroduces the frequency domain tport structure that can be used
to model sources and loads in cascatightly regulated converters can be represented
by four terminals, irrespective obnvertetopology or internal control structure, as long
as the pd conditions are satisfi@dthat current entering a port is the same as the current
leaving that same por@onventional impedaneeased stability analysis for sousload
interactions can belaboratedrom cascaded twport models, and is also used tghm

light thelimitationsof this approach for stabilitgnd interactioranalysis for larger DPSs.

+
/i @10 Vin 01— (9 _’%_’O//n
% Two-Port v » G(9
n Model out |
o= =0 v q/( S +
Lout O Zoue (9 _’é_’o Vour
(a) (b)

FIGURE 2.10 A two-port network model: (a) circulével representatign
(b) frequency domain bloakiagram

The twoport network model irfFigure2.10 is made up of four transfer functions
known as the inverse hybrid-fjgarametersThis representatiois used for circus that
are commonly viewed as voltage input/outputh as DEDC converters and line filters.
Frequency domain equatioaokthetwo-port networkmodelare given in2.19):

) W iwi "OfF0 i
G i Oiei @ 10 i (219

Wheretheinternal transfer functiong@defined ashe following,

Input admittance i il

r
Reverse transfer functiofQ i FL
Audio susceptibility;O i —

r
Output impedancep i T

a7

an
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FIGURE 2.11 Frequency domain block diagram of cascadedpmd models

Figure 2.11 shows the block diagram of cascaded-peoot modelsof the form
Figure2.10(b)d a source (denoted by subscript 1) and a load (denoted by subscript 2).
Assuming steadstate conditions on all input variables other thag , the voltage trans-
fer functionw 7w  (red highlighted feedback pathfigure2.11) is given ag2.20):

T P

W g O 1 P Wri® i (2.20)

Using the notation of source and load used in Section 2.2 previdusly,
pf i and® i @ i ,the feedback has the oplp transfer functiogiven
in (2.21) below.

The conditiorset outin (2.18) is referred to as the Middlebrook stability criterion
and is represented Figure2.12. This satisfies the more general Nyquist criterion as the
openrloop transfer functiolY i has a magnitude less that unity(221) below. This
ersures that the Nyquist contour has no encirclements oft® point.

SOV RS

Yis i P (2.22)
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FIGURE 2.12 The Middlebrook Stability CriteriofB86] represergd on the complex
plane. Valid stability region lies within the unit circle offset by a suitable gain m:
(GM),[To( s) O 1/ GM]| .

Many alternative stability criteria have been developed in the literature based on
frequencydomain analysis of the mindoop gain where forbidden regions are defined
to satisfy Nyquist. The Middlebrook criterion is based solely on the magnitudes of the
impedances of sources and loads, and it is often modified to ensure a specific gain margin
to avoid operation nearl(,0) trereby making it more conservative. Noting that Middle-
brook imposes an infinite phase margin, whereas other less conservative stability criteria
take into consideration the phase margin. Comparative studies beliffemntstability
criteria for sourcdoad interactions can be found[RV], [31], [64], [66], [86], [87]

LVDC DPSs are comprised of multiple subsystems interconnected. The applica-
tion of any of thesestabilty criteria only considers a single interface where the open
loop transfer function is linearised at a given operating point. Referring to the cascaded
system inFigure2.11, the impact of additional subsystems (e.g., another system in cas-
caded or parallel) on tHmeartransferfunctions,id i andd i ,isnot considezd.As
parametersf the system vanthe operoop transfer function may vary vaitdo i and
@ i atan interface. Thimfluenceof theseparameters must therefore ingestigated,
whereastatespace representation becoragsorepracticalapproach discussed in the

next section
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2425t astpeatceec hnamd emo d a | decomposit

Interconnection of the various components that make up the complete DC power
systen® generators, power electrofdased loads, distribution lines, controlier®rms
a complete power system which in the most broad sense can beaierd@s nonlinear
and timevariant[33]. To studythe system behaviour when subject to small disturbances
it is often appropriate to simplify the system to that of its-foaquency steadgtate
dynamics through the process of linearisaf8]. However, finding the precise steady
state equilibrium point still requires an accurate, typically nonlinear,ep®ystem
model.

Power systems are modelled to study their dynamic behaviours and as such are
described by a system of differential equations, if the foranvafctor of continuoume

nonlinear spacspace equations {{2.22) and(2.23).

Q Qo .
——— OwohYo (2.22
Qo
Mo onohYo (2.23
Where,
@ 0 w 0h 8 ® 0 isavector of dynamic state variables,
0o w oh 8 ® 0 isavectorofi system outputs,
Yo 6 0h 8 0 0 isvector of system input variables,
08 M8 h8 08 is a vector of 1storder state equations,
‘08 M8 h8 Q8 is a vector oft output (observation) equations.

If the initial states are knowi 0 Tt togeher with set inputSY 0 , then the non-
linear statespace equations {8.22)-(223)uni guely define the syste:
response over tim&y0° H ,® 0° Hb).

When thedifferential state equations {{2.22) reach an equilibrium steashtate

point(® & and"Y TY), then the state dynamics no longer vary with t{&24):

oOhY T (2.24)
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Under thissteadystatecondition denoted as® RY , we can define a set of devi-
ation variables measuring the differeri2e5):

1 oD ®o 8
o B (2.25
1 oD Yo Y
In effect, this redefines the zero point of the functiondoh’Y . Substituting
(2.25) into (2.22) gives the following exact e@tion (2.26):
Q o
Qo

08 1 ohY 1 o (2.26)

Noting thatderivative"O® RY Tt at steadystate, ging a firstorder Taylor
expansion (ignoring highearder terms) of2.26) yields (2.27):

Q o
Qo

10 1o
To o L9 Ty

. 10 (2.27)
R T R

R

The above is valid for smadiignal conditions, i.e., the deviation variahlesand
1 are small.

Likewise, the saménearisationprocedurearound point® AY can be applied

onto the output equatior(2.23). Taken together, this procedure yields the LTI state
space representati¢®.28) and(2.29):

2 o .
: : 2.28
a5 o o 6 o (2.28)
1 0 & o Q9 o (2.29)

Whereo, 6, 6, andOin (2.28)-(2.29) are the Jacobian matdsof the system,
evaluated at the operating poidéfined in(2.30):

TTQOhY . 1TTQoY

—— E ——1

C&ﬁ 11 Tw Tw ¥

] ! Y 11 =z o z ¥
0 o € E ée (2.30)

. - U

UL Mo WA A A B WA 1k Ay

u fTw T U
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Modal decomposition is a linear transformation of a LTI stgi@ce model into a
new coordinate system which satisfies siiperposition principle in system responses.
The total system response becomes the sum of individual modal responses. This new
coordinate system is referred to as the modal coordinates.

Themodal decomposition (and subsequanaltsignal stabilityanalyss) of a lin-
ear systentanbe expressethrough the scalagigenvalus, _. Theseeigenvaluesare
determinedy calculatingall of the roots oA A O°06 , such thaf2.31) and(2.32) are

satisfied:
or _T (2.31)

0%  %o_ (2.32)

Where,
%o IS the left eigenvector corresponding to

[ is the right eigenvector corresponding_to

For convenience, therthogonality of theeigenvectors are normalised uaity,

thereforesatisfy following relation ir(2.33):
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oh EZETQ

% E Ew o (2.33)

In addition, the matrix is defined with aleigenvalues ob as diagonal element8.34):

_ R Tt
¥ [ 8 %o E (2.34)
Tt

Where,
[ isa matrix formed by the columns of the right eigenvectors

%0is a matrix formed by the rowg the left eigenvectors.

Eigenvalus may be rewritten with rectangular coordinateand , or in polar

terms ofdamping ratio- and natural frequengy , given in(2.35):

~

_ 1 3 0 p - (2.35)

To convert between the coordinates, the following relations are (fh\&6):

(2.36)

1 | f | 7=

In this thesis, the numerical modal decompositiothefystem statspacematrix
0 is performedwith MATLAB function eig().

Assume thathematrix & has¢ uniqueeigenvalues_ rg&h_ . Theresponse of the
initial condition can be written as a linear combination of élgenvaluemodes.To
demonstrate, let the decomposition haveedl eigenvalues wittheir associatedght
eigenvectorg e . These eigenvectors are linearly independanh thathe initial

conditionw Tt can be writteras(2.37):

WM O @r E &F (2.37)

Where the constants 8 & are initial conditiorconstants.

With the linearity property, the initial condition response can be givéA28):
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w0 OQ [ ©OQ T E &OQ T (2.39)

Qualitatively, the behaviour and stability of the system is evident by the value of
the eigenvalug_in (2.38). The different modes grow or decay as a functio of. If
the real part of an eigenvalue is positive, then the dynamic response of the associated
state variables grows exponentiadigd is therefore unstable. Real eigenvalues math
complex component results in noscillatory behaviour. Negative real values indicate a
decaying function. Complexalued eigenvalue occur as conjugate pairs and will result

in oscillatory behaviour.
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25Mo d Rle s o njdnntceer act i ons

251INonl ibneehaarvi our of eigenvalues

The concept of modal interaction between subsystems was introduCedpter
1 and represented [Bygurel.6. In the previousection we described how a linear system
model may be transformed into a linear combination of eigenvalue modes (or simply
referred to asnodes) The concept of modal interaction exists when energy is exchanged
between different modes. In essence, two aremnoodes areutually excited and share
dynamic behaviourgnd must be treated as coupled modes. To ease discussion, a cou-
pling parametef was introduced to signify that coupling between modes arise as a
function of some system parameter(s). Hérs, not used in any mathematical sense for
analysis but only as means by which to discuss the phenomena of modal interactions.

Modal interactions are known to occur near resonance when one oscillatory mode
coincides with another in terms of frequency and dagpits coupling occurs, eigen-
values appear to diverge on the complex eigensplhessfore smaldsignal dynamics.
Issues surrounding this phenomenon are studied extensively in several applications (e.g.
power systemgL8], [46], [48], [50], [88] antenna§4d1], mechanic$89]) and are some-
times referred to asurve veeringr eigenvalue avoidance

While the scope of thighesisis LVDC DPSs, the majority of literature investigat-
ing modalinteractionphenonena iswithin thetraditional AC systemsgomain Due to
the high degree of analogy between AC and DC systems, modelling principles and anal-
ysis techniques are equivaleRbr example, pwer systems with serieompensated
transmission lineare prone to sall-signal stability Subsynchronous resonance arises
from the interaction between the mechanical (torsional dynamic) mode and electrical
damping mode and can lead to instability with sustained oscillafidjs[18], [90],
[91]. Similarly, mode coupling can degrade stability margmBPSsdue to the reso-
nance interaction between parallel LCL fikef21]i[23], [43], [44], [92] and
demonstrated if21] to be the result of coupling via circulating currents betvidtens.

In DC power systems, the existence afdal interaction phenomenaoften ex-
hibited but understudied he work in[51] implemented a soureside virtual resistanee

based compenga capable of stabging multiple parallel filter and CPLs in cascade
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howeverit observed that the effectiveness is reduced when input filter resonant frequen-
cies were coincident. Similarlf{26] identifiessimilarinteraction effects betwegmarallel

filters, butdemonstrat¢éhatsourceampedancess the causéor coupling between modes.

This inconsistency betwe¢hl] and[26] appears to bthe reuslt of interactions that are

strongly dependent on parameter values and operating point.

252Model |l ing of coupled subsysten

A nonlinear power system model chasgglinear approximatioover a variation
in parameters ahe model. Threfore the im@ct of parameter changes on modal inter-
actions must therefore be assessed and becomes a critical point of research in highly
uncertain LVDC DPSs.

Section2.5.2.1preents asimplified example of modal interaction of a theoretical
¢ ¢ linear system model showing thessiblebehaviours of eigenvalues over param-

eter changeswith anumerical examplgivenin Section2.5.2.2

2.5.2.1 Modal decomposition of asimple 2 x 2 system

System 1 System 2

- . . .

FIGURE 2.13System of two uncoupled subsystems described dynamics of two

pendent statesixi/dt=A 1x1 anddxz2/dt=A 2xo.

Two uncoupled systems given by block diagram iRigure2.13. Thesearemod-
elledby differentialequatios (2.39) and(2.40), below:

Qv O o
’ ) C 2.39
95 | 0 ® o (2.39)
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Qv O o
" ) ¢ 2.40
a0 | D wo (2.40)

Complex valued statgynamics have been used to simplify the modal decomposi-
tion, so that quationg2.39) and(2.40) can be ewrittendirectly in terms of eigenvalues

_1in(2.41) and(2.42):

Qo o

D C 241
95 =®0 (2.41)
X 0
— _® 0 (242
Qo

Where the apostrophe indicates the eigenvalue afrtbeupledsystem,

B (2.43)

Representing the twonmupledsystemgaogetheras one aggregate system mode,

such thatv 0 ® O0ho 6 ,toresultin thestatespacerepresentation i(2.44):

Qo
— 0o (2.44)
Q0o

Where the state matrix is given ag2.45):

6 = (2.45)
Theinitial staterespons®fw 0, ® 0 in (2.44) can be given a.46), (2.47):
(2.46)

WO wnQ W mTQ

WO wmQ O mTQ (2.47)
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FIGURE 2.14 System as two coupled subsystems showing state variable depen
on coupling factorsA( dk/dt=Ax+ AXx.

Now let us asume that the previouscoupledsystemsn Figure2.13 have be-

come linked through coupling factors and, , shown byFigure 2.14, thereby

forming a coupled systenThis coupled system has the dynamic equat{ds):

W 0 o o
: wo , wo
Qo ~
(2.48)
fw © w o0 w 0
’Q (\) f— ”
For simplicity, assume that the coupling parameters are ggual ,, - The
statespace system matrix is given in(2.49):
= 7 (2.49

By performing modal decompositipd & ¥8, the aim is toifhid theeigenvalues

of the coupled systenenoted by and_ in (2.50):

58



CHAPTER2

T (2.50)

It is evident that de to the coupling, the eigenvalues of the coupled syst@am
function of the eigenvalues of the uncoupled syg@emoted by apostrophes as before)

and the coupling facter represented if2.51):

_h "_hh h (2.51)

As this problem has been formulated as a simpleg form, we can express the
eigenvalues explicitly bynalytically solving using the characteristic polynomial of a

¢ ¢ matrixto get thecoupled systemigenvaluesThis is given in2.52):

- = = = T » (252

Theinitial stateresponse dynamics af 6 andw 0O are now coupled depending

on the values of the coupling factoMoting that f ,, Tor, 1ithen the system

is revertedback totwo separateincoupledsystens.
By studying the coupled system eigenvaluefif2) as a function of the uncou-

pled eigenvalues, we can draw conclusions about the impact of coupling on their location.
ConsiderCase lwhen the eigenvalues of the uncoupled system are coincident or

approach each oth@re., _ © _ ). Here, the oupling terms begin to dominaf2.53):

T, » | (2.53

So that the coupledgenvalues araveraged and offset by a function of coupling

parameters i2.54):

_p /= (2.59)

It can be said these eigenvalues are modally interacting depending on coupling

factors.
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ConsiderCase2 when the eigenvalues of the uncoupled system are very well sep-

arated (i.e_ _ ) so that theoupling terms can be neglected given in(2.55):
T” ” I: = =
T, , Om
- = _ _ (2.55)
—h c c

When the uncoupled system eigenvalues are located far away, coupling does not
influence the location of the couplegstem eigenvalues.

It is important to note here that of the combined system is defined as being re-
lated to_ . This need not be the case as the ordering jpis arbitrary and can be
swapped. Here, it is assumed that the states participatingaie the same as. This

problem of definitiorbetween state and eigenvaluesdiseussedurther in Chapter 6
2.5.2.2 Numerical example

In this example, numerical values are assigned to the coupled saiitoNsSn
(2.48) to illustrate the phenomena of modal coupling. Let the systemwnin Figure
2.14 be definedwith equationg2.56):

Qo o

g5 o0 hwo , wo
(2.56)
wo . . o
95 2 Nhwo , ®o
Where variables® ,0 ,, ,, are specified by:
0 n p 0
5 0 p O (2.57)

The state matrix i2.58), below, is therefore a function of parametgrsy h,
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6nmh, (2.58)

With (2.58), and assigning numeric values to parametergrafectories of eigen-

valuescan be plottedrixing ” pand, p, while varying parametér vho .

at” 0]

at” 0]

NN

at” v

_ at” 1]

FIGURE 2.15Trajectory of the eigenvalues of theupledsystemas a parametér

is varied from5 to 5 in steps of +0.0005.

Figure2.15illustrates the behaviour of eigenvalues of the coupled system as a sin-
gle parameter is varied. Values were selected sohtba&igenvalues of (the independent
terms)0 and0 cross eachther at the point-{,0). Due to the oftliagonal coupling

term, , the eigenvalues of the combined systeoan be seen to diverge away from each

other. Based on the solutions to the characteristic equati(hs®), at” 1T, when
matched the eigenvalues are demonstrated tq_he —— p p. Simi-
larly, at points weHaway from” T,_ e _ and_ e _ indicating that the system

can be approximated awo decoupled systems. However, during the transition between
being full-decoupled and being fully matched, the eigenvalue behaviour is not so
straightforwar@ sensitivity of eigenvalues to parameter changes are drastically different
as the systems becerooupled (observing the change in behaviour at poittd)(and
(-1-1) in Figure2.15).

From this simplified examplehe aim is for theeaderto gain an appreciation to

the complex dynamic behaviour of the eigenvalues as parameters vary. At present, the
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phenomena of mode cdiup on smaklsignal stability is undestudied in the literature
for LVDC DPSs In particular due to the high levels of uncertainty in modern LVDC
DPSs, thgossibilityof mode coupling should firstly be identified, and secondly, effects
of mode couplinghould be quantified.

26Summar y

This chapter has established the theoretical background to the problem ef small
signal instability in DC power systems with parameter uncertainties. A summary of the
basic problem of sourdead interaction instability was @sented.

The key modelling and analysis techniques are contained in this chapter which are
used throughout in this thesis. In contrast to frequency domain techniques, we opt for a
time domain representation via stafgace modelling. The theoretical preinaries of
linearisation, modal decomposition and srsadinal stability (eigenvalue) analysis have
been covered.

Procedures for building a full system model are addressed in the next chapter. To
emphasise here however, due to the many parameter uniestaihe system model
should be able to represent srsdinal dynamics over all possible operating conditions.
This is particularly imprtant in systemshat exhibit modal iteractionsand well as
sourceload interactions.

The following chapters will use the basics established here to perform a thorough
investigation into the effects of parameter uncertainties on sigalal dynamics of

LVDC powersystems.
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Modelling Framework for Small-
Signal Stability Analysis of LVDC
Distributed Power Systems

ABSTRACT This chapter outlines a systematic approach to the developnsyg-of
tem modek of LVDC DPSsfor subsequensmallsignal analysis. In mangealworld
applications, thessystemsften undergo changes through the addition and removal of
different componentLonstructing a new system model each timepraue tobe both
laborious and erregprone A modular modelling approach esenteavhereby the full
system can béevelopedn a piecewise fashioif.o account for dynamics over parameter
uncertainties and wide range of operating poinssjbsystermaremodelled individually
using symbolic nonlinedime-invariantstatespace equation3 hese include higfidel-
ity models of switching convertersigingstatespace averaging), feedback controllers,
and passive networka. new MATLAB toolbox, SymMIAL has beemnlevelopedereto
automate the pressfor combining models toeduceformulation time.In contrast to
earlier methods, model nonlinearity is ratd to allow accurate calculation of steady
state equilibrium values prior to small signal analyBkss is particularly importarfor
theprobabilistic studiegn Chapter 5.

The nodelling procedure is validatedn a filterconverter systerasingtime-do-
main simulatios and laboratory experimentgurther resultshere show that tightly
controlled loaeside converters came simplifiedto idealCPLsdepending on controller

parameters
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3.l ntroducti on

A complete dynamic statgpace modelinearied at thesteadystate operating
point is often used to investigate the sasadinal behaviour of LVDC distributed power
systems. Whether operating as an autonomous network or in conjunction with a larger
grid, these systems consist of multiple interconnected coemp®isuch as distribution
lines, filters, controllers, and switghode converters. Changes to the structure of a DPS
by adding or removing components requires an updated-sigadl system model
wherein deriving a new model can often be laborious and tperre. Moreover,the
presence of parameter uncertairgyknown to significantly influence the steastate
operating conditionandthe smalsignalcharacteristicécovered more comprehensively
in Chapters 5 and 6)herefore, any conclusions basaa analysis of a singlenear
modelunder nominal conditionshay be severely limited or invalid over the full range
of uncertainty.

This chapter presents a modular modelling frameviorkhich a large complex
power system model is developed by combiningtiple lowerorder subsystems. Sub-
systems are modelled usimgnlinearstatespace representation in symbolic fotm
represent the dynamics oalthepossible operating conditioniBhe weltkknown state
space averaging (SSA) technigudroduced irf78], is used to derive switetmode con-
verter modelsvalid under CCM operation In contrast to the anventionaltwo-port
converterrepresentatiofi33] where closedoop control feedback dynamics are already
emledded in the model, a more general mpidtit representation is considered

The use ohonlinearaveraged modsbf theconverters with an opeioop structure,
havingcontrol variables as inputs to the subsystemablesa moremodular approach to
system nodel developmeniControllers and pwer stagesubsystemsnay be modelled
separately prior téeedbackor closedloop regulation.The model structure is therefore
flexible and can be extended with eaSennectios betweenndividual subsystermare
specified by algebraic equations linkitige modeinputs and outputs.

A toolbox for MATLAB, calledSymMIAL (Symbolic Model Interconnection and
Linearisation), was developed to automate the procedure for combining subsystems.
Symbolic manipulatiorbased orMA T L A BBgntbolic Math Toolboks used tarear-

range and solve model equatidaggenerate a full system model witlh@nlinearstate
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space representatiolm. contrast to previous modelling approacHes examplen [69],
[93]1 [95], nonlinearexpressions are preserved wherever posdiyléeeping the Jaco-
bian matrices in symbolic form, tHmear statespacemodel representing all possible
operating points is derivezhly once Likewise,realizinglooptransfer functiosbetween
any subsystem input to subsystem outppdomes automatic.

The rest of this chapter is structured as follo@extion 3.2 detailsthe modular
modelling approach foa largescaleDC power systenby combining smaller inde-
pendently modelled subsystem componer@sction 3.3 describesthe individual
subsysterdynamic models of the common elementsiouilding-block of a larger
systemi passivenetworks,active power componenteedback controllersSection3.4
introduceghe SymMIALtoolboxthat has beedevelopetopr ovi de an easy to
i bl e and e censtraaing and ocombinindymbolicmodels forlater use in
smaltsignal analysisTo demonstrate the use of the tool for modelling and anafsts,
tion 3.5 validates the modelling using detailed model simutetiand experiments for

two example test cases. Sect®hfisummarises this chaptand contributions.

32ZModuMadel | | nPgwesy s BE€mM

This sectiondetails thebasicmathematicabtructureof the power system as the
interconnection of many differemonlinearstatespace modelsThe primary objective
of this modular modelling approach is developa database of individual subsystem
models which can then be coméd based on connection rules to geneaatemplete
high-fidelity system model suitable for smalignal analysisThe synthesis of complete
system model of typical DPSs, however, npagve to be a time consuming and efror
prone process if done by har@kveral authors have proposed similar techniques to alle-
viate this burdenfor examplg69], [94], [96]

322INonl i nesapasg ¢ amond e |

The canonical form of aonlinear timeinvariant, statespace system model is
given in(3.1) and represented by as a MIMO block diagrarfigure3.1. In thisform,

the systenmodelcan be used accuratelgpresenthe dynamics from input in"Y o to
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outputs ink 0 , oversomeparametespaceP. Here we make the following assumption

that functionsOand"Q below, are strictly continuous models.

QWO e o
T OwohYoh 31)
Mo "OLohYom
Where,
80 @ Oh 8 ® 0 isavector ot dynamic state variables,
90 U Oh 8 w 0 isavectorofi system outputs,
56 O Oh 8 06 0 isvectoroff system input variables,
0 nh 8 n isvectorofi parameters,
08 M8 h8 08 is a vector ot 1storder differential statequations,
‘08 M8 h8 Q8 is a vector ofx output equations.

If initial states® © T are known, and inpufy 6 defined, thenonlinearstate
space equations i(8.1) have a unique trajectoryf the outpus® 0 T© Ho under

normalmild conditions.

L =AUy P
M= X). U}~

U(t) —» — Y(©)

FIGURE 3.1 Block diagram representation aftimeinvariant, MIMO nonlinearstate

space model.

3.22System as a network of subsyst

To simplify the modelling effort, we can decompose the system on separate
subsystemsA single arbitrary subsystem is denoted ¥ywheredis an index. Each
subsystem is symbolically represented and modelled by their governing state and output
equations, where state and output equations can be aggregated into two separate vector
functions, F and GSome subsystems are linear and thus equate to a lineassate

model. The interfaces between subsystems, showing connection between inputs and
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outputs, is definedolely by algebraic equation¥he aim is to combine and transform
individual subsystem models with connection rules to derifidl aystem model, de-
scribed as a nonlinear stagpace model.

A complete system can be formed by the interconnection of multiple subsystems
specified by a netlist which describes how inputs amotputs of subsystems are
connected together. The technique to combine separate subsystems is based on
aggregating all subsystems, substituting for individual subsystem input variables based
on the connections, and the algebraic elimination of variallles @&re deemed
intermediates (i.e. those variables that are not parameters, inputs or outputs of the full
system). Through this partitioning, it becomes natural to represent the system

diagrammaticallyas shown in Figure 3.2

3.23L1 neianrg sand eaxatnrsdcetri fguntcti ons

Smaltsignal analysis can be donellmearisng the above and using the nonlinear
equation to findv . All posible transfer functions can be derived. The representation of
the combined system model has a form similar to that of theidudil subsystems.

i

ai e e . 3.0
Oi ~r O 06 6 O (3.2)
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3.3S u b s y Got nepno nheondte |

This section describes the maslefindividual subsystem components used in DC
power systemsvhichincludethe passive networkslters, PWM DC-to-DC converters,
and feedback controller3o keep generality of the building blocksarpsitic elements
and controlledynamicsare includedor accuratesymbolicmodellingoverthefull range
of operating conditionand arenecessaryn the analysisof paraneterinteractionsbe-
tweenindividual components.

As previouslydiscussedn Sections 2.2.5, thetimescales relevant f@maltsig-
nal instability in LVDC DPSs occur well below the switchimgeriodsof the PWM
converters. As such, tlemmplex timevarying switch dynamicareappropriatelyomit-
ted throughaveragng techniques. Even though subsequent analysis is based on small
signal assumptions, converter subsysieatek are kept with theiaveraged dynamics
using anonlinear statspace representatiorin contrast to conventional approaches,
where models are merged using thigiearised form[19], [94], our aim is to maintain
modelnonlinearity throughout the merging process wherever possible. Psteasty
state operating points can then be determibpasied orthe completenonlinearpower

systemmodel

33 l1Passi vecoenpworkt s

Figure 3.4 showsthe two-port schematic representatiah a DC networkused to
describe passive circuits such as power line filters and distribution dabtesnput and
outputports areindicated by a pair adlerminalsas theconnectionnterfaceto upstream
and downstream circuité&\s with any tweport mathematicalepresentatiorfe.g. zpa-
rameter}, the dynamic relationship between the four extewaiablesi terminal
voltages and cuentsi canbefully speciied asa¢ ¢ MIMO system[33]. Assuming
a known model of dinear electrical network fiany two of these variables are inde-
pendently driven by an external source, the remaigdependentvariablescan be

determined
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//h(f) /out(l‘)
+° Passive +°

Input Port v (2) Network Vour (f)  Output Port
o Model o

FIGURE 3.3 Two-port representation of a passive distribution network

Passive
Network
Model

Input Port Output Port

FIGURE 3.4 Circuit representation of a passive distribution network(?) and

fout(t) selected agdependent model input variables

The linear statespace representation {8.2) is used to model passive network
given inFigure3.4. Theinput port voltage) 0 and output currerifQ 0 are selected
as the statspace model input variables. The output voltage 0 and input current
‘Q 0 are therefore treated as the mode output variables. In this form, the cascade con-
nection of multiplestatespa@ modelsbecomes straightforward. The output voltage of
an upstream subsystem directly corresponds to the input voltage of the downstream sub-
system. Likewise, output (load) current on the upstream subsystem equals the input

current sourced by the downstneaubsystem.

QW .. .. .. U O
— OL WO ouv . \
Qo Q o
(3.2)
0 O sEme op OO
Q0 Q0

where vectoD contains all parametecs fixed value inputo6 6 0 O0HRQ o
outputw O O OhQ o6 ,andA, B, C,D are the staspacelacobiarmatrices.

Networksubsystenblocksare assumed to be purely passive with no internal inde-

pendent sources and can be modelising lumpeelementsThe number obtatesis
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thereforedetermined by the number of reactive componanthe model where state
variables are defined asly inductor currents and capacitor voltagéee number of
elements usetb model the dynamicsfa real networkultimately depends on the re-
quired accuracy to measured data

The examples below illustrate the developmerat typicalnetwork model used as
building-block inlargerDC systemsA library of suchcomponents is providedith the
SymMIAL toolbox (Section 3.4)

Example3.1: Modular model of an LC filter with parasitics

R L
O—WN\——"Y YT O

> +
(1) c==v(t)
ke
o o)

FIGURE 3.5 Circuit diagram of an LC filter with parasitic resistances

The equivalent circuibf a passive lowass power filter ishown inFigure 3.5.
Parasitic circuit resistances for the reactive components are incBotbdhe DCR and
ESR values are provided in datasheets, often with a wide tolerance, and subject to sig-
nificant aging effects. In particular, the DCR of the inductor provides a series damping
effect on the resonant peak of the filter, @novide a voltage @p for capacitor steady
state operating voltage. These parasitics therefore Hamed@amentaéffect onthe smal
signal behaviouin sourceload systems and their relative contribution to interactions
must be assessed.

The linear modebf the above LC fier yields the following circuit equations
(3.3).

(3.3)
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Qo Qo
b 0 0V OO YQ 0 YNQO

And then rearranged into thieearstatespace form obelowin (3.4).

) p p
(O’ n 5 . 8 ¢
Q0 P2 2 wo Py 0
D D 0 O (3.4)
@ O pY ho N Y YO
T P m T

Example 3.2:0ne-port networls (e.g.,resistive loajl

Subsystems that do nfgature an output port can be simplified to a-poe net-
work. These components can be expressly modefiedan input impedancéor

admittancg keeping thexistingconvention of voltagasinputvariable

Qi pid iU (35)

Iin(S)

V/'n(t) N +

- » 1-Port
Input Port 3: in® | Model <) V//l(S) Zin(9 =1 Yk )

time-domain s-domain

FIGURE 3.6 Circuit diagram of a ongort subsystem in time domain asdlomain

Noting that we have expresseguation(3.5) is thes-domain,which must be con-
verted toa valid statespace representation. Assuming the analytic transfer function

expression is known fad i , atime-domain statespace model cathereforebe
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realisedusing one of the soalledcanonicalforms[97]. With this, he number of poles
corresponds to the number of states.

In the case ok constant input impedanaaver all frequencies.e., no reactive
elements with a fixetesistancew | Y, thistrivial example becomé@h mo sin | a w
(3.6):

Qo pi’YD © (3.6)
After successiv@ower convesion stageshe endloadsin DC powerdistribution

systemaypically have a dominamesistive characteristie(g.,heating elemestdigital

electronic$, andcanbe modelled as such

3.32Acti ve cofMmMpgMDnGE iXCpower converte

Referring back t@reviousdiscussion in Section 2.3, the complex dynamic be-
haviour of active loads has been understood to be as important factor in theignall
stability of DC DPSs.While ideal CPL dynamics are often used to model active loads
for sourceload instability in recent yeagit has been established a needmaredetailed
mathematical modetsf practical converters. Inclusion of controller dynamics and circuit
parameters providesore insightful analysien the impact of critical parameters influ-
encing system stabilitthat CPLs neglecf19], [98].

Unlike conventional approaches, where convertermacelled andtombined us-
ing theirlinearised form[94], the modellingaim is to preservaonlinearity ensuring
validity for all operating points. Thprecise steadgtateoperating point ofnherently
nonlinear subsystems ependenton other interconnected componentherefore
steadystate operating pointaust beevaluatedvith respect to theomplete power sys-
temmocel.

Figure 3.7 showsthe twaeport schematic representatiaf an averaged timdo-
main power stage. Th&®C-to-DC converter circuit is comprised of switching
semiconductor elemente.g., MOSFETSs, IGBTs, diodes) and passive elements. The
switchesare assumed to have two statesandoff, and areontrolled by periodic pulse
waveforms) 0 from a PWMmodulator In turn, the PWM modulator is driven by a

continuoustime input signal referred to as the duty cy@e . For simplicity we have
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only shown a single control inpuairiable,howeverthis modelling may be extended to
multiple controlinputs.

To derive thedynamic equations for a converter, thethod ofstatespaceaver-
aging (SSA) is applied to thaliscretetime-varying switchingdynamics. This method
firstly splits the power stage into the equivalésubcircuits under each switch state.
Effectively replacing the switches with an open or a short, eabhircuitbecomesa
time invariantlinear systemTherefore linear statespace modetan be foundor each
subcircuit These gnamic models are theaveragd over the duty cycle yielding éh
average power stage modks a resultanonlinear relationshipetweercircuit variables
and control inputsirises in the average modeh more comprehensivieeatment of the
SSA method may found §82], [33], [78], [99]

The generalnonlinearstatespace representation (B.1) is used to represent the

averaged convertenodel in Figure3.7.

| Nonlinear |
| Averaged Model
I |
: DCGDC
Input Port ' | Converter Output Port
| Circuit | !
|
| e
: PWM : ' Averagingoperationoni
! Modulator | switching function, q(t): !
| 1
! |
| h 1 N
___________ N=—nN,«z) A
1 d(t) 7. Mz,

FIGURE 3.7 Circuit representationf aswitchmodeDC-to-DC converter with aver-

aged power stage dynamics.

The followingexampledemonstratethe derivation of theonlinearaveragenodel
of synchronous buck converter usiig SSA techniqudhis approach is used to derive
symbolic models for theemaining primitiveDC-to-DC topologieqi.e.,boost, and buck
boost) with assumption of instantaneosignchronous switcheend CCM operaion, as
part of SymMIALtoolbox component libraries.

In practice however, it is important to acknowledge ttia internal dynamics are

far more complex than the abowntinuoustime-invariant assumptioa Power
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semiconductor switches ambdulatorsntroducediscrete behavioumsith delay effects.
For the purposes of smalignal stability analysis, where important interaction phenom-
ena occur at low frequencies, we maglect highfrequency converter dynamiesd
time delays omodulators.

Example 3.3: Synchronous buck converter power stage under CCM

. R i
N—O———— )4 ! 0
fin(t) :_PWM Block| (0 iL L
V,-,,(f)(ly T e WO CTved k) @ fou®
A oe———L 7oy R’C—g 9

FIGURE 3.8 Circuit diagram of a synchronous buck converter

Figure3.8 showsthe circuitdiagramof a stepdownsynchronouduck converter

The states variables are the capacitor voltage and industent.
W0 0 0 Q0 (3.7)
The input variables include the source voltage, load current and duty cycle.
00 U 0 Q o0 Qo (3.8)
The output voltage and the input current from the source are the output variables:

ud O O E O (3.9)

The MOSFETL1 and Q2arecomplementary angssumed to haviastantaneous
switchingbehaviour with no deadtim®Vith this, Q1 and Q2 together can be considered
as an ideal singipole doublethrow switch controlled by Booleanswitching function
n o mip . The convertermay therefore be split inttwo modes of operatigrwith
different subcircuit modebver a switching period:

1) Sourceconnectedinductor chargingry 1t

2) Sourcedisconnectinductor dischargingy p
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. | Rogopa R L
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in(6) il -
Vin() © e Cg velt) | Vour (£) ® /out(?)
i Re ?
R = e
(a)
. R L
1 AMA—Y Y ’ O
iin(6) =0 | O~ p
Vin(Z) C—) RDS( on, @ e ¢ g vel?) VoZz‘([) (w) Tout ()
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FIGURE 3.9 The two subcircuits of the synchronous buck convertdiffarent
switching state(a) g(t) = 0, (b) g(t) = 1.

In the abovesubcircuits Q1 and Q2 MOSFETisave beemeplaced bytheir drain

to-source channel estate resistanc

On State
Subcircuit inFigure 3.9(a) can be used to derive the linear equations forothe

state, shown below:

Q" OO U O
[OX0) 0 0
QUL O Qo M o
Q6 5§ & (310
O OS 0 O
Q o0s Qo

Off State:
Subcircuit inFigure 3.9(b) can be used to derive the linear equations foothe

state, shown belown:
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Q" 0 O
Q0 0
QU O Mo M o
Q0 6 6 (311
O OS 0 O
Q 0s T

Averaging:

Thebuckconverterexistsin ther) 0  p state for an average period of:

)
-~ . ,Q C
3 0 (3.12)

Likewise, in the systeraxistsin thery 0  Ttstate for an average period of:

0
0 O

p Qo (3.1)

Averagng bothsubcircuitmodek overthefull switching period yield$3.13):

QU 0 Q0o Qoo
a6 2° a5 P Q0 =53
(3.13)
Q™ . QW o
a6 2% qs p Q0 =55

Substituting and simplifying, the averag@ednlinea) synchronousuckconverter
modelcan therefore bdescribed by the following equatioms(3.14):
Quo Mo Qo
Q0 o) 0
Q™ DO U 0QO
Qo 0 0 (314

Qo "QoQo
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333Feedxaoonk r ol | er s

Linearfeedback control is assumed and represented in the classispaateform,
below. In DPSs, primary control refers to regulation of current or voltage as well as

power sharing in the case of parallel sources.

Linear statespace controller

UOLA D, b b)) | DD a sy Bud | OLAD i1y a0
| ar —

n=c Xy BUP

FIGURE 3.10 General block representation of a linear controller in stpéece form

QMO e
T~ ' W o OYo
Qo (3.15)

Yo 6 0 0O°Y o

Example 34: Typelll Analogue Compensator

For buck converter controf typelll compensatoris often usedto shape the

closedloop dynamics t@ desiredspecification

_________________

d(t)

FIGURE 3.11 Circuit diagram of a&ype-/// analogue compensator

Thetype-lll analogue compensatshown inFigure3.11is characterised by three

poles (with one pole at the origin) and two zerdasntroller designs of this form are
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almost always exclusively done in the frequency donveith,the operoop power stage
dynamics determining suitabj®les and zeslocations. After, lhe requiredesistor and
capacitor values the compensator can be calculated directly using the procedures out-
lined in[100]. The zeros are included to damp the double pole resonance of the output

filter. The overall transfer function of the compens&r can be given by equation

O - , , (3.16)

Wherethe error signal i® i o i o i.

0 determines the gain &C and consequently the op@op phase crossover
frequency (which is close the closkp -3dB bandwidth)

Convesionof the transfer functiofB3.17) to an equivalenstae-space representa-
tion can be done by findinga set of statespace matrices such thatOi
0i 06 06 O

A possible time domain realisatiof thetype 11l compensatas equivalent to the
threestatesystembelowin (3.17):

Q0 1 1 P 11 F1 ] )
To 11 mpw 1 1 pf pAl Y
T T T 1 1 (3.17)
Qo V) T TTW
Where,”Y = 6 6 and®d @hohb are thestate variables corresponding

to stored voltage ithe capacitors.
A good approximation for a controller withtygpe Il realisation can be expressed
in terms of thdouckconverter power stagerametersbelow in the sdlomain
1 inbo6 p

oL 1 8w 1 8l @YYy (3.18)
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34Sy mMI AL: A T™MAT bLABY mt or
bolMod éelt er connelcitnieaatrii asn d

341Pur poseeandeaw

Thepurposeof the newly developed toolbo$ymMIAL,s to provide users with
conveni ent anmoddlingtaigepower systemsithina nonlinearstate
space fr ame wothekasy c8ngtriationyarnd admbiryation of arbitrary mod-
elsdefined in a library of common parts.

SymMIAL toolbox source codis available along with documentation and numer-
ous exampes files based on the studied systemwmntained withinthis thesis. See
AppendixA for furtherimplementatiordetails.The toolbox was developeitially un-
derMATLAB 9.2R2017awith revisionsmadeupto versionMATLAB 9.7R2019b

342Pr ogriamp |l ement ati on

This section describes the stepstep the process of combining separate
(symbolic) subsystems to simplify the modelling process while preserving system model
nonlinearitiesParameter vectar are omitted in the equations for brevi8ubscript no-
tation { 6ZMherein is used to indicate th@h subsystenFigure 3.12 shows the flow

diagram of the developed procedures, discussed herein:

1. Concatenate all subsystems

Vectors:
Q0 mgz oZ ';g'm'go L ';g'h)'gzo (519
8 & L B
9 O LR B
Y Y ZAY B RAY
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PROCESS START

|
‘ |

|
Symbolic ! Concatenate Concatenate }
subsystem I subsystem subsystem }
models state output !
equations, G equations, F |
|
|

Determine the Full Systen

—) state Xys, output Ysys,

input Usys vectors

Interconn-
ection rules

v Step 3)

Full system
state, input,
output
vectors

Substitute Xsys, Ysys, Uys
into output equations

IsYsyslinear in ouput
equations?

i
|
\
3 L nput
\
\

L owew Step 4)
1storder Taylor
linearisationabout
operating pointYp of Ysys.
IncludeYp as a parameter|
v Step 5)
System Rearrange and solve for
output - <
equations S
v Step 6)
Substitute Xys, Yoys, Usys
into system state equations
v Step 7)
System state Rearrage and solve for
equations ¢ dXsys/dt
v Step 8)
Linear Tl st
Statespace ¢ acobian linearisation
Model symbolic

PROCESS END

FIGURE 3.12 Program flow showing steps for gene

ating a full system model from subsystems.
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EquationsGroup all state and output equations together.

& . (3.20)

' W hyY
. ' W hY (3.21)
é
' @ RY
2. Finding=Ly ¢, iy« v
W 8
(3.22)
A 9

3a.Finding Ty, vy

The connectivity netlist is a set of algebraic equations relating subsystem output
connections to subsystem inputs, and is repteddyy matrix L in the following equation
(3.23):

Y 08 (3.29)

« represents all outputs of systeNoting thatnot all outputs are necessary fed
back toinputs.

Y is a vector of all input variables of different subsystems that are connected to
outputs, thereby forming a closéabp feedback system

The set difference oiY and"Y s the set of elements ¥ but not in
Y (3.24):

5 5 5 N 7Y swe Y (3.24)

Where'Y are all the inputs that are left unconnected to any outpeitdeft as open

loop input, and are therefore defined as the system inputs
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3.b. Establish required system representation / form

The require form of the combined systemgs/en below in(3.25):
Qo e
——F O ® hy
Qo (3.25)
9 0O & hY

Where® ,"Y and® have been previouskpecified in Step-2.

The aim is to find the equatiof® andO .
3.c.Finding vy v

Thesuperscript * denotes a modificatitmthe original function

subsitute for system state:

A e @ hY (3.26)

subsitute for system output:
& YO hY M (3.27)

We have replacety  withY and@® . Noting that if'O  contains no

system inputs, i.e. all subsystem inputs have been connected by other subsysytem
outputs, thefio becomeg3.29):

W e @ ho (3.28

In other words, the relation between a subsystem aliput is dependent only

on the state variables and the outputs of other subsystems.

Replacing this to create:

9 H @ RY ho (3.29
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4.a. Ifdy, linear

If "O can be written in lineaw.r.t. &, 7Y, andd, i.e.

9 86 $Y  Ob (3.30)

For some matrice§ OO, (3.30) can be earraged intthe following form

9 6w 00 $Y 00O
_ (3.31)
O & hy
This $hows that®d can be rearraged and uniquely solved as a function of

and’Y

4.b. If L, Ronlinear
However, problems arise if functié® in (3.29) is nonlinearon the termd

meaning it cannot bienearly transformed intthe form(3.31).

To address this, we cdineari® this nonlineaiO in (3.29) w.r.t variablesd to
approximate the solutions to the system of equations around someopgint
Applying first-orderTaylor linearisation abouty f, to (3.29), we get the follow-

ing expressiorf3.32) (while also omitting subscript wfor simplicity):

9 "OMY MO 26 O (3.32

Rearranging and solving fosin (3.32) yeildsthe following(3.33):

9 OV  NTOMRY @ O N0V (3.33

As @ is a constant, it can be treated as part of the parameters of fuarhating
that the right hand side efjuation(3.33) is now a function of variable® and™Yonly,
and(3.33) can be written as simpl{3.34):

9 ‘0O ® hY (3.39)
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This thereby effecivly represents all of the output equations in the valid form
expected by the nonlinear stejgace equation if8.25).

Later on we will discuss the problem of finding a suitable valuequired for
linearisation. For now, we tredat as an addition to the system parameters and is an a

priori known.

5. Findingq y. v
Similar to replace subsystem inputs with system outputs based on connections to get:

— O ® hY hd (3.35
Qo

As @ is known, subitituting (3.34) into above(3.35):

X N .
— O ® Ry RO & RY (3.36)
Qo
"O is now a function of only®d and"Y , which (3.36) can be rearranged and
simplifed to(3.37):
’QI) -
— O & hY (3.37)
Qo

Both"O and™O are now inthevalid nonlinear statespacdorm (3.25).

6. Finding linear model
6a. symbolic linear statespace model
The nonlinear system equatioi@and"Oin (3.34) and (3.37) can belinearised
about an arbitrary equilibriunt( and"Y). Evaluated at this point, the@mresponding
linear statespace model cabe represented by equatio(®38), whered, 6, 0, andO
areconstantlacobian matrices.
[OX O I
o °®° Y (339
® 60 07Y

Where,
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[Th

o Ny S E g "
11 R = o
u E U
h x h
.~ E rl
. 11 ™1
8 & RY i e B &
11 i ~ R
u E v
h = h
- E rl
. 11 ™
1% no h 11 ~ = 2 1
0 why € E e "
11 R ~ R
u E 0
h = h
~ E rl
. 11 X
0 & RY : e E &7
11 f = RN
u E U

Above, he sulscriptindex © & h™Y 7Y) indicates the steadystate equilibrium as
constant input. To satisfy this condition, this point is defined by the prof338):

3.39
a3 (339

The trajectories of the statéso , after small perturbations of the steastsite
equilibrium, can be determined by taealysing thestate equation i{8.38). The eigen-
values of matrixd can be used to assess whether the system diverge or converge to the
equilibrium point, indicating an unstable and stable systems, respectively.

Iterative methods are used to solve the nonlinear system of equati($39n
when all parameters and inputs are defined. The NelR&mhsomethodis suitable for
finding the equilibrium points as is commonly used in conventionaifloadproblems
[67].

In general, nonlinear systems may have multiple equilibrium points that can satisfy
the steadystate conditior{3.39). As is the case with paw systems, typically, only one

such point is feasible due to practical constraints in voltages and currents. To address
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this, an estimation of the steadtate is firstly done by a detailed simulation under nom-
inal conditions. This is used as the initgalessin Newtori Raphsoniteration of the
power equationst was shown that even though steady state values change under varying
parameters and inputs, this initial guess was suitable for convergencectordet so-

lution.

35Exampl e: ApplglcatAotni v ®
System

An example of model developmeptocedureusing SymMIALis demonstrated
here on a single active load systenfigure3.13. The equivalent control block diagram

showing inputs, outputs and connections is giveriguire3.13.

Filter 1 (F1) Buck 1 (B1)

L Ces

‘Iv
‘b
RC.B1

|
17
| D ;'_'Jtr S(0)dr

ey
A
v

D, Controller 1 (C1)

FiIGURE 3.13 Circuit model of a single load based on a tightly regulated buck c
verter with an input filter antype-lll compensator.
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V1,F10—/>

|/:I. B1
, |/ Vi
Filter 1 71| Buck1 /2'31 LR Load1l |/im1
2E 1 D, > B16 151 R16
Zly _I
DCl 'Vl C1l
Controller 1
€1 [ C Vier
O Vp

FIGURE 3.14 Block diagram representation of the single load systefiigure3.13.

Each subsystem block is defined using the egnsipresented below:

Source Model

LN abviiniotuink
: RLlne J_CBUSI é
vi® : : Ve
| 1 ?
| . !
® U
Y w O
d w O
G oohY w L TYO "oro
n e v
@ OMY o ooy
LC Filter Model
b, ST T 1
: R L —Lc : J)
Vi | I Iz V2
Q | ;
| ' ?
| |
®® 0 10
Y o O
d w O
N e Q 0jo
@ OwnY ‘d) 0 QY Y Oy 10
& “O(IﬁY U Oé (01
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Buck Converter (Averaged Model)

@ L 1Q
Y o 00
O w O
® "oonY
Q 0jo
0 () $wzw 0)% QY Y Y $QY Y T,
&0 dﬁY U oY QY

00

Type Ill Compensator

O ooy ® ] T QQ 1 ® ®
QM ] ® ®
G OMY O o Q o qQ

The merging procedure begins with the interconnection rules, shown by the con-

nections between subsystems:
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Interconnection rules (Netlist)
WL Of

GG

Wi Wp

0 (0]

Wk Wp

QG

After the substitution of interconnection rules algebraic equations into both the system

and output equations:

System equations:

Wh G Q, 16

O wp R G YR Yi QYR 10

WP G, Q 7o

O wp ©f O Owp & Yi GYs GYs GY &

D Dp WL R 0 j QrQ wy W i

DR DF WRL U 5 QrQ U0 | 0 [ Wf W §
D5 QrQ0 (0 | Wf W §

Output egations:

Wi Wi QYR GYh

G G

wp Wwp QYR QYh

Q 0

0O D 0 §5Qp ®W §Qp

G Wi Y

Linearly rearrange output equations so that inputs are strictly on ttateftside,

and then factor the coefficients of the inpuib create a matrix of coefficients i.e.,

0w 0.
L™ YR T TRy LIS RS ()
(P n T n . T oy ',Qi Y G 1
RIS T YREORT wp QY i (3.40)
m m T P G G, 18 X
It T T T p muion Wy o Qp © QN
ut T pIY T T p WG U u m U

90



CHAPTER3

Perfaming Gaussl or d a n el iminati on on [ K, L]

toolbox, rref([K,L]), we obtain,

Of . o PF 0 QYR QYROR 0l
o I',I’ WAYRO R GYRG AQ
ll,q[| 1 H G i
i YeR QYRY TR Y (341
HQi TR G 0w ;Qp W p W 7 Qp a
On @by 0§ 0 FQr p
WGV v op YR TYR Y ¥}

The above matrix equation is in the stapace form. Every output equation is now

a function of only state and inpudriables

3.65Summary

A systematic modelling framework for the detailed dynamic modelling of LVDC
DPS suitable for sma#lignal analysis based on a modular approach has been presented
in this chapter. A MATLAB toolboxSymMIAL was developed to automate the model-
ling procedurelinearisation, and smaslignal stability assessment.

In the next chapter, we will present the design and development experimental hard-
ware of a cascaded power systerfeaturingpoorly dampednput filters and voltage

regulated buck convertwith digital controls
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Chapter 4

Designand Verification of Power
System Models: Experimental
Hardware and Simulation

ABSTRACT This chapterdescribes the design and implementation of the experi-
mental systems used throughout this th&sisingle active load comprising of an input
LC filter cascaded with a tightlgegulated synchronous buck converter feeding a resis-
tive load is described in det. The synchronous buck converter operates with vokage
mode control implemented @mexternal microcontrolleunit. This hardware is used to
validate system modelling of Chapter 3 and later extenddhe parallel operation of
two active loads for Bapter 5 an€haptei6. Comparisons between the theoretical mod-

els and experimental data are shown to closely match.
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4.1l nt roducti on

The pevious chaptegestablished the theoretical modelling approach for ssngl
nal stability analysis of LVDC DPS3hese models must be sufficiently accurate in
predictng the dynamis of interest(e.g., point of instability) of the real system This
chapter focuses on verifyingodek throughan agreemenbetweenthe modeloutputs
andthe datacollected from experimental tesenchesAlong with model verification
modek arerefined through theuse ofexperimental datevhenspecific model parameters
cannot baletermined beforehand an acceptable accura&resented in this chapter are
the o LVDC DPS hardware tedienchesandtest procedureased forexperimenrdl
verificationin thelatterchapterdChapter5 and 6)

Thetestbenchdevelopeds an experimentdiardwareprototype of an active load
consisting ofa cascaded system of an input filter ambutputvoltageregulatedsyn-
chronous buclconverterfeeding a resistive load digital controller is used for voltage
regulation and ismplemented on a TMS320F28379D microcontrollgnis system is
used to invetigate the sourelad interactionsA second active logeshominally identical
to the first,is constructedor the study of modal coupling undparallel operationfor

use inChapter6.

42l nput Fil ter alArcgti avlkei ILiotay
base8yoohrBuwokisConowndeter
Vol ttnmagdee Contr ol

In this section, we presetite desigrof thecascaded systedepicted irFigure4.1
based om tightly-regulated synchronous buck converth resistive load referred to
as an active load which isfed by a poorly damped input filtae describe the practical
hardwaramplementedor the synchronous buck conversérdthedesign andealisation
of the digital voltagenode controllesuitable for tuning closelbop bandwidthModel
refinement is achieved through parameter measurement and estibzestgzhon experi-
mental waveforms

Experimentscarried out shew a good match between andlgal predictions and

observed behaviouin Section4.2.4 a study on the impact of the digital controller
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parameter®n CPL dynamicof theactiveloadis presentedrinally, sourceload inter-
actioninduced instability is experimentally demonstratdtenthe active load ided by
a poorly damped differentiahodeLC input filter.

In Chapter 6 thephenomenon of modal couplings investigatedvhich relieson
very accurate system paramet@iuesto accuratelypredict dynamic behavioursvhen
modal coupling occurs, the system becow&y highly sensitive to certain parameter
variation Therefore preciseparameteraluesin anaytical modelsbecomeparamount
when predicting realvorld experimental behaviour

421System overview

The block diagranm Figure4.1 providesan overview of the LVDC power system
used for the experimental test benthe rigconsists of three partthe laboratory pro-
grammable DC power suppliC input filter, and theactive load. The active load is
comprised of atepdownbuckconverter witHixed load andan external micrcontroller
used taegulatethe outputvoltage

Therig wasconstructedn theElectrical Machines and DrivéEMD) Group at the
University of Sheffied with test and measurement facilities of tBentrol and Power
Systems (CAPSIResearchGroup. Images of the major componentsesiperimentalig
areshownin Figure4.2. The following sectioa detail the implementatioaf the hard-

wareprototypeand tesprocedures

DC Supply LC Filter Active Load

Buck Converter Load
oler "'fr°
s 15

Y

|
|

|

|

|

|

4 |
¥ Vout :
|

|

|

|

|

|

|

[ oPwm | | AD]

G(3 —Vier

Microcontroller

FIGURE 4.1 Block diagram of the experimental cascad®®DC power system.
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422Descr iapmtidi adeBxpgeaerimeandwawar e

Figure4.1 andFigure 4.2 showthe systenblock diagramand experimental rig
respectivelyfor the cascaded LVDC power system based on a single active Toad
active load is readed using a synchronous buck congewtith a tightly regulated output
and an input LC filter. Under nominal operating conditions, each buck converter de-
signedtostefl own a 48V DC input to 24V rebBigor no mi
(60Wrated. Voltage mode control is achieved usingpdde 3zero(3P3Z)compensa-
tor implemented digitally on a TMS320F28379D microcontroller with a cdatrol
bandwidthdesigned to bapproximately 5kHzThe switching frequencyf the PWM is
set toafixed 100kHz.

Thevariable voltagdaboratory powesupply isan AimTTi CPX400DP Meas-
urements are made usiagTektronix DPO2014B (100MHz) oscilloscope; TCPO030A

current probs; andTPP0200 passive probes.

- —— -

DC Power Supply LC Filter

Microcontroller

Power Stage :
\ (TMS320F28377D)

FIGURE 4.2 Testbench of theexperimental cascaded power system.

4.2.2.1 Input filter

Filters aretypically requiredwith SMPSto ensure thaEMI standards or system
requirementsre mef77]. By their switching nature, power electronics converters gen-
erate interference through conducted emissions at both the(imeuside)and output
(load-side)terminals.For example, in a typical budkpe converterhe DC input current

is discontinuousver every switching cyclé his current induces a voltagpple across

96

nal



CHAPTER4

the input capacitor whicbhan be a significarmoisesourcethat caninterfere withthe
operation oflevices connected at tekamdined the source convertg) or adjacent con-
verteKs). Input filters mustthereforebe carefully designed for thggven application to
limit this conducte@missionandcomply withrelevant standards

The fundametal frequency of theonductedoise isatthe switching frequency of
the SMPSWhile higherorder harmonics will appear, tiMI at the fundamental typi-
cally requiresattenuation with additional input filteringp meet requirement3heLC
filter in Figure4.6 is asingle stage differentiahode filterwith attenuation slope 6#0
dB/decadei(e., one inductor and one capacito¥yhile the low component count often
makes this filter cost effective, the gradual Haffl canyield a very low filter cut-off
frequency to meet theequiredattenuationAs a resultthe EMI input filter cutoff fre-
guency ismost commonlywell below boh the controlloop bandwidth defined as the
voltageloop crossover frequenof the convertergivenin Figure4.4.

For the experimentakork, the lowpass input filter for converters is selected to
have a-3dB cut-off frequency of approximately 850Hmsed on availability of ofthe-
shelf inductors and capacitorBhis corresponds tan 83.96dB filter attenuatioat the
fundamentallOOkHz switching frequencyFor the propose ahvestigationson input
filter instability, the Qfactor is deliberatelyery high(i.e., very poorly dampegithan is
typical for any practical application.

The LC filter lumped parameter model used for analysibasvaas a subsystem
in Figure4.6. Table4.1 providescomponent parameter values, with measurement p
ceduresused for extracting precise valugsen in AppendixB. The filter inductor
selecteds a1,000pH Hammond 157D 10Aated,3 8 m qpenbracket DC filter choke
The filter capacitoris a 40uF KEMET C4AQLBW5400A3FKfilm capacitorwith an
additionallOuF TDK B32794D2106K film capacitor in parallel located at the input ter-

minals of the buck converter.
4.2.2.2 Step-down buck converter power stage

This section discusses thardware setupand model descriptioaf the synchro-
nous buclconverte feeding a resistoRegulation is performed usinglagital 3-pole-3-
zero(3P3Z)compensator for voltageode controtlescribed in the neBection4.2.2.3

Together, hebuck convertercontroller, and resistive loddrm a singleactive load.
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A TDHBG2500P100 halbridge evaluation board from Transphorncasfigured
asa synchronousuck converter power stagé&he board is sed as a buildinglock;
Figure4.3 giving the overview of the major components and the inputs and outputs.

Silicon LabsSi8230BB gate driver ICs are used to drivieH3212PS 650V GaN
MOSFETSs. Deadtime is set to 120ns by external resistors to preventlisitaah cur-
rents during synchronous switching of the hgite and lowside devices. The
MOSFETS are in a TO220 gaage with 72n q drainto-source on resistancé It
is important to note thahodellingdoes not considéviOSFET transient dynamics dur-
ing switching thereforewitching lossesire omitted in thanalysis

The buck converter outputC filter is canprised ofa460uH inductor with25m q
DCR based on austom woundoroid with MPP core from Mag Inc C055439AZhe
capacitance is frora parallel combination of a singl®uF TDK B32794D2106K film
capacitor and two generic electrolytic capacitor®tal approximately 110pF.

MOSFETs mounted tc
heatsink

L A
L7

s Truaz
IR
-

PWM highside ;_ 2 ONIONd "LVd

Vout(+) Vout() o
FIGURE 4.3 Synchronous buck converter power stage used for active loads

The statespace model of this stafown buck converter was previously introduced
in Chaptei3, Section3.3.2 Assumingafixed resistive load, the model can be simplified
into havng two-inputs, duty cyclé i and input voltagev i , and tweoutpus, out-
put voltagew i and input currentD i . The controfto-output transfer functiorthe
duty cycleto-output voltagéO i , is used to design the compensation oekwor
closedloop controlin the next sectiarComponent parameters of the buck converter are
measured offlineising an LCR meteaind values substituted into the lumped parameter

model to obtain the transfer functiofigure 4.4 shows the contretio-output discrete
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time transfer function with sample time of 100kHz to match the switching frequency
Online frequency responseharacterisation using a vector network analyseralidate

the modelwas not possiblen this studybut is recommended for further validation.
4.2.2.3 Voltage feedback compensation

Shaping the closeldop dynamics of the buck convertdescribed abovés
achiewed through 8P3Z compensatavhichis the digital(discrete)implementation of
a typelll compensatorpreviously introduced in Secticdh3.3 The plant model, control
to-output transfer function, shown inFigure4.4 and isgenerated using parameté@m
Table4.1. The target specification féhe designeccompensator is to have a stable loop
transfer function witla >30-degree phase margin at approximately 5KHzreduce the
frequency at Wich negative input impedance is exhibited by the active load, a 1kHz and

100Hz controller is also designed.

Bode Diagram: Plant G(s) and Compensator H(s)
50
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o

-50 t ! | . .
90 B T T T | =
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&> O H(s) | -
(]
)
o -90 i
[(72)
©
e
o 180 1
_270 = 1 R | H R R | . A .
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Bode Diagram: Loop Transfer G(s)H(s)
G.M.: 7.05dB at 9.85kHz, P.M.: 41.9° at 5.01kHz
40 —————— e —_—

Magnitude (dB)

-90

-180

-270

Phase (deg)

-360

-450 . L | H . R | . . . F——
107 10° 10" 102
Frequency (kHz)

FIGURE 4.4 Bode plots of buck converter plant model (duty cytol@utput volt-
age), 5kHz compensator, and opeap transfer function showing gain and

phase margins.

Referring toFigure 4.6, the feedback path contains a resistor divider to scale the
output voltage to a range suitable to be sampled by the ADC. This sampled signal is then
compared with a reference voltage that is user programmable. The diffeeineen
the output voltage and reference voltage (scaled and sampled) is the error voltage used

for the feedback compensator and then the puidéh modulator.
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FIGURE 4.5 3P3Z control implementation as a dvdter digital IR filter with

Direct Form Typd realization

The zdomain transfer function for the 3P3Z control law is given belo@.it):

, 04 & ® a ® A )
Oa — - ——— (4.1
@ & p oA da ©d

Figure4.5 shows the 3P3Z controller implemented in MATLAB Simulink used for
code generation.he block implements a third order control law using an IR filter struc-
ture with programmable output satuoat This type of controller requires three delay
lines: one for input data and one for output data, each consisting of three elements.

The recursive nature of the IIR filter make it prone to overflows. To prevent this,
theimplementation has @egative dbwer bound saturatioio allowsfor a negativestate
history in the feedback farevent oscillationas a result of overflowr he final saturation
block limitsthe outputduty cycleto 10% to 90%

To ensure that overruns do not occur due to limited pedoce of the floating
point unit of the microcontroller, the Q48rmat fixed point data type was used for var-

iables.
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423Ex per i

LC Filter
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Buck Converter
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FIGURE 4.6 Circuit diagram of thexperimentalL VDC power system featuring

an input LC filter and voltagenode controlled buck converter.

The smallsignal dynamics are studied similarly to thaGection3.5. Figure4.6

shows the schematic of the experimental systemTabte4.1 provides the parameters
of the experimental systerbhoth nominal values and precise measured valueg\(see

pendix B for details on component parameters measurement and refineftent).

test r

experiment is further supported with simulations using MATLAB/Simulink. Ideally, the

experimental and simulations results should agree and validate theoretical predictions of

dynamicbehaviourdi.e., the pointait which onsetf instability occurs.

The active load acts as a CPL to induce instability in the input fiftstability is

evident by
duco r

voltage to the load resistor

ables instabilityto be observedt very low power levels. This ensures that experiment

t he

current.

sust ai

T h e owarcstcontrafled byoregdlaiisg the oupputt

W TY. The selective low damping of the input filter en-

ned

mi

t

cycl e

oS CcCi

P

can be repeated without hardware failure or overstress requiring component replacement.
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TABLE 4.1 Parameters of thexperimental system

Value
Parameter Symbol Unit Nominal Measured Simulation
Input voltage (W) Vv 48 48.0 48
Reference voltage @ Vv 24 - 24
Filter inductance 0 puH 1000 8795 900
Filter capacitance o} UF 50 49.7 50
Filter DCR ofd Y i mq 38 656.8 500
Filter ESR of6 Yh mq 3.6 106.0 100
Buck inductance 0 pH 460 456.1 460
Buck capacitance 0 uF 110 1211 110
Buck DCR of0) Y mq 25 330.0 25
Buck ESR of Y mq 4.2 120.5 4.2
Q1 Drainsource on Y A mq 72 85 100
resistance
Q2 Drainsource on Y A maq 72 85 100
resistance
Load resistance Y q 10 100 10

Thee x per i me n tcantrolles yasametenid e 3P3Z control law(see
(4.1)), are given inrable4.2:

TABLE 4.2 Values of the 3P3Z controller variables at different bandwidths

Controller bandwidth (ffy .= 100kHz)

Parameter 100-Hz 1-kHz 5-kHz
@ 0 0 0
&) 0.0395 0.3499 2.022
@ -0.07814 -0.6922 -4
@ 0.03872 0.343 1.982
&) 1.476 1.476 1.476
&) -0.5266 -0.5266 -0.5266
& 0.05021 0.05021 0.05021

Smallsignal stability analysis is performedsing the continuougime domain
statespace modelsWhile thecompensatois designed in the discrete domain, we ap-
proximateits implementation in the continuous domain by using the Tustin (bilinear)
approximation. Equation&.2) and (4.3) give the continuous timdomain form as a

transfer function and statpace, espectively for use in smalkignalpredictions
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O i —_— - (4.2)

Qo

—— 0 ®Wo0 60w O
Qo (4.3
00 00O Ow o

TABLE 4.3 Controller parameters in continuetisie domain fornusedfor

smaltsignalstability analysis

Controller bandwidth (continuous-time model approximation)

Parameter 100-Hz 1-kHz 5-kHz

&) -0.05121 -0.4536 -2.621

@ 1.014e04 8.982e04 5.19e05

&) 1.945e07 1.723e08 9.953e08

&) 1.989e11 1.762e12 1.018e13

® 1 1 1

® 2.489e05 2.489e05 2.489e05

® 1.503e10 1.503e10 1.503e10

! ) p m m p m I p s
T pP8td & @ T p8tE ¢d @ T p8ted ¢d @
b T pg& o T T pg8 ¢ T ) pg& o

0 mTpPppPIPTX T GQMNaE wid T yYpepxo

0 WTE T 1T Pp a8t cwwyw AL LB VXX OB p X Xan

0O 8L pCp ™8 Voo ®cp

The bode plot irFigure4.7 shows the input impedande i of the active load

model based on the experimental clokemp converter withta 5kHz controlloop band-
width.
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Bode Diagram: Zin(s) at 5kHz control bandwidth
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FIGURE 4.7 Input impedanceZ(s) of the model of the experimental closkedp

converter with 5kHz control loop bandwidth.

The experimera investigatioron smalisignal stability $ carried by first putting
the system into nominal steadtate operation. The input voltage is fixed andoott
voltage is regulated to the nominal reference value (24V). To push the system towards
instability, a series ofV step changes to the voltagemmands done via the commu-

nication between the PC and microcontroller.
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424St abi |l ity exmealryysnesntaand r es ul

In this section, the experimental results from the experimental test rig are compared
with stability analysis using the smadignal dynamic model. This is required to validate
the modelling methodology from the previous chapter, wisctinen extended in the
following chapters.

Three distinct smakignal moded of system inFigure4.6 are geneated using pa-
rameterdrom Table4.1 and from the three different controllersTiable4.2 (differing
bandwidthsof 5KHz, 1KHz,and100Hz) Using the smalsignal model, eigenvalues are
calculatedfor the case when the load demand varies by controlling the output voltage
reference® in the controllersw is varied from 24V to 33V in 1V steps (corre-
sponding to 57.6W to 72.6W power demand).

Figure 4.8 showsthe locus of the critical (rightnost) eigenvalue under varying
power of the system withkblz controller. Using the analytical model, the practical sys-
tem is predicted to becomesiable ato ¢ . The Bode plot inFigure4.15 uses
the analytical model to generate laad i and filterdd | atw ¢ ¢pto show
that the Middlebrook stability criteriorgd i S < i S is satisfied, thus stability

should beguaranteed.

5000
ok ok ok KM k% % % %

3000

1000 -

Viet=24V Viet=29V Vie=33V

-1000 -

Imag Axis, Im()\)

-3000

x % % ok o kK Kk X x K
-5000 [

1 1
-200 -100 0 100 200
Real Axis, Re(\)

FIGURE 4.8 The critical eigenvalue pldtom the system model with 5kHz band-

width, stepwise variation of % from 24V to 33V in 1V increments.
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Tek 5tap Muise Filter Off

10.0Y &Btfean 263V
& 100y 1004  By||@Bhean 433V EPean 1634

FIGURE 4.9 Measured waveforms from experimental systeith a &kHz bandwidth
showinganonset of instabilityfollowing a small step change ine¢

A similar procedure was used éaperimentally determine point of instability of
the experimental system. Stepwise changes to the load demand through #reper-
formed while measuring the input filterads
voltage.Figure4.9 showsthe experimental systemaveformsunder abkHz bandwidth.

In Figure4.9, voltage and current oscillations begin to occuthm inputfilters at
W ¢ Xo, indicating an unstable operation. The peabeak voltage and currents do
not grow unbounded (which is the case with the ssighal dynamianodel) and are
limited due to the practical nature of the systéieasured oscillations correspond
closely to the filter resonant frequency, showkigure4.14.

FromFigure4.8 andFigure4.9, it canbe seen that a reasonable agreement between
the analytical model prediction and the experimental results is achieved. However, a
source of concern is the lower measured instahility point, corresponds to a smaller
system stability margirof the pactical system compared to the theoretical moded. Th
error corresponds to a less than 0.5W power difference between the resuisikahd
attributable to imprecise parameter measurements and noise in the filter current and volt-
age (shown a T1tin Figure4.9).

The same experiment is performed for the sysigith the kHz and 100Hz band-
width. Analytical and practical measurement results are shotigume4.10 andFigure
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4.11 for the 1kHzcontroller, respectively. Likewiserigure4.12 andFigure4.13 are for
the 100Hz system.

5000 - 1
* ok ko % ,
3000 | R -
=
£ 1000 - .
g Vie=24V Viet=32V
<
2 -1000 .
E
-3000 .
MRl
-5000 - .
-200 -100 0 100 200

Real Axis, Re()\)
FIGURE 4.10 The critical eigenvalue plot from the system model with 1kHz bar

width, stepwise variation of M from 24V to 33V in 1V increments.
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FIGURE 4.11 Measured waveforms from experimental system with a 1KHz bar

width showing an onset of instability following a small step changeen V
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FIGURE 4.12 The critical eigenvalue plot from the systemodel with 100Hz band-

width, stepwise variation of & from 24V to 33V in 1V increments.
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FIGURE 4.13 Measured waveformsf experimental system with &®@Hz band-

width showingno overshootollowing alarge step change in M (0 to 31V)
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FIGURE 4.14 Experimental waveforms of the input filter voltage and current,

showing an oscillation period of 1.56ms (641Hz).
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FIGURE 4.15Bode plot of the input and output impedances of the experimental

system under nominal operating conditions showing near instability
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4.3Summar y

In this chapter, a detailed description of the hardwargsmtd experimental pro-
cedures are presented. Results ftbedeveloped test systems with practical C®ltke
hardware prototygk validate the analytical modelling of power systems for use in
smaltsignal stability and sensitivity analysis. These are sulesgly used to support the
theoretical results in the remaining chapters.

The testbench uses a hardware prototype of a switching POL regulator consisting
of an output voltageontrolled synchronous buck converter feeding a resistive load. A
digital 3P3Z ompensator was implemented on a TMS320C28x series microcontroller.
The POL regulator was demonstrated to exhibit CPL dynamics within its control loop
bandwidth defined as frequencies below that of the -b@&m crossover frequency (ap-
proximately). Frequenc response measurements of passive components and
experimental data was used to refine the model parameters. Results and waveforms meet
design specifications and shown to match closely with the analytical misledboped
in Chapter3.

Sourceload interadbn is experimentally shown to induce instability of cascaded
power system following the addition of an input LC filter to the POL regulator. Practical
results validate the developed power system models based on the appfOaapten3
to accurately desibe system dynamics and predict the pafinstability. Furthermore,
reducing the detailed load models to ideal CPL characteristics is shown to be sufficiently
accurate for smaflignal studies as long as the sotswke resonant characterises are well
bel ow the | oadés closed | oop bandwidt h.

This experimental system is extended lateChaptel6. to include a second filter
converter system operating in parallel to investigate resanadél couplingphenom-

ena.
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Influence of Paramekr Uncertain-
ties and their Interactions on Smali
Signal Dynamicsbased onVBSA

ABSTRACT Classical stability analysis techniques based on nominal models do not
consider uncertainties in system parameters which may drastftalithe smaltsignal
dynamics of practicdlVDC DPSs.In this chapter the method ofariancebased sensi-
tivity analysis(VBSA) is proposedo identify the mosinfluential parameters and their
interactions impacting smadignal stability.Based in the probabilistic framework, the
procedures for applying VBSA to detailed power system tsaate outlinedVBSA is
applied to an example systemith two parallel filterconverterded by a resistive line.
Resultsndicate that the effectivenesfsourceside dampingf filter modes iseduced
when filters becomeoupled This isfurther invesigatedwith derivativebased sensitiv-
ity analysisto reveal thatthe sourceside resistance cacontribute to the positive
damping or negative damping of filter modes, depending on exact operating conditions.
These behaviours are verified using tid@mainsimulations and measurements from
the experimental system presente€hapterd.

This chapter isan extension ofhep u b | i clrdluence afParandetric Uncer-
tainties and their Interactions on Smd&lignal Stability: a case example of parallel

connectd active responsibilities in a DMicrogrid6[21].
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51l nt roducti on

Classical stability analysis techniques based on nominal models do not consider
the uncertainty of system parameters and their interactions. These interactions are known
to drastically change the dynamics of practical higldypled LVDC DPSs. In contrast
to classical methods, a probabilistic approach on the other hand considers all uncertain-
ties via multiple simulation to predict the true system behaviour more accurately over
system inputs, parameters, and operating points.

In this chapter, we propose avel application of VBSA to LVDC DPS models to
investigate the influence of uncertain parameters and their interactions orsigmail
stability. A VBSA methodology is implement&@dn combination with the symbolic
modelling of Chapter® enabling a computiatnally efficient and practical approach to
address a number of unknowns regarding model behaviour over uncertainty: mapping
and ranking parameters on the considered system phenomena (eigenvalues) along with
identifying any higheworder interactions effestbetween parameters. Verification of
identified modal interaction phenomena in an example LVDC DPS is performed using
Simulink models and experimental system introduced in Chaptédvantages over
conventional sensitivity analysis based on single nomiaalels is made clear.

Thischaptelis structured as follows: Secti®2introduces the theoretical basis of
VBSA as aprobabilistic framework foidentifying and quantifying firsorder and total
order effects of parameters, including parameter interactions, over all possible operating
conditions.Section5.3develops a novel procedure for applying VBSA to practical mod-
els of LVDC DPSs to assist the understanding of parameter effects and their interactions
on the smalkignal stability. Sectiob.4 presents aase study that investigates a LVDC
DPSs with paralletonnected input filters feeding CPLs with uncertain distribution lines.
Contrastive VBSA results indicated that the effectiveness of ssideaesistive damp-
ing was reduced when resonant frequencfdead input filters are nominally matched.
Interactions are present between parallel loads and ssidieeesistances, and these re-
sults are verified against conventional derivatdased sensitivity analysis. For the first
time, the apparent dichotonny the effect of soureside line resistance is revealed: line
resistance can act as both a stabilizing and destabilizing element depending on operating

conditions. FinallySection5.5summarises this chapter amain contributions.
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51.1Background

In smaltsignal modelling of conventional electrical power systems, network dy-
namics are generally neglected since their time constants are much smallergbanf tho
synchronous generators and their control loops. Here, the effects of individual loads are
insignificant (due to their small capacity) and thus loads can be aggregated and collec-
tively modelled; whereas in DPSs the individual loads play a critical irolsystem
stability and have to be included in stability analy$8j, [94].

Classical techniques to identify dynamic interactions through the use of participa-
tion factors in power systefi9], [94] arebased on analysis of nominal models. The
work reported if19] provides important insights into the complexity of coupling phe-
nomena between the sources, the loads and the network. While these techniques are
prevailing, they are insufficient for describing how the interactions change under possible
variations of parameters. For example, the recent @8k identifies a coupled reso-
nance phenomenon between multiple parallel-&idd filters in asimple DC system
with CPLs The observed filter coupling effects depend strongly on parameter values.
This observation highlights the necessity of modelling systecertainties, such as the
uncertainties in the length of lines between different nodes in practical systems. Simi-
larly, [51] identifies mutual coupling phenomena between multiple paralleldibed
filters that must be considered at the design stage of the proposed stabilizing controller.
And paper[45] illustrates reduction in stability margins due to caupleffects from
between transmission line impedances and the source and multiple loads, including im-
pedance irbetween loads in an AC system. Recent publicg@0hquantifies effects of
multiple simultaneous parametric uncertainties on the stability of a power electronics
system by applying thetructured singular valudased stability analysis method.

To identify and analyse dynamicteractionphenomenaf18], [19], [68], [101]
propose tracing eigenvalues over parametric changes to observe movement of oscillatory
modes. This work shows that modesonance effects in power systems, such as subsyn-
chronous resonance, can be caused by interaction between two distinct neodes,
between torsional modes and sub electrical modes, and can be viewed as precursor to
system instability. For problems wittumerous multiple uncertainties, exhaustive testing

of all possible combinations quickly becomes computationally infeasible. As a result,
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there is increasing interest in applying glosaisitivity analysis (SA) techniques which
aim to quantify the behavwm of an output over the entire range of uncertainties. Proba-
bilistic methods can be used to examine the scenarios from the whole range and are easily
implemented using Monte Carlo (MC) techniques. Global SA techniques are reviewed
in [102] and some considered for importance ranking of uncertain parametensén p
networks in[70]. Of interest are those that canphalentify different interactions be-
tween system parameters, such as VBB [75].

Equationg5.1)-(5.3) are used to represent the difference between the techniques

of local SA and global SA. &preserdtion of a nominal model evaluation at pdint

O w0 (5.1

Representation of local sensitivity analysis at pbint

P 30 O F38
100 R3"(JO |:| U A 130 7;3"8 |’|3(b (52)
1] e 1l 1] e 1
w 3 U B f38 U

Representation of global sensitivity analysis overs point j , é M
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Each parametabis changed several times(5.3) and theoutput is recorded, and
the same is done fos , @ and so on. From the recorded inouitput data, aanalysis
of variance(ANOVA is performed to determine the influence of epatameteon the
output over the complete spadde next section introdes VBSA that useANOVAto
guantify the nonlinear (highesrder) interactions between each of the uncertain param-

eters.
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h2Var i amced Sensitivity

This section firstly describes thileeoreticalapproachto VBSA based oithe de-
composition of a arbitrary multivariate functiorfsuch as dynamic models of power
systems) into an equivalent strictly additive model of leareler functionsThis decom-
positionis then used as a basis tEfining a set of sensitivity indicassing ANOVALto
guantify the effect input variations to model output(s). Tews#ivity indices thefirst-
order effectsandtotal-order effectscan be stimaedusingMonteCarlointegration over
model outputs evaluated over randgreamplednputs [73]. Any interaction effects be-
tween variables can lsecounted for by the difference between the total anddidksr
effects;in contrastto aperfunctoryoneat-a-time sensitivity analysis negledhese in-
teractions.

The next sectiony(3) will detail howVBSA can beappliedto LVDC DPSsfor

the purposes of smadignal sensitivity analysis with multiple system uncertainties.

52.1Anal yVarsi aonfc e

VBSA, al s o k n o wthodéhaseddmwtbeonork id03]misaprobabil-
istic techniqueusedto quantify the effect of varying input variables on the output
variance of a function in terms of its main (fistler) effects and higher order effects
over all possible scenarios. This allows floe relative ranking othe parameterover
the whole uncertainty space, as welpasviding a quantitativendication on which pa-
rameters have a nonlinear relationship to the output thrihegtparameter interactions.
Probabilistic sampling of the whole input space together with MGaréo simulations
provides a computationally inexpensive approach to pitobaveragebehavioursof a
model response under different combinationsmpiit variable.

This technique i®ften appliedo investigatehe response of many complex dy-
namical modeld such as thosencluding mechanicq40], electromagnetic§41],
acoustic§42]0 where treating multiple variablesmeat-atimeis not appropriate due to
nonlinearity Different techniques for sensitivity analysis were considered for an AC dis-
tribution system by the recent warkn [70], [104] to identify and rank critical
parametersin [70] it was identified that varianeleased techniques offer the best trade
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off between accuracy and computational practicédityargeAC power systenstability
studies

VBSA is based on thdecomposition of marbitrarymultivariate fundbn into an
additive seriesof manylower-order functionsFirstly, let us consider a functioc®

with output Y, shown in(5.4):

® QO (5.4)

whered denotes a vector @&f input variables® & oo B iy .
The function'Q® in (5.4) can bedecomposed into finite expansion of;
p additive component®r termg of the following formin (5.5), known as théigh-di-

mensional model representati@diDMR) [105]:

M Q Qg O g B (5.5)

E

and can be equivalentigpresented a.6):

(5.6)

M

Qg GhdMB&d
where"Qis a constant value; and all additive componmictions (i.e.,"Q "Q, "Qh
8 RQ g ) contribute to the outpudbthrough unique inputs variables symbolized by sub-
scripts. The first order terf@ & shows the contribution by the independent variation
of the"@h variable®; the seconarder termiQ @Y contributes to the output as a
result of an interaction between inpdisandd® , where this contribution cannot breod-
elled by the additive result of the individual variations @f and @ alone. Multi

component contributions of this kind are similarly decomposed for all hmyder

terms.

117



CHAPTERS

To simplify the following discussion, let us assume that the iGpstdefined over
the n-dimensional unit hypercub®™ 1ip ,i.e.,forall®d N Tip . In practice, allun-
certaintiexcan be normalised to this condition.

The HDMR decomposition ir{5.5) was proven to be unique jh06] if every ad-
ditive component has zero meaherefore each componeoan be considered to be
orthogonal to all otheras given by5.7) and(5.8):

QO A T loN BQRp Qi ¢ (5.7)

QO Qe O QO QR X mh
o OoN "B Qi ¢

(5.8)

As a consequence gb.7) and(5.8), the component terms {5.5) and(5.6) can
be derivedusing the conditional expectation operator applied to the originatiétnc
"Q® and given input variable(&) (5.9) [74].

Q O
oY) Oowg Q

(5.9)
NG 06d 0

"Q O 0 "QM M O QA Q

and so on for all higher order components.
Theexpected valué.e. mear) of the outputvis the integration over all variables

in @[74], requiing a total of integrationsas demonstrated {®.10):

00 8 QOO
(5.10)
QO W A 8 QY

And the conditional expectations of the outgbigiven random inputs aia (5.11) [74]:

118



CHAPTERS

O W 8 Qw Qo
QXA 8 Qi (O'))
(5.11)
(O XAYALIA) 8 "Mk (9'h)

and so orfor higherorder conditional expectation terms.

Fromthe equations i6.4)-(5.11), it can bereasonedhat ausefulmeasure of sen-
sitivity can be made by comparitige variation between the expected value of different
additive components. For example, if the variatioiDa@bxd over all® is greater than
the variation ofO @@ over all®, it can be concluded that the fimtder effects oto
aremore sasitive tharthefirst-order effects oto (the output varies greater over changes
in @ compared tab). This type of reasoningan be formatied explicitly through

ANOVA

The orthogonality propertiy (5.7)-(5.8) allows forthe HDMR in(5.5) to be given
in terms of variance, so that the variances offsuistions add up to the total variance of
the function'Qd [74].

6 6 B WHOiQy &y MBI (5.12)
E

and equivalentlyxpanding equatio(b.6):

W 0 W WOIW AYSRONATIA

(5.13)

[Th

OOIQ ¢ @ Ky M

E
OOIQg GMYM &

Noting thatw @ Q  Tmas™Qis a constant offset term.

The total variance 02 is definedbelow in(5.10) [75]:
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WD O w Ow 8 NQOQL Q (5.14)

And the variances dhefirst-order components are definesing equations fror(b.11)
[75] :

GOIRG 6606 8 Qe W
(5.15)
GOIRG 660 8§ Q6

Where the gbstitutiors from (5.9) have beenused.
Given thatcomponentQ @y is orthogonal to bothQ & andQ & , vari-

ances may be expanded(a4.6):

W OIQ O W ®1%9 8 I8 O P9S8 ® D1%9 8 (5.16)
Similar expansions for althe variances for higheorder subfunctions are also per-

formed.

522Sensitivity I ndices

Previously in Section 5.2.1, we have shown through the analysis of variance of the
HDMR, each term can be expanded into terms of variancesdit@mmal expectations.
In the seminal work b$obol[106], theyproposed varianebased sensitivity indices by
normalisingall terms in equatio(b.12) by the total variance» @ to resulting in the fol-
lowing equation(5.17):

P Y Y Y E Yg (5.17)
Whereeach"Yterm (YA'YFB "Y 8 ) is a unique senstivity index. For example:

— (5.19)
WWww
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y SeO0om (5.19
WO W

and so on for all higher order sensitivity indices

"Yis a firstorder sensitivity index for inpub ,; 2nd-order index’Y describing in-
teractions between input variabl@sand® ; etc. Theseandicesquantify the relative
contribution of the corresponding parameters over their range to the vatjaurce.

Just as the total order of the HDMR(85), atotal of¢ p sensitivity indicess
presentedby equation5.17). Thisposes a significant computational burden ifradices
areto be calculatedvhen a large number of input variables are preddotivated by
this,Homma et al[107] introduced thedotal-effectsensitivity indces™ which quanti-
fies the relative contribution of inpdi including all the higheorder terms that feature
the® variable on the output varianeeg ™y Y Y Y Y fora 3 input sys-
tem). They argue that, in practice,ethindices’YandY are most oftersufficient for
assessing the overall sensitivity of the model response to inputs.

To estimate all higher order terms of variaéile all other input variables can be
considered together as vector (the® €ubscript denotes the complement of variable

‘R Therefore, the following partition of the input vectan be asollows (5.20):

O O (5.20)

This allows for theHDMR in (5.5) to be simplified a$5.21):

MO Q QA Q8 Q s (5.21)

Rearraging the above, so that all additive components contdimeri@h terms are on
the left hand side

MO Q ©is QO Q Q8 (5.22)

The total effectdd on output can be denoted B} wis oY)

"Q M . Taking the variance of the terms(5122):

WO O OO WOI0QO (5.23
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Using(5.23), thetotaleffect sensitivity indiceSY can be calculated by dividing by the

total variance:

WOl wrs WwiIoQ®
LI p 2010 (5.24
W W QW W W QW
Where(5.24) is equivalent t¢5.25):
Y p —w (5.29
W

Here it becomes clear théuet difference between total effect exd”Y ) and first
order inax (Y) accounts foall the interactions between and all other aggregated var-
iables.

Interpreting thelifferent sensitivity indices:

A If "Yis 1, then outpuf depends owonly the parametedd .

A If Y Y is zero, then no interactions exist betwe@n and other

input variables.

A If 'Y is zero, then by definition)Y is also zero, and outpub is not

depementon .

A The sum of the first order sensitivity indice®,("Yf8 ) should equal to
one by definition(5.17).

523Esti mation of Sensitivity I ndi
Sampling

The sensitivity indices are derived based on the high dimensional integrations
shown in(5.10), (5.11), (5.15), where analytical integratias simply not possibldue to
no knowledge of the explicit functions in the decomposititmbabilistic sampling with
Monte Carlosimulation, however, can be used to estimate the sensitidityes{103].
Consider a set of different inputs mapped onto theipuis through theriginal
function™Q in (5.26):
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E &y &

Oy OF E Of D)
é é é é (5.26)

Op OF E O ()

Above, ech row isconsidered aa singlesample scenario for the functidd
wheret is the number of variablés &. In other words}Qdy 8 &, @ is a single

scenario based on thendom sampling of inpub. Every column igandomlysampled
from theprobabilitydistribution for thegiveninput variable. Théotalnumber of samples
taken isd for eachscenario The total number of Mort€arlo simulations needed is
therefored .

Seveal quasirandom sets have been developeddample more evenlgverthe
multidimensionallm,n) input spaceoften referred to thaslow discrepancy sequences
These includé.atin hypercube samplinid 08] and Sobol sequencgl08] that are used
to more effectivelystudy the effect of parameter interactions inftimetion withalesser
number oftt compared taonventionarandom sampling.Efficient multidimensional
sampling becomes critical tbefastcomputation of sensitivity indices in complex power
system modelsTo achieve thishypercube samplings recommendedvhen applying
VBSA to the smalkignal analysis of LVDC DPSs (further details are provideHdo-
tion 5.3.

While computingthe total variance is simple, estimating the variance of condi-
tional expectations, as shown in equati®45) requires additional work. Conditional
expectations can be rewritten as covariaft@6] (discussed in detail gvg.124) and a
method for sensitivity indices estimation based on resampling input variables from two
mutually independent Mori€arlo setsvas developed if107]. Based 0rj107], the im-
plementation used in this thesisisnmarisedn the following paragraphs.

Consider two mutually independent input spaces denoted by superscipd®
in (5.27):

¢ h 8 I8 ¢ h 8 I8 (5.27)

where input vecto® " has thé&h variable sampled from and®-t@ vector sampled

from seto

With (5.27) the outputsanbe denoted athe followingequations:
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Ao TANL A o TARLL (5.28)

Such that the following sefsom each input spaces,and6, are sampledr -times to
generatel -scenariog5.29):

~ " ~ h
~D R wyp E Wp E Wp A0 Il
= 7, = 7, |’ F] I-,I
hyp 0f E o0y B ooy 07
1€ e N e _ e 11 é, i
Wi Oy E Oy E O w"
] (5.29)
. x ~ h
Wp wp EBE o wy BE @Ry Il
. . x \ R oo
by 0f E 0y BE T 07T
1 é é N é _ é n 11 é: i
Wr @ E Oy E @p0 " @

Sampes may be taken froseparate input spaces, for example'@tevariable is
sampled fromd while - vector sampled frord as shown ir{5.30):

A 8 8 (5.30)

A IR o TANL (5.31)

For & -samples this becomes:

Nd) h Wp E @p E O©f I A Il
- no = R "o e B oA
“t*),eh U)A’h E (L)A’h E U)A’h 2 |(|’J Lo (532)
1€ e e €n e on
Wi Op E O E 0r0 "y

Covariance0 ¢ O, is ameasuref the correlation between two sets of variances
and carbe usedfor the estimation of conditional variances, with the following property
discussed if109]. As samplesv are identical between the variable pairs, the covari-
ance calculates the variance with respect to the indepeddemins, in effect finding

the variance when varying:

VOO 6éd N AN (5.33)

Therefore sensitivityindicescan be estimated by calculating twvariancede-

tween differently sampled input sets.
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Bedh R

—— (5.3
RYRL A

A possible estimatamplementatiorhas been presented[tD9], referred to aa

second estimatoand isshownbelowin (5.35):

2B of o BB ot £B of
Y > > (5.35)
o ﬁ o ﬁ

The estimatorin (5.35) has been implemented for calculating the finster and
totaleffect sensitivity indices throughout this thesis. This method requires a total

a &€ ¢ model evaluations.

53Application ofSIVUBhSA f or
Anal p$i1 ¢ VDC DPSs

This sectiorpresents our methodology for applying the method@$A to power
system model#® investigae the smallsignal behaviour over all possible operatoog-
ditionsunderuncertainty VBSA requires the formulation of a modei functionin terms
of determinisit inputoutputbehaviour Here we make a distinction between the system
model which describes the nonlinear averduggthviournf thepowersystenstatesand
the stability model which is theigervalue (modalJdecompositiorof thelinearised av-
eraged model. The stability model can be viewed as a function which maps the
(uncertain) input variables to the eigenvaluethelinearisedsystem

The methodology proposeamnsists of the following steps:

1. Treat variables() as inputs t60 &N YD ntwhere’Yis known andbis un-

known.

2. For given inputs, numerically solve farin 'O Tt

3. Substitute values fordiYD into the linear statgspace modeld
6 GNYD & 6 YD 7Y

4. Calculate output eigenvalues by solvingfano v _ &8
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The stability of the system can be assessed from th@aeabf the eigenvalues
Y'Q_ , or damping factor, of thelinearisedsmall-signalmodel. Due to the parametric
uncertainty, the steaestate operating pointy) and system eigenvaluase also uncer-
tain. Eigenvalues must be numerically computed and are dependent on the uncertain
input variables. This process can be considered as a modé&lkdafaut mapping denoted
by:"OD& ™ @, where®is the vector of uncertain input parametarsi®is the real
part of the eigenvalue(s). Random sampling from the probability distributions of the un-
certain variables generates a unique scenario. For a given scé@nati® system
equations are represented by the simplified f@®Q 0 "Q w . Operating pointo is
determined whemll state variables no longer vary with time.,"Q @ M, and is
calculated using a numerical solvésalvein MATLAB). For each scenario, an LTI

model in state space form is generated via Jacdibiearisation aboutw :

Q0 0O w 00 (5.36)
where,
. TQ w ., 1TQw
0 T o ° T o (5.37)

Matrix A is an€& € matrix which has a set of distinct eigenvalues
(_ h_ M h_representing the modal response of the system, and is used to find the
stability margin by assessing the real part of the critical eigenvalues which corresponds
to the oscillatory modesith the least damping ratio.

Under uncertainty, a difficulty lies when the righbst(critical) eigenvalues are
related to different subsystems. Memiacking becomes aecessargtep in each model
evaluation, and is discussed in detail in Sec@idhl For modetracking, @rticipation
factor analysis is used associate e&iceigenvalue to their most dominant state variables
where the participation factors quantify tinfluence of a state variablé&on a given
eigenvalue’@and are defined in equati¢f38).

O U
t 0 s
This allows to reliably identify and group the eigenvalues from disparate model evalua-

n (5.38)

tion to the sameubsystem.
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54Par aCldmrerected | npQuRE Fi | t «
fedamycertain Di sA rCabsuwet |
Study

541A1 m

Traditional approaches focused on the study of nominal models ignore parameter
interactions and nonlinearity, two critical characteristics ghlyi uncertain LVDC
DPSs. The aim of this case study is to demonstrate the application of VBSA for small
signal analysis outlined in Secti@n3to a paralleliconnected input filters with CPLs.

The methodology is used to identify which parameters, over their uncertainties, exhibit
nonlinear effects through their interactions on the ssighal stability After identifica-

tion of interacting paranter®d the line resistance and input filter resonant frequeécies
local derivativebasedsensitivity analysisising twefactorat-a-time variationis usedo
demonstratéhat adrastically different effect of the sensitivity of line resistance on small

signaldynamics depending on operating condition.

542System overview

Figure5.1 shows the configuration of a distribution system with two active loads
sharing a common voltage bus. The source is modelled as an ideal voltage source with a
finite line resistanceY ). Each active load is modelled as a tighttgulated synchro-
nous buck converter with an LC lepass input filter, as shown Kigure5.2. The buck
converterd6s cont r otypelll goligge conspensatoprépecsentedtine d a s
statespaceform (see Sectio3.3.3. The state veorw 0, input vecto® 0, and

output vector 0 are given in(5.40):

06 0 Ujp O O { O (5.39
wo 00

WhereO 0 is the buck converter duty cycle.
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Active Load 1
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FIGURE 5.1 StudiedLVDC DPSwith multiple active load$ed by a norndeal (resis-

tive) line.

A poorly damped input filter may induce instability on the bus voltage (0 )
due to the negative input impedance characteristics of the buck converter (see Section
2.3). Stability analysis of each active load subsystem iddally becomes inapplicable
in the presence of other loads in paral¥l. can provide a damping effect for the sys-
tem under study51], but also can contribute to the coupling between the loads, as
indicated in[26].

Rds!ulel,Bi
1+l
ar |

| .

| ,J

I ——

I 1 Iﬁ Rds[nnlqz,ﬂi cBi g VB
|

|

a2

Pulse-width modulator

o V4
ﬁ< dX/E” =Ag X + Bl
¥ = Agxe + By, % *

D:%Ea'(:)df

Uref.ci

FIGURE 5.2 Circuit diagram of aingleactive load

5.4.2.1 System Model

The modelling methdology is described in detail @hapter2.6. The system in
Figure5.1 is modelled as a nonlinear stegace system of equatioir generality in
the system model descripticam £ -number of paralletonnectedctive loadged by the

same line resistana@anexpressed in a single modEirstly, let the parameters of each
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subsystem of an active load be dendigdhesubscriptQActiveloado 0, iQformed by
combining the filterO@veraged buck convertéer;@ontrollerd "end loadesistorY ‘Q

By applying the circuit averaging technique and Kirchhoff laws to the dynamic
models inFigure 5.1-Figure 5.2, each active load 0 ¢@n be expressed by the set of

differential equationg (5.40) and bus voltage i(b.41).

Qup Q@ QGO 0 5 UL Q6 h wp
Qo 0 0 0
or ‘

Q0 i

—= b vy Y QG QYR 1O

RO R VR 0 R®F 0 RWF (540
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b 6 0o Y Q0 (5.41)

To note, equatiob.41) aboveshows the sharing of the common bus through the
"}, O state variablei.e.,"Y  contributes to a voltage drop @f 0 based on the
sum of the currents flowing intach active load.

For the two active load systemHigure5.1, this results in a statgpace model of
14" orderwith state and input vectoshiown belowin (5.42) and(5.43):

[ Yo)
(VIS OF]Q; bFi)ﬁ OF]Q} C)Ftbﬁ (‘)F[bﬁ (‘)F[bﬁ oh (5.42)
VIS OI’V]Qa (‘)Fl‘)ﬁ OF]Q; (‘)Fﬂ)ﬁ (‘)F(bﬁ bﬁbﬁ 0
66 U O6hé  0h o6  © (5.43)

5.4.2.2 System parameters and uncertainties

Two caseconditionsare considered for the system kigure 5.1. Case A has
matched load input filters such that their nominal resonant frequencies are idé@tical (
= 114Hz,’Q; = 114Hz) Case B has well separated input filter resonant fregeenc
(%, =114Hz,'Q, =60Hz). Both cases hageveraparamegrs withuncertaintieshat
are modelled asontinuousuniform distributions on the intervgiven by the percentages
around the nominal valudabe 5.1 and Table 5.2 show the system parameters and
corresponding uncertainties.

TABLE 5.1 Fixed ystemparameters

Input/Parameter Symbol Nominal Value Units

Source voltage O 380 \Y
Command voltages Oy O ; 100 \%
Output filter capacitances # 1200 pF
Output filterinductances ., h 100 uH
DCRsof, R 25 2§ 10 mq
High-side switch (Q1) on state resistances 2 P17 A 5 maq
Low-side switch (Q2) on state resistances 2 P A 5 mq
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TABLE 5.2 Uncertainparameters

Parameter Symbol Nominal Units Uncertainty
Value
Line resistance 2 100 maq + 100 %
Input filter 1 capacitance o} 880 pF +30 %
Input filter 1 inductance 0 2.2 mH +30 %
DCR of, Yh 10 maq +50 %
Load 1 resistance Y 5 q +50 %
Load 2 resistance Y 5 q + 50 %

The controlless used for both synchronous buck convertein®wn inFigure5.2,
are identical for both active loads, with parameters shown in equati. The buck
converterhas aswitching frequency of 50 kHz and under nominal parameters, the regu-

lator voltage loop gain is designed to a 1 kHz crossover frequency.

i T PR & ) pay
o) T U@ pg X 0 X &
0 C@huvpop poy O ® p o

Table5.3 gives the parameters for the input filter of active load 2 under the two studied

system configurations (denoted as Case A and Case B).

TABLE 5.3 Case Aand Case ®alues for input filteF2) of active load 2

Parameter Symbol Nominal Value Nominal Value Units Uncertainty
(Case A) (Case B)
Input filter 2 capacitance 0 880 1500 uF +30 %
Input filter 2 inductance 0 2.2 4.7 mH +30 %
DCR of, Yi 50 50 mq =50 %
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543l denti fication of | nteracti on

5.4.3.1 Method

The procedure used to perform VBSA for the system is outlined in the steps below:
1. Sample the probability distribution of all uncertain parameters using
pseuderandom sampling to generate 12,000 unique scenarios.
2. For each scenario:
a. Calculate steadgtate operating point of each scenario.
b. Linearise to obtain the system matdand calculate eigenvalues
and corresponding participation factors.
c. Based on pdicipation factors, identify the two critical eigenvalue
pairs related to the different input filter modes.
3. CalculatingYand™Y on the real part of the eigenvalues from Step 2 using
an implementation of the estimator from Secto?.3
The total calculation time was approximately 170 seconds to perform 12,000
unique model evaluations using an Intel Cored7TB0 @ 3.60GHz with 16.0 GB of

memory.
5.4.3.2 Resultsand discussion

VBSA results for the system under study are showfigare5.3 andFigure5.4.
The firstorder sensitivity indices Si indicate that in both Case A and Case, Be-
sponds to changes in AL1 parametéwsh) M HRY; whereasY Q. responds
mainly to chages in AL2 parametersy(nd5 R RYj . This is expected asj and
_ i have been classified by their dominant participation factors which associate them
either to AL1 or AL2. The results show that the most influential parameter for both
YQ_i andY'Q_j is Rline, meaning that reduction in the uncertainty of Rline will
reduce the output variance the most. Comparing Case A to Case B, it can be observed

that they differ primarily in total effect indic€¥ and interaction effectsY -"Y).
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FIGURE 5.3 Estimation of VBSA sensitivity indicasnderCase A
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FIGURE 5.4 Estimation of VBSA sensitivity indicasnderCase B

Under the matching filters case (Case A), the total varianc&¥<(bf respond

to changes in both AL1 and AL2 parameters indicating interactions between the
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parameters of these two load subsystdras varying multiple parameters simultane-
ously produces a neadditive response on the movement of the eigenvalue. Of interest
is the significant interaction effect 6f  which suggests that the behaviour\of
on'Y'Q_j depends othe other interacting variables. This phenomenamvisstigated
further in the next section.

The results irfFigure5.4 show that Case B exhibits minimal interaction effects and
no interaction between AL1 andy, and AL2 and_ ;;; meaning that parameters with
zero interaction terms will have no effect on the sensitivity of any other parameter. For
example, changes indhvalue ofd in the uncertainty range will not affest'Q_
associated with AL1.

A limitation of using the total effect sensitivity measure is that it cannot identify
which particular parameters are interactingpdification of the adoptedampling pro-
cedure and estimator can be made to accommodatentherder and higheorder
sensitivities[75], at the expense of increased total computation time. Additionally, it is
important to note that VBSA indices only show the importance of particular variable(s)
and do not quantify whether increasmgdecreasing a variable will destabilize or stabi-
lize the system.

544 nvestigation ofsitdlee reMsifiasd ta na fe
mo d a | anal ysi s

To further investigate the effectdf  on the stability of Case A system, the local
sensitivityf 'YQ T 'Y s calculated for different values of AL2 input filter reso-
nant frequency. This is achieved by adjusting paraméterandd . Results presented
in Figure5.5 andFigure5.6 indicate drastically different behaviours of the system under

perturbations iny
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FIGURE 5.5 Effects of 30% parameter uncertaintyGhz andL~2 on the derivative
sensitivity of the critical eigevalue toRine perturbations (foCase J.

All other parameters remain nominal.
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FIGURE 5.6 Critical eigenvalue sensitivity t&ine changes vs. capacitanCe; (cross

sectionof Figure5.5 at fixedinductancevalue LF2= 2.2mF)
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The results irFigure5.5 can be classified into 3 regions:
Region 1: Line resistancé& s stabilizing due to equivalent series
damping of the filters.
Region 2: Line resistanc& is destabilizing due to increase in filter
coupling effects.
Region 3: Critical eigenvalue insensitivity to changes¥n when the
two filters are matched.
For clarity, a crossection view ofFigure5.5 is shown in Figure5.6 when0
hasnominalvalue From this it can be seen that Tér to have a damping effect, the
system has tbeoperaing in Region 1Whend is near its nominal value, the effect of

positive perturbations ity  is destabilising.

545Val | dapi @dibethead/u soitnigide® ma i n
simul ati on

The detailed switching model of the system showFigure5.1 is simulated using
Simulink/SimPowerSystemEBhe effects of changes it under different operating
conditions, as identified ithe previous sectiqrare verified using time domain simula-
tions. To investigate the effect on the stability, the tdoenain simulation models are
configured to operate in Region'Y ( stabilizing) and Region 2Y{  destabilizing).
Table5.4 is used to select AL2 input filter parametdread resistance¥ and'Y are

alsovariedbetween caseso that the system operates near instabilitgiveen below.

TABLE 5.4 Simulation scenariognderoperaion in Region 1 and Region 2.

Region R d, Operating load conditond 4 ) im
2 1000 uF 2.2 mH 2 Y -4.76
1 1100 pF 2.2mH 1.4 Y -3.7

Referring to the simulation resultskigure5.7 andFigure5.8, atd  1tthe system

operates in steaestate at the nominal line resisten¢y ™ ).Y isthenin-

crementally varied by NO. 01 qumsénvRegion2,1s

unstable oscillations occur whennRi s i ncr eased Figureb7(b)),4 q

whereas in Region likRcan be safely increased to
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without exhibiting instability Figure5.8(b)). These results confirm the predicted system

behaviour in Section 4. Decreasing.fesults in the oscillatory behaviour in both Re-

gion 1 and Region 2. In Region 2, the instability oceuien Rnei s

(Figure5.7( a ) )
cluded that e has both damping and coupling effects on AL1 and AL2 and under
certain operating condition it can destabilize the system

In this paper a system with two active leachder parametric uncertainties is ana-
lysed. An improved analysis approach has been proposed UB84 in order to
identify system parameter(s) that have a significant impact on the- sigvadll stability.
For the system under study sousige resistareinteracts with other uncertain parame-
ters when input filter resonant frequencies of load 1 and load 2 are matched. Further
analysis using local sensitivity analysis reveals that sesideeresistance can exhibit
different effects on the small signallsilaty: stabilizing (damping), destabilizing, and no
impact (insensitivity). The predicted modshavioursare validated through time do-

main simulation.
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FIGURE 5.7 Region 2time domain simulations showing the effect i s under:(a)

decreasingine, (b) increasingRline.
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FIGURE 5.8 Region 1time domain simulations showing the effect i s under:(a)

decreasingRine, (b) increasingRline.
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546Concl usions from the case stud

In this case study, VBSA was performed on two systems with identical structure
but with a differentset ofnominal valueson input filters Results indicated that the ef-
fectiveness of souregide resistive damping was reduced when resonant frequencies of
input filters are nominally matche¥BSA found that mteractions are present between
parallel loads and soursgde resistances, and thessults are verified against conven-
tional derivativebased sensitivity analysis and discussed. For the first time, the apparent
dichotomy in the effect of soureade line resistance is revealed: line resistance can act
as both a stabilizing and destatitig element on the overall system depending on oper-
ating conditions.The predicted model behaviours are validated through time domain

simulations.

5.5Summar y

This chapter has introduced agmebvided the framework for the application of the
probabilistic VBSA for identifying and quantifying firsand totalorder effects of pa-
rameter, as well as their interactions, acrspossible operating conditions. A novel
procedure for applying VBSAotrealistic models of LVDC DPS has been established in
order to aid in the analysis of parameter effects on ssimaill stabilityanalysis and as
an effective screening tool for assessing the effect of multiple parameter uncertainties.
The new procedurbas been applied on a case example LVDC DPS with pacaitel
nected input filters feeding CPLs. It was found g@irceside resistance interacts with
other uncertain parameters when input filter resonant frequencibe pédrallelfilters
become closgl matched significantly impacting smabignal dynamics due to strong
nonlinear interaction phenomenride next chapter further investigates this phenomenon

in terms of sourcéoad interactions and mode coupling.
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Chapter 6

Analysis of Mode Coupling
Between Parallelconnected Input
Filters with Constant Power Loads

ABSTRACT This chapteinvestigates theesonant coupling phenomenon between
parallel loads observed from the interaction analysis fetyapter5. Stability and deriv-
ative sensitivity arenfluenced by the interaction of soursile resistance and active
loads. Here, linear modal coupling theory is extended to analyse this phenomenon. Di-
vergence of eigenvalue loci between the couglestem model and the equivalent
decoupleesystem model isised to quantify the effect of the coupling phenomenon, as
well as predict the best and watstse system damping. The apparent dichotomy in the
effect of line resistance is finally resolved: line resistance can be apportioned to both
subsystem damping drcontribute to the coupling between subsystems.

The trajectory of eigenvalues under parametric perturbations is also shown to ex-
hibit a mode swapping behaviour, where continuous eigenvalues exchange modal
properties instead of diverging. To addressphisnomenon, an algorithm based on par-
ticipation factor analysis has been developed to ensure the conformity of eigenvalues to
given subsystems.

Smaltsignal stability and sensitivity analysis of the system models are validated
through experimental results, and several scenarios are presented demonstiatiog the

tical importanceof the mode coupling on smalignal dynamics.
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6.1l nt roducti on

Chaptei6 contains detailed analysis of the effect of the resonant coupling phenom-
enon between parallel loads reported in the literature (Chdpa®id?). Subsequently it
was revealed thattability is critically influenced by the interaction of soustde re-
sistance and active loads in Chagekinear modal coupling theory is extenda this
chapter to analyseesonant interaction phenomend¥e show that the difference of ei-
genvalue loci between the couplggstem model and the equivalent decowsgstem
model can be used to quantify the effect of the coupling phenomenon, as meltect
the best and worstase system damping. Through analysis of the coupled/deceupled
system models, the dichotomy presented in Chdpiere®lved: sourceside line re-
sistance is shown to contribute to both the damping of individual subsystems (thereby
increasing smadsignal stability) whilst simultaneously contributing to the coupling be-
tween subsystems (thereby decreasing ssigtlal stabity). As a result, the combined
effect of the line resistance is destabilizing when the coupling component exceeds that
of the damping component.

This chapter makes contributions in the following directions: Firstly, interaction
between modes arises dueféedback coupling terms in the linearised system models.
An analysis framework based on analysing the decotgysm model is formulated
and used to quantify the effect of mode coupling on stability margin.

Secondly, through parametric sensitivity lgses we resolve the dichotomy of the
smaltsignal dynamic effects of line resistance. Line resistance functions as stabilizing
element due to equivalent series damping and can also function as a destabilizing element
due to increasing mode coupling. TlEglemonstrated experimentally in a practical sys-
tem. When coupling effects begin to dominate, further increasing line resistance reduces
stability margins.

The structure of this chapter is as follows. In Sediéhthe modal coupling phe-
nomenon is investigated through the effect parametric changes on eigenvalues. To cope
with the phenomenon of mode swapping, mode tracking based on participat@n fact
analysis is formulated for the first time. We introduce the concept of the decoupled state
space model which predicts the behaviour of eigenvalues assuming no feedback coupling

between subsystems. Sect®B models théwo-coupled filterload system fed by a line
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resistance from Chaptedsand5 as a system with ideal CPLs. Secttd analyses the
effect of model coupling: stability margins using minimum damping ratio are studied and
sensitivity analysis is performed at various operating conditions. This analysidigganti
the effect of sourcside resistance: it is both stabilizing through equivalent damping and
destabilizing through increasing coupling, and this strongly relates to the resonant fre-
guencies of the parallebbnnected LC filters. Sectiof.5 verifies behaviour using
experimental measuremeritsm the test rigFinally, Sectior6.6 summarises the chap-

ter.

6.1.1Background

Stability may also be impacted by the dynamic interactions between different sub-
systems in power distribution networks. Papé8s, [93], [110], [L11]provide important
insights into the complexity of interactions between sources, loads, network dynamics
and controllers.

Through an impedandeased approach, the author$48] illustrate a reduction in
stability margins due to mutual interaction occurring between pacalfeiecteccon-
verters in the presence of a Adeal grid. To quantify the effect of these types of
interactions, eigenvalue sensitivity and participation factor analysis are often used to as-
sess the impact of parameter variation on stalhily.

Mode coupling is known to occur near resonance when one osgiltatmte coin-
cides with another in terms of frequency and damping. This interaction phenomenon is
often observed by studying the behaviour of eigenvalues of a linear system as a function
of a parameter. As modes become coupled, they are no longer indepdredet other
and the eigenvalues appear to diverge on the complex eigenspace and is exhibited as
energy transfer between modes and an increase in oscillatory behaviour of the system
[112]. Issues surrounding this phenomenon are studied extensively in several applica-
tions and are sometimes referred to as mode sigmyl veering, and eigenvalue
avoidance.

The impact of mode coupling is an important consideration in the operation of
power systems with seri@®mpensated transmission line. Subsynchronous resonance

arises from the interaction between the mechanicasi@oal dynamic) mode and
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electrical damping mode and can lead to instability with sustained oscillEitigngL3],
[90]. Similarly, mode coupling can degrade stability margins in 2Ssdue to the
resonance interaction between parallel LCL fil{@&y, [23], [43], [44]anddemonstrated
by [21] to be the result of coupling via circulating currents between filters.

Evidence of mode coupling phenomenon is exhibitadiDC DPSsconsisting of
multiple parallé ALs. The work in[51] implemented a souresde vitual resistance
based compensator capable of stabilizing multiple active loads, however observed that
the effectiveness is reduced when input filter resonant frequencies were coincident. Sim-
ilarly, [26] identifies interaction between ALs and argue that line resistance is a factor
responsible for coupling beeegn filters.Chapter Sevealed that parameter interactions
occur between line resistance and filters only when filters are closely matched. Further
sensitivity analysis indicted that the line resistance could exhibit either a stabilizing or
destabilizingcharacteristic depending on the parameters of filters.

The behaviourof eigenvalues to parameter changes is crucial in understanding
which parameters influence stability at to what degree. The conventional approach is to
calculate the derivative of thegeinvalues with respect to a given parameter. Under larger
changes in parameters, conclusions drawn from the derivative sensitivity at a single op-

erating point is no longer suitable.

6.2Mo dTe¢ ac kanmdghlke coupl €ed St at
s p aMoed e |

6.221Mode t ruanckkerngpar ameter variat.|

The trajectories of eigenvalues of a linear system model are known to behave in
unexpectedvays as parameters are variBdiring coupling between two modes, eigen-
value loci tend to diverge or coalesce. Under some conditieeghenomena ofmode
switchingmay occur as eigenvalues approach with an exchange in the modal properties
of the eigenvalues. This creates a fundamental problemnacking the trajectories of
eigenvalues, what igeferred to asnode tracking- the aim is toensure a consistent

relationship between individual eigenvalieghestates that give rise to them.

144



CHAPTERG

Using thepreviousexample inSection2.5.2.], we first showthe phenomenaf
mode switchingnd demonstrate the problem of ma@eking.Figure6.1 showsexam-

ples ofsome of the possible eigenvalue trajectories when varying a parameter.

5 T T T T T T 5 T
_l "Z 1
] | T
0 2 0
] /
5 5 ‘
- 2 -1 0
(a) (b)
5 T 5 T
\J 1 l\ /
12 ¢\ ]2 —
00— R — 0 / ﬁ
o
5 5 I

’ (© b (@)

FIGURE 6.1 Possible eigenvaluey, ») Bajectoriesvhen varying a single paramete

The matrices thajiverise to each of the trajectorieskigure6.1 are given below
in equation(6.1).

p 0 Tt
+d Tt ©
(6.1)

p p
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p QO p @rp

L
Td"p @Bip p @

.y p 0 p "@8ip
p @rip p O

Wherevaried parameter vh v, andfixed parametet TL

The trajectories presentedfigure6.1 are brieflydiscussedFigure6.1(a) shows
two independent eigenvalues that do not interact. Asasses.  at point ¢1,0) without
any deviation. At this point a repeat eigenvalue exists.

Figure 6.1(b) shows that becomes attracted to up to point {1,1) where to
begin to rapidly diverge in the real axis. Eigenvalues can be seen to couple with frequen-
cies coalescing/being pulled together. A critical point exists When” where_
mtindicating that system dynamics have become marginal stable.

Figure6.1(c) shows the phenomena of mode swapping. Even though the same pa-
ramete is varied over the same range in Figures (a)(b)(d), the eigenvalue ordering does
not hold consistently over the variation. Therefore, 1 at the start of the trajectory (p=5)
assuming the state corresponded tg ), at the end of the trajectory ({5 statew is
now represented hy .

Figure6.1(d) shows a very similar trajectory Eagure6.1(c) but does not exhibit
anymode swappinghenomean.

This mode swapping phenomenon occasionally arises in literature relating to
power systemd?aper{91] identifies these two types of eigenvalue interactions types as
Type A is and Type B interactions. Type A are characterized by eigenvalue crossing
avoidance where eigenvalues transition into each other, with an exchanggeiprop-
erties, (as visually represented Bigure 6.1(c)). Type B has eigenvalues veering or
crossingbehaviour(as visually represented Ifyigure 6.1(d)). A more comprehensive
analysis of thiphenomeonmay be found ir18].

An oftenrmade assumption in dynamic studies is to order eigenvalues by their mag-
nitude. Tracking the eigenvalue with the largeat-part characterizes the most dominant
response in the systdif0], [113]. Alternatively, paperfL01], [114]perform continuous
eigenvalue tracin{68], [115] using the property that eigenvalue loci curves are contin-

uous over iterative perturbatiof89], [116]. As shown in the simple exampigth results
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portrayed inFigure 6.1, both approaches are not appropriate for tracking as this may
result in inconsistent ordering over (multiple) parameter variations.

To accounfor thepossible occurrence of tieodeswappingphenomenoya pro-
cedurds developedh this thesigo track eigenvaludsasedheir maximum contributing
statesHere we make cleardistinction between eigenvalues and modes. While eigen-
values are simplyhe characteristic roots of a system (denoted with numeric subscripts

h_ B h_ ), the modes shall be defined and linked to ghgsical interpretation or

structure of the sysdabdemn( deireotbeudBdwinti lpttshe p
To achieve consistemterpretationfollowing eigervalue analysis participation

factor analysigs used to track each of the eigenvalues to the modes defined by state

participation.The eigenvalue calculated at each iteration must be sorted so that maxima

participation islinked to a consistent ordering of te&atevariables ofthe systemPar-

ticipation factors can be calculatad(6.2) [67]:

Op O

N i ‘ (6.2

h
B 0y 0§
Here,"Q eigenvalue relates to tf@ state variable. Howeveit, is important to

emphasise thafls in no particular order.

Representingll participation factors as a single maitinx6.3):
@
Nk,

W]
(6.3)

en
npU

I
2
D5 Do -
i
™5, €
> = xi

f

[
L= _‘:);
[Th.rrp My M
. = .
% =3
[Th.rrp My M
%

= Uln n

>5¢

The matrix above can be rearranged so that the maximum participation factor is at
the diagonal, as indicated (6.4). Following this, each eigenvalue is now ordered con-

sistent manner as modes  corresponds t@, _  corresponds to, etc.
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W W W
_ E - ns E Nsg
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_ 'my E MR E ngn :
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~ uls B ons B My

Applying thismode trackingapproacho the trajectaes generateth Figure6.1(c)
results in the corrected graphkigure6.2, below.Eigenvalue movements now feature

a discontinuity or jump in loci over a continual change in parameter.

5 5
\Jl ' | i Jnﬂ_
12 ¢\ Mode tracking by J/”Iﬁ #\
[— j —— . | participation factor | — w — |

0 Y e — A
|
!

-5 : . 5

2 -1 0 -2 -1 0

FIGURE 6.2 Eigenvalue mdetracking via participation fact@nalysis
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6.22Decoupl eVt $ti xt eMo d e |

Referring back to thenodelling approach in Chapter 3, complete power system
models can be viewed as the interconnection of a number of subsystem wioelels
eachsubsystem can be modelled independefithre we refer to the complete power
system model as the interconnecti&desspace modelnterconnection introdusdeed-
back dynamics between the different subsystems. This feedback may result in modal
coupling between subsystentBat mayhave a significanimpact the dynamics dhe
fully interconnected system

A newdecoupled statspacemodel(DSSM)is definedby removing all coupling
terms from the fullyinterconnected statspace modell§SM). These oupling terms
appeansterms in theoff-diagonalof the statematrix (0) in the ISSM and can be sub-
tracted togeneate tre DSSM For the purposes of smaignal stability analysjonly
the characteristics of the stamhatrix A are relevant here.

The statematrix of DSSM § can be foundy subtracting a newly defined

matrix® containing onlycouplingterms(6.5):

= T[ E T[ = ” E ” n ” E ”
n- nmné , = E & , @mEE
é Tt E Tt é E E n 8 é E E n 8
T[ E T[ =ﬂ ” E ” 8 =JJ ” E ” 8 T[ (65)
0 0 0
Whereo is the statematrix of thelSSM thatis equalto the conventionab

matrix derivedusingthe full -systemdescription
It is important to note thathe subsystenstatematrices(® hH B [ ) are no
necessarilydentical to thestatematrices of the separately modeltibsystem&enoted
asO ) and therefore should be treatedesiiinterconnectedubsystem modelfeed-
back terms that are not coupling factors may appear.ifihus, in generab 0.
Considering only two subsystems, the combined system naatrix can be sep-
arated out as the sum of uncoupled subsystems and coupling term®g. The

individual subsystem8, and0. are blockdiagonal ind with coupling terms in
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the offdiagonal In effect, the couplingterms areblocked in 0 (0
AEAG ).

This modelling methodology forms the basisstudying modal interactionsy
comparing the eigenvalueslculatedbetweerncoupled andincoupled systems. The de-
coupled syster can be used to generate a trajectfrgigenvaluesssuming no
modal oupling. Thereforeany deviation of eigenvalu@sthecombinednterconnected
system is attributablenly to modecoupling phenomena

From equatior{6.5), it is interesting to note that theceof 0 is identical to
thetraceof 0 (diagonal terms are identical indicating that the sum of the eigenvalues
must also be identical between the total system and uncoupled equivalent). §agsug
that modecoupling results ira complementaneffect on different eigenvaluegasone
eigenvalue is pushed furthpositive anothemust bepushed leftwards)Even though
the damping of a single mode is reduced,sinm or totaldampingof all modesn the
system remains constant.

Modal decompositioran be performed ahelSSM, given by(6.6):
W 0Q w o W (6.6)

Whereeigenvectors are normalised @ ww O

Expandingd into the sum ob ando is given in(6.7):
w0 w w o 0 W
®w 0 W 0w
N g
QQQ n o b o (6)
T 0Q"Qc0Q

WhereQ , Q are thediagonal matrices afigenvalues o ,0 .

If the above transformation fahe coupling matrixd is zero, then the coupling
effects between subsystems can be neglettezkigenvalus of theDSSMform atem-
plateof trajectories assuming a decoupled system, wirichides both a qualitative and
gquantitatively way to investigate theffect of modal coupling phenomenoithis is

demonstrated by the practical exampl&ettion6.3.
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6.3Mode Coupl i ng Beotnwmeen eRla
|l nput Filters with Const:

6.3.1System Overview

Distribution LC Filter 1 Active Load 1
Line

wnr'ﬁ_'grr.'lff }i

_'_ o To : { i |
) | BukConverer2 I Load2.
LC Filter 2 Active Load 2

FIGURE 6.3 Block diagram overview of theVDC powersystemwith two
paralletconnected filtefoad subsystems on the same distribution bus fed

by a resistive line

Figure6.3 shows a LVDMPSwith two input-filtered active loadgAL) connected
to a common bus. Each ALeéemprised of a tighthcontrolled buck convéer providing
a regulated output voltage to resistive loatliss therefore act as CPLs at their input
provided within the closetbop bandwidthsThe switching nature necessitates that these
active loadanust featurd_C power linefilters at the input toteenuate EMIIn many
practicalLVDC DPSapplicationsthe power souraeservicing loadsireoftenlocated at
adistanceHere,the distribution lines between the source and loads are assumed to be
long cables that arprimarily characterized by their resanceY , which is a valid

assumptiorfor when investigating lowirequency dynamic phenomena.
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6.3.2Det ai |l ed modwilt Weasactrii wd ilomads

This section provides a brief summary the detailed model divihenput-filtered
active load systenA single inputfiltered active load system haseviouslybeenmod-
elled and experimentally verified in Chapter @hapter 5 had investigated a similar
system structure (albeit as a 38@MLC system with different parametefgpaturingtwo
active loads, modelled as a 14th order systétm a statespaceepresentation

Chapter 5 had shown that the effectiveness of sesideeresistive damping is re-
duced wha resonant frequencies of the input filters are similar. Parameter interactions
were shown to be present not only between the parallel loads, but also onssdeirce
resistances. Evidence indicated that line resistance can act as both a stabilizing and de-
stabilizing element on the overall system dependent on operating conditions.

Thenext section (Sectiod.4) providesa reduceebrdermodelbased omdeal CPLs
of thesystem described in Sectiém.2.1

[
o

‘r".n Ideal Model

— — =Y, Experimental Madel -

o
T

Magnitude (B 27
3
T

&

180

a0 - n

Phase (deg)

-90 & 1 - i L L M| L L A i
10 100 1103 110% 110°
Frequency (Hz)

FIGURE 6.4 Comparison of the inputnpedance Bode diagrams of the detailed mc
(based on active loadgth controller dynamigsand simplified model (based on
ideal CPLs).
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FIGURE 6.5 Ideal circuit model of theystem inFigure6.3.

The systemrepresenteth Figure6.3 may be modelled with a simplifie@duced
order4-stak systenwith circuit diagram givern Figure6.5. EachAL has beesimpli-
fied toan equivalen€PL model LC filter models have omittecapacitor ESRinductor
DCR remans to represent the tdifier damping) The distribution line isa resistive
cablemodelled as &esisor'Y

While the model equations may be generated using the framework outlined in
Chapter3, thecircuit modelis sufficiently simple fora straightforwardapplication of
Kirchhoffé taws toderivethe governing differentisind outputequationg6.8)-(6.13).
In the equations édow, the subscript®ndexes a individual paralletconnectedilter-
load systemwhere’Y  can be seen to coupllieesesubsystems together differential
equation(6.9).

: 6.8
Qo0 0 68
WhereQ 0 {70 §
o 6 0 O UV 0 Q 0y Y B Q 0

i i % O Y i (6.9)

Qo 0

This system featuresvo ALs, thereforee (.
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The hus voltaged

" o

0

0 can be derived the terms of the state and input variables:

(6.10)

For the combined system, the vector of state variables and input varialyesare
in (6.11)-(6.13):

(6.11)

(6.12)

(6.13)

The linearised system modelgiven by statespace matrices (6.14)-(6.17), are

used to examine themallsignal behaviour.From thelinearisation procedurethe pa-

rametera[ T,

andulf

have beerintroduced to represent the operating point of the

input voltage of thenonlinearCPLs. Given that the resistances are smabledomes

reasonable to approximaBPL input voltage to that of theource voltge,i.e.,0 0 e
Ol e Uff .

Thesymboliclinearstatespacemodel of the systenim Figure6.5 is described fully
by (6.14)-(6.17):
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v D
11 0 UlR
Hp
15—
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17t
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0 Tt Y

O pm

Tt ]
T (6.15)
n ]
p 11
o U U
Y (6.16)
T (6.17)

The nominal parameteos the model described abogesshownin Table6.1. In

practice, the actual values differ from the nominal values due to uncertainties and will

deviate over time due aleatoric variability. In Sectto#4 line resistanceY ), filter

parametersand load power areariedto investigae the effect of mode couplingver

differing conditions.

TABLE 6.1 System parameters of theducedordercircuit model

Symbol Nominal Value  Unit Description

0 48 \Y Input voltage

Y 0.25 q Line resistance

6 ,0 40 pF Capacitance dfilter 1 and2
0 ,0 1000 puH Inductance ofilter 1and2
Yu,Yh 0.5 q DCR of0 ,0

o ,0 50 w Power of Loadl and2
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6.4Smadilg®albi | ity AbWICysi s
DPS Affected by Mode Couj

641Ef fektitl|l ter phaaogesmode couplin
smadilgnal stability

We begin by studying theigenvaluenodesof the model presented in the previous
section over stepwise perturbations in the resonant frequency of a single filfer (
pi 0 0 )while all other system pameters are assumed to be constant as defined in

Table6.1.6 and0 are varied proportionally to ensure the damping factor of the filter

(- Y ¥ ¢ —)) remains constanMode tracking ofeigenvalues is achieved by

associatinghem to thedominant filter states using tlmeaximum participation factors,
as giverdefinitions inthe Table6.2, below, based on the procedure outlined in Section
6.2

TABLE 6.2 Mode trackingbased on dominant states

Subsystem Mode Dominant States Eigenvalues
(maximum participation)

Filter 1 (F1) 6 Mode G L oR _h

Filter 2 (F2) 6 Mode G L oR _

Figure6.6 andFigure6.7 show the eigenvalue modes and participation factors as
a function of changs in filter 1 resonant frequency frad850rad/sto 7150rad/swhile
keeping constant filter damping raties  — T8t 1 ¢agd holding filter 2 constant
1 § =5000 rad/s.

The presence of other circuit elements in the netwauk ,CPLs,Y ) modifies
the overall damping of the modes of the system, denoted ag and— . Due to
the complexity, explicit analytical expressgmannot be obtained fer  and— 5,

and are calculated numerically frongenvalues.
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FIGURE 6.6 Trajectoryo f e i g eMowdeeh lédadé Hovervarying
resonant frequency difter 1 (3 8 5 0n 1< 7160 rad/s)Filter damping ra-
tios held constar(er1 = gr2 = 0.0028) Riine = 0.2 .
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FIGURE 6.7 Trajectoryo f  par t i c i StaaeVciridoMo fd & l @atéy/c 0
to Mode BHovervarying resonant frequency fiter 1 ( 3 8 5 Qr1 <</ 159 rad/s).
Filter damping ratios held constasii(= er2 = 0.0028) Riine = 0.25] .
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Figure6.8 depicts the trajectories of Mode 1 and Mode 2 in the system (solid
lines) and thalecoupled templaté (dashed line). Starting at well separated filter

frequencies]( =0 Y vrad/s] = 5000 rad/s the modes ob nearly coin-

¢

cide with the modes af .As] j Iisincreased and approaches, , itis observed
that the mods of0 rapidly change and deviate away from each other and away from
the 0 template.

The participation factors iRigure 6.9 indicatethat this occurs when filter states
begin to coupleto an extent Minimum damping occurs when filters are matched
( 1 g )andisdenoted as the critical paimthe graphsAs noted in the theory
in Section6.3, the total sum of the dampingan  ando are constanthowever,
during the coupling phenomenon modes appear to repel eachesthiéing in one of the
modes being pushed towards the-apdt indicaing a degradation of the overall stabil-
ity margin of the system. As filter frequencies separate away from the critical point
towards extremacoupling reduces and the eigenvalues of approaches the eigen-

values ofo asymptotically.
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FIGURE 6.8 Trajectoryo f
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FIGURE 6.9 Trajectoryof participation factorgState ¥ ritoMo d ea nl&iatéd ¢ r

to Mode BHovervaryingresonant frequency difter 1 ( 3 8 5 Qr1 <</ 159 rad/s).

Filter damping ratios=1=0.0028,6-=0.0038;Riine = 0.25 .
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The behaviours of modes during coupling do not have consistent progegies.
6.6 shows that the two modes exchange location after crossing tbal grdtint, resulting
in a discontinuity of modes as a function of resonant frequency. This is due to an ex-
change in participation factors associated with each eigenvalue. This shows the
behaviour of modes when filter 2 has an increased filter dampdng ( &, —
T8t 1T ¢ gompared to filter 1. In this instance, the filter modes are not exchanged during
coupling and remain continuous. This inconsisb&ftaviouiof eigenvalues corroborates
the needor modetracking. The proposed technique based aig@pation factorsad-
dresses this adequateljhe total amount of deviation away the template during

interaction also differs comparedhetween the cases.

6.42Ef f esbuw ¢ eer dgdinwwtaarnicaemmb d ey
coupling-samgatasgmal i t vy

This section investigates the changes in coupling phenomena as a funétion.of
As mentioned previouslyY  can interact strongly with filter parameters when filter
resonances are similar and can exhibit drastically differémttefon stability depending
on operating conditionR6], [51], [76] 'Y appears as #edback coupling term and
is considered as a coupling parameter, and also noting thatYyvhen Tttthe filters will
be completely uncoupled #w eigenvalues af equal the eigenvalues of

In stability analysis it is often perént to study the response of the mode with the
most critical stability margin irrespective of the mode participating states. To simplify,
equations(6.18)-(6.20) are used to transform system modes into a single wasst
damping ratio ).

The damping ratio corresponding to modés defined a$6.18):

s N o~ A

- Al AOA QAN (6.18)

wherek andd are the real and imaginary components of eigenvalue, Q.

The minimum damping is defined @19):

_ f a0t Al AOAGA] (6.19)

”
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The sensitivity of the critical damping is used to determine the effect of perturba-

tions of parametead on the smalkignal stability of the mode.

B
— n 1
L= oeRoAdAr LRI (620
T r] ” I/In —|

The same procedure of varying the resonant frequency of a single filter, as done in
the previous section, is performed at different valu€¥ of . depicts the changes in sys-
tem damping over filter frequency. depicts the sensitivity of dagniai’y  over filter
frequency. To aid discussion, two different cases for filter 1 are highlieted:

Case A:l( p =770Hz,]  =790Hz- -h T8t Q.Y

Case B:l(  =707Hz; =790Hz,— j -h T8t Q.Y

<

¢

TABLE 6.3 summarizes the values of damping and sensitivity at the different values

of'Y for Cases A and B.

TABLE 6.3 Summaryof damping and sensitivitynder different values ®Riine.

Case A Case B
2 _(m - T -ty - T -ty
0 0.0028 0.1005 0.0028 0.1005
0.1 0.0120 0.0753 0.0127 0.0974
0.25 0.0090 -0.0431 0.0223 0.0935
0.5 0.0050 -0.0045 0.0446 0.0122

Plots inFigure6.10 andFigure6.11 give the system damping ratio and sensitivity
over a change in resonant frequency. From thesfollowing observations are made:

Two conditions result in a minimum system dampiag (=0.0028). Firstly, when
'Y =0 signifying absence of any additional filter damping. Secondly when both filters
are perfectly matched (; =1 § ) under any values 6f indicating that damping
via'Y isnegligibleineffective

As filter resonant frequencies become vgalparated, the damping ratios approach
the values under uncoupledsystem templatdifferentbehaviourof Y  can be

observed depending of filter frequency separation. Considering/AC#se seen that at
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beyond somevalued&f , t he systemds min¥Y muabesdfa mpi ng
0.25 and 0.1 result in a wider stability margin than of 0.5. Case B does not suffer
from this as the damping ratio sensitivityYo is always positive.
Figure6.11 shows thaty can be both stabilizing and destabilizing depending
on values ofY  and the filter frequency separation. The frequency range between fil-
ters at which stability degrades duectuplingeffects increases withf
Complex nonlinear relationship as a function of bgth and filter frequencies.
As’Y increases the frequencies between filter range of viMichcoupling effects

dominate increases.

0.06

o
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v

0.04

0.03

0.02

Minimum damping ratio (Cuin)

o
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O | | | | | | |
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Natural frequency (w,) of Filter 1 (Hz)
FIGURE 6.10 System minimum damping ratie«n) as a function of the resonant

frequency of filterd ( 3 8 5 Qr1 <158 rad/sat different values of line resistanc
Riine={0,0.1,0.25,0.5}.
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FIGURE 6.11 Sensitivity of minimum damping rati@min) to Rine perturbations as a

function of the resonant frequencyfifer 1 ( 3 8 5 Qr1<<715® rad/sat different

values of line resistand®ine = {0,0.1,0.25,0.5}.
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FIGURE 6.12 Input impedance of the system under different Ralues
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Figure6.12 shows thébehaviourof the inputimpedanceat differentY  values.
At low values ofY |, the system is considered uncoupled and shows 2 distinct peaks in
the input admittance magnitude plot. These peaks can be damped by inckeasing
until some crossover point where a negntrepeak begins to appear when the filters
become suffiently coupled due to th¥ increase. Further increasiig beyond

this point increases the magnitude of this peak which has an overall destabilizing effect.

65Experi Resubl s

To investigate the effect of uncertain line resistancehenstability, an experi-
mentalLVDC DPS consisting of two active loads operating in parallel was developed,
presented in Chapter #he critical value of the power delivered to the loads at the onset

of instability serves as an indicator of the dampintheasystem

— (6.21)

Each active load is realized using a synchronous buck converter with a tightly reg-
ulated output and an input LC filter. Under nominal operating conditions, each buck
converter designed to stepown a 48V DC input to 24V DC
Voltage male control is achieved using gp8le 3zero compensator implemented digi-
tally on a TMS320F28379D microcontroller with a control bandwidth of approximately
5 kHz and a switching frequency of 100 kHz.

An active load based on tightly regulated converters is well modelled using the
active load using an ideal CPL presente@lrapter 3TheBode plot inFigure6.4 show
the comparison between the inpuipedancef the ideal CPtbased active load model
and the practical active load in model. Higher order dynamics in the converter model can
be neglected as the controller bandwidth is sufficiently higherttretrof the LC filter
resonant frequency. Similarly, sensor noise and discretization effects can be neglected.
Matching the DC gains shows that the active load present CPL behaviour of approxi-
mately 47 W to the source interface.

Considered are two diffené experimental systems that differ in the values of the

input filters of the active loads. Experimentally measured values are providadlm
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6.4. Sygem 1 has nominally matched filters (40uF, 1000uH), however it is crucial to note

that the parametric uncertainty in practical systems will result frequency mismatch be-

tween filters ¥l ). System 2 has increased input filter capacitance of one of ive

sothaty =40rad/s.
TABLE 6.4 Measured filter parameters in the experimental system
System 1 System 2
Parameter Active Load 1 Active Load 2 Active Load 1 Active Load 2
6 (eF) 39.543 37.7 51.2 37.7
0 (&H) 992.67 955.11 992.67 955.11
Yi (mq) 574 583.24 574 583.24

Figure 6.13 shows the total powed( 0

0 ) that can be delivered to both

active loads before instability occurs over different value¥ of , assuming each active

load delivers the same pew(

0 ). These plots are generated by iteratively finding

the critical destabilizing power at different valuesYof using the smalsignal model.
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FIGURE 6.13 Power stability boundaries at different values gfRalues:

(a) System 1(b) System 2.

Figure6.13(a) shows System(toupled systenresults. Considering the operating
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@ ™, there exists an upper and lower limit"6f

) occurs wheh —

Ty

for system stability

mat’y

= 0.3. The reduction in stability margin occurs whén increases beyond this point

resulting in a negatiie- XY

indicating that coupling effects begin to dominate.
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Limiting 'Y  to 0.3 ensures that positive perturbation¥in always exhibit a stabi-
lizing effect.

System 2 resultare shown irFigure6.13(b).’Y  acts as stabilizing element due
to equivalent series dampinghe stability boundary generally follows the pdd
power of the uncoupled template, however at high valugs of some discrepancy is
observedThis indicates a reduced effectiven&ss and is attributabléo some modal
coupling.

The objective is now to verify the effects of mode cowgpbn the stability bound-
aries identified. The experimental setup of the studied LVDC DPSs is presehigalra

6.14.

|
My,
i
gy
llllsll."

i ———

DC Power Supply LC Filters Buck Converter Load Resistors
Rheostat as Line Resistor Power Stages Microcontroller

FIGURE 6.14 Testbench of the experimental twaarallel connected cascaded pow

system.

During operation, each active load delivers equal power, controlled by adjusting
reference voltage while keeping load resista constant. A rheostat is located at the
sourceside and is used timic the effect of an uncertain limesistance

The procedure used to verify the effectYof changes on stability of both sys-
tems is as follows. By varying power level, easistem ignitially set to operate near
instability (within 5W) at a nominal value &f 1@ v . Subsequently, positive in-

crements ofY  wasdone observe the effect on stability. Similarly, the same procedure

was performed witllecrementsf 'Y
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Experimental results using System 1closely matched input filters.

As shown inFigure6.15, below, anincreag inline resistanc&’ from 0.25 to
0.5q causes instability. Voltage and current oscillations begin to occur in both of filters
and indicate a circulating currentists betweerthe twofilters. Thisbehavioumwas pre-
dicted, and this is the effect™®f  contributng to coupling between filters

Participation factoanalysisconfirmsthat the eigenvalue modes have contribution
from the states of both filtertherefore an exchange of energy occurs between filters as
indicated byFigure6.16.

Telk Prevu

Noise Filter Off

: : : © [10.0ms . < 10Hz - :
200 &ean 455 i '
E+10.04 EP+10.04 @ e 1634 @BMean 1724 19:22:46

FIGURE 6.15 Filter waveforms of active loads in parallel connected to a resistive

tribution | ine after increasing | i1

oscillations. Operation under closely matclgalt filters System 1L

This is in contrast to the instability occurring when decrea¥ing from 0.25 to
0.17q in Figure6.17. Mode coupling does not occur as only one of the filters (filter 1)
becomes unstabl8ome inging occurs in filter Zindicating someoupling)but quickly
dissipates to a steadyate constat values as prior tthe onset oinstability, albeit with
minor noise. Only souread interaction instability of active loddoccurs.

With closely matched filters, experimentasults shovand confirm the theorhat
instabilityoccurs due to an inease in mode coupling and from conventional seload
interaction (CPL problem) without mode coupling. Caution is therefore warranted in un-

certain LVDC DPSs as instability can occur with an increasing line resistance, dependent
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on operating conditionsnd filter parameters. The coupling phenomenon can be respon-

sible for a significant degradation of system stability margin.
Tek Stop.

Noise Filter Off
—

T

=Y AN WA WA

: : : © = 1.00m E® 504y <10H] 7]
2004 &\ean 456V i ]
ED+10.0 4 ED+10.0 4 @Mean 1734 @BMean 2034 19:28:36

FIGURE 6.16 Zoomed snapshot of oscillationskigure6.15 indicating a coupling

between filters and exchange of energy (i.e.,cdimge of k rises, the voltage iniF
falls).

: : o [100ms I reooy <10 Hq|
cO0Y EBean  435Y /
& 5004 500 & EBhean 1384 EPtean 1724

FIGURE 6.17 Filter waveforms of active loads in parallel connected to a resistive

tribution line aftedecreasing i ne r esi st a0kt how rOg
oscillations. Operation under closely matched input filt8gs{em L
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Experimental results using System 2well-separated input filters.
Figure6.18 shows a decrease ininlineresistaiyce f r om 0. 25 1Itimgo 0. 1 q
in instability of a single filter. The voltage and current waveforms of filter 1 begin to
oscillate, while the voltage and current waveforms of filter 2 are unaffected.
As predicted by the analysis of the theoretical modEigare6.13(b), an increas-
ing line resistance does not destabilise the system under theepatated filter case.
Observations showed no change in dynamics of the filteefwems after increasing
Y from 0.25 to 0.55q. Therefore the I|ine

instability phenomena of multiple parallel active loads, as shown by Wu[g1L]l.

Tek stop Muise Filter Off

o) e B S S S,

E}'_””E”“E.'”E”m.ﬂms ]f55.4v =:F1Fqu]§ """

20,0 [ D ]
E+10.0 4 €P+1004 &Mean 1514 EBHean 1914 193313

FIGURE 6.18 Filter waveforms of active loads in parallel connected to a resistive

=

tribution line aftedecreasing i ne r esi st anlge fUmema
oscillations only occur i singlefilter. Operation under wekeparate input filters
(System R
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6.65S5uUummary

This chapter has investigated tiesonant coupling phenomenon between parallel
loads observed from the interaction analysis fnaptel5. Linear modal coupling the-
ory has been used to analyse this phenomenon. Divergence of eigenvalue loci between
the complete system, the interconnecttdtematrix model (ISSM)and thenewly de-
veloped decoupled stateatrix model (DSSM)re used taquantify the effect of the
coupling phenomenon, as well as predict the best and-easstsystem damping. The
apparent dichotomy in the effect of line stance is finally resolvefbr the first time
line resistance can be apportioned to both subsystem damping and contribute to the cou-
pling between subsystems.

The trajectory of eigenvalues under parametric perturbations is also shown to ex-
hibit a mode swaping behaviour, where continuous eigenvalues exchange modal
properties instead of diverging. To address this phenomemoadetrackingapproach
based on participation factor analysis has been developed to ensure the conformity of
eigenvalues to given baystems

Smaltsignaldynamicsand sensitivity analysis of the system models are validated
through experimental results, and several scenarios are presented demonstrating the im-
pact of the mode coupling omall-signalstability boundariesCaution is needed when
line resistance is subject to uncertainty in systems with multiple parallel active loads.
Finally, the dichotomy in the effect of line resistance is resolved experimentally: line
resistance can infence both subsystem damping and contribution to coupling between

subsystems.
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Conclusion

This chapteconcluesthethesiswith asummay of the researcAnddiscusses the
original contributions and other key resulRecommendationsn potentialfuture re-

search that extend this work is provided

/lTheSuBmmary

Power electronic converters play a vital role in the transition towards low voltage
(LV)DC distributed power systems (DPSs) with the proliferation of renewahi&end
use electrification. These systems are prone to oscillations from small disturbances due
to interactions occurring between sources and bamsver electronic converters, with
their tight regulation, introduce a negative impedance characteratimtly destabilize
poorly damped oscillatory modes of the network. Recent evidence of the existence of
modal interactions that may occur between loads gives rise to additional complexity in
dynamicbehaviour As DPSs are subject to many inherent uncerég@ind a wide range
of operating conditions, different interaction phenomena may influence thessgrel
dynamics in anhonlinearmanner. Hence, with highly uncertain systems, extrapolating
behaviour based on ideal and nominal modekhown tdead toa serious qualitative
error.

Modelling and smaisignal analysis of LVDC DPSs with uncertainties arising
from parameter variability. A new automated tool, SymMIAlas beerdeveloped to
help synthese highfidelity statespace system models based onautar approach.

Symbolic linearisation is performed to ensure models representsigradl dynamics
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over all possible operating points. ProbabiliSfB8SA is presented as a useful technique
to quantify the influence of parameters and their interactioes the fullrange of un-
certainties.

With this probabilistic sensitivity analysis technigaad the newly developed
modelling tools, the impact of uncertain parameters on the -sigakl dynamics of
LVDC DPSshas beerromprehensively investigatexh an eampleDC power system
featuring two parallel filteconverter subsystems fed from a common point through a
resistive line. For the first time, an apparent dichotomy in the effect of seuledine
resistance is revealed through snsdinal sensitivity aalysisover multiple parameter
variation® line resistance is shown to contribute to both positive and negative damping
to filter modes, depending on precise operating conditions.

To resolve this contention, linear mode coupling thewagapplied tothe system
statespace models. Contribution of line resistance to damping of modes is quantified and
apportioned tdhe different interaction phenomengentified Positive damping occurs
through sourcéoad interactionandnegative damping occurs through modal interaction.
Our analytical results basesh the theoreticahodels are validated against measured data

from built experimental hardware LVDC DPSs and simulations.

72Rese®ut bomes

The thesihasfocuseal on the smaikignal stability of power electronics dominated
LVDC DPS and the analysis of interactions between system components. Compared to
traditional power systems, DP&eeincreasingly prone to smatignal instability risks
with the introduction of fast contrédop dynamics of power electronic interfaces inter-
acting with poorly damped oscillatory modes of the distribution network. These systems
areknown to besubjecedto many inherent uncertainties and a wide range of operating
conditions. Interactions occumg between components may influence the ssighal
stability in anonlineamanner, therefore extrapolating behaviour based on nominal mod-
els in no longer sufficient for highly uncertain systenigvo types of interaction
phenomena have been discussedetail within the thesis: sourdead interactions and

modal interactions. Procedures to assesmitpact ofthesanteractions on stabilitilave

172



CHAPTER7Y

been presented. In particular, modal coupling has been often neglected in literature, and

this work furthergheunderstanding the nature @dupling in LVDC DPSs.

7.210r i gi nal contributions

As part of this thesis the followirjgurnal papewas published 61 nf |l uence of
ametric uncertainties and their interactions on swighal stability: A case example of
pamllekc onnect ed acti ve |[tpaaatng ioithe resedct furthercr ogr i
expanded upon i€@hapters. This work was also presented at the 9th IET International
Conference on Power Electronics, Machines and Drives (PEMD 2018).

The followinglist summarises thieey original contributions of thighesis:

1. We have stablished a practical methodology for the analysis of parameter
interactions and set of practical tools (SymMIAL) for fast and accurate
probabilistic smatsignal analysis of LVDC DPSs (Chapter 3 and Chapter
5).VBSA cannowbe applied t&.VDC DPSs, with minimal effort in model
development by the user, to study the influence of parametric uncertainties
on smalisignal system dynamics.

a. The SymMIALMATLAB toolboxwas developed tautomate the
generation ohonlinearsymbolic system modelsbed on the input
output interconnection of different componerslibrary of com-
ponent modelsvas programmetb accurately describe thieternal
dynamics of power electronics interfaces with detailed circuit rep-
resentation and feedback controllers.

b. VBSA was selected based on a detailed review of the adjacent lit-
erature. Here we have implemented computation of sensitivity
indices as part of SymMIAL toolbox to determitte most influen-
tial parameters and their interactiooger specified uncertainty
range.

2. We have firstly identified an apparetichotomy in the effect of source
side resistance on smaiignal stability inDC-basedparalletfilter-con-

verter systerm Source resistance has drastically different effect on small
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signal stability depending on aging condition: it can both increase sta-
bility margin or decrease stability margin.

3. This apparent dichotomy in the effect of line resistance is finally resolved:
line resistance can be apportioned to both subsystem damping and contrib-
ute to the couplindpetween subsystenimsed on linear modal coupling
theory presented in Chapter&halytical results based on theoretical mod-
els have been validated against measured data from experimental hardware
LVDC DPSs and simulations.

4. Based on this work, it was realed that a modewapping phenomenon can
occur when varying parameters of LVDC DPSs models due to modal cou-
pling. This presented a challenge for tracking the relevant mode under
investigation over parameter perturbation. To address this, a procedure
basedon sorting calculated eigenvalues to modes defined by participation
factors is developed. Blindly selecting the righbst eigenvalue when cal-
culating sensitivity indices as commonly done in literature is shown to be

inappropriate when modal couplingkisown to occur.

7.3SuggestfuadmnuBeef edar c h

The following list is intended to guide potential future research relating to the thesis
themes of modelling, stability analysis, and parameter interactions under uncertainty in

LVDC distributed powesystems:

U Chapter 5 applied VBSA to power system models. Nevertheless, alternative global
sensitivity analysis methods may provide certain advantages that have been not been
fully considered in this thesis.
VBSA may be inapplicable if the variances arevghoot to be the most appropriate
measure of the variability of the distribution of the inparameter Other tech-
niques, notability distributiotbased sensitivity indices (e.d117]) provide
sensitivity measures on the probability distribution themsélves quantifying the
effect of the ionuputudsd sdidsitsrtirb ubtuitanm nan Li k

considerations are of major concern when the number of uncertainties considered is
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large. In the recent works related to bulk AC power systgri8] introduce game
theoretic approaches to the identification of influential parametergla@tiapply

a fast Gaussian process regression to learn and analyse the critical egdeval
haviours over uncertainties.

It is proposed that a comprehensive review and comparative evaluation of global
sensitivity methods, as applied to highly uncertain LVDC DPSs models, is required
to provide further justification for use of a specific teigue (based on the review

of literature we had concluded VBSA is highly suitable, however alternative
method(s) mayin fact, be more appropriate for DC DPSs). Further emphasis could

be made on specific metrics/criteria by which all these methods camipauc.

In this work, VBSA was applied directly on the rgalrt of calculated model eigen-
values @M 'Y'Q_ . InVBSA, since it is a general method for studying any mput
output relationship over uncertainty, the choice of output variable to be invedtigat

is up to the user's discretion. Calculation of sensitivity indices on alternative outputs
such as eigenvectors, participation factors, state variables, or derivative sensitivities
is worth consideration for investigating the effects of interactionse&eg Monte

Carlo simulation here would not be needed as the modal decomposition has already
been done when computing the eigenvalues in our developed approach (see: Chapter
5).

The focus of this work was strictly on parametric uncertainties under aseuaropti
continuous uniform distributions. Firstly, parameter uncertainties may be correlated
with each other, and more correctly characterised by other probability distribution
functions (e.g. Gaussiafi)20]. Secondly, DPSs are known to have significant input
variability due to stochastic nature of renewables igroften increasingly studied

in literature[113]. Further stabilityassessment under these types of uncertainties is
becoming a crucial issue with the proliferation of renewables and probabilistic na-

ture of (load) demands.
Active dampingechniques are based iomplementing additionatontrollerdynam-

ics to mitigate ingtbility phenomenavithout adding extra losses. Active damping
methods are more selective in their action, they do not prddssesput they are

175



CHAPTER7Y

also more sensitive to parameter uncertainfigs. best placement of controller has

so far not been estalitied in literature, with different implementations on the
sourceside or the loagide when considering a simple cascaded system. Future
work can focus on optimal placement in termb$ervabilitycontrollability, ef-
fectiveness of method under uncertajrand the development of desigriented
procedures. Furthermore, given the unpredictable nature of parameter sensitivities
during mode coupling, mitigation of mode coupling phenomena should be made a
priority.

U Behaviour of mode coupling should be investigatedétail inthe frequency do-
main to further understand complex dynamic behaviour. Parallel active loads may
be represented as ashaping of impedanceas shown belovin Figure 7.1 with
transfer functions irG7.1):

DI 0 iTp Hflsdsil Y (7.1)
o Yin1(9
+ 1L :
+ 2 +
r"Rs(S) Yin 2(9)

FIGURE 7.1 Frequency domain feedback with two parallel Igadisi(s) and Y 2(s),

reshaped by souresde resistance, £5).

U The developed toolboXSymMIAL, was developed for modelling only DC DPSs
with common DGDC converter topologiesin practical DPSs, more complex to-
pologies will exist, such as doubéeded pusipull, halt-bridge (LLGtype) and full
bridge converters (resanttype) [33]. These typicallyhave elaboratecontol
schemes including curremode regulation, variable frequency, synchronous recti-
fication, additional inner loop controllef94], etc. When the LVDC DPS requires
bidirectional power flowsdual active bridge convere(DAB) are often imple-

mented[121] and could be studied Tian et al.[121] investigatedsourceload
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interaction of cascaded DAB with VSI under bidirectional condifofward and
reverse power flo& showing that the stability margutiffers between the condi-
tions due to impedance interaction. Similadggop controllers are required for load
current sharing in LVDC microgrid applicatioriBhese inherently modify imped-
ances of converters which are already known to influence intangatienomena
[122].

LVDC DPSs often interface to conventional AC bgyistemsor AC DPSsOne
particular challenge is modelling these systems back commonDC reference
frame (i.e., dg-frame) especiallywhen multiple systenfrequenciesxist. A large
proportion of active load are also EAT inverters for motor drivés inducion or
PMSM motor loadsThis thesiscould beextendeddy includingmodelling the AC
side for interaction and stability analysis. A numberegisting works providea
founddion towards this effortL9], [94].

For future work, the SymMIAL toolbokould be extended towardsmore com-
prehensive and scalable library of analytical modelséarce, load and network
dynamics.This would enable identification of interaction effects for stability analy-

sis using VBSA of a larger variety of future DPSs.
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Appendix AT SourceCode
Blocks for the SymMIAL
Toolbox

A.1 SOURCE CODE OVERVIEW

This Appendix provides an overview of the MATLAB implemerdatof the Sym-
MIAL toolbox. Code snippets are included here to describe the automated model

generation and merging procedures.

TableA.1 provides detads of the publicly available repository for the source code
and examples for the develop8dgmMIALMATLAB toolbox.

TABLE A.1 SymMIAL code repository summary
Title Symbolic Model Interconnection and

Linearisation

Code version SymMIAL v0.8

License MIT

Repository link https://github.com/nestahf/SymMIAL
Software code languages Verified under versioMATLAB 9.7 R2019b

Requirements & dependencies MATLAB, Symbolic Math Toolbox, Control System
Toolbox, System Identification Toolbox

Developer documentation https://github.com/nestahf/SymMIAL/wiki
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A.2 DEFINING SYMBOLIC SUBSYSTEM M ODELS

subsystem_SynchronousBuck.m

function newSynchronousBuck = subsystem_SynchronousBuck(index)

%% Generate identifiers:

% identifiers

s.ident.base =SBUCK;

s.ident.index = index;

s.ident.name = sprintffos_%d, s.ident.base, s.ident.index);

% Helper fields
s.numberof.states = 2;
s.numberof.inputs = 3;
s.numberof.outputs = 2;
s.numberof.elements = 6;

%% Generate symbolic identifiers for states inputs outputs elements

% states:

s.ident.state{1,1} = sprinti{C_%s, s.ident.name);
s.ident.state{1,2} seal’;

s.ident.state{2,1} = sprintiC_%s/, s.ident.name);
s.ident.state{2,2} seal’;

s.ident.diffstate{1,1} = sprintf{iffvC_%s', s.ident.name);
s.ident.diffstate{1,2} Zreal’;

s.ident.diffstate{2,1} = sprintfdifflL_%s', s.ident.name);
s.ident.diffsate{2,2} =real’;

% inputs:

s.ident.input{1,1} = sprintf(/1_%s, s.ident.name);
s.ident.input{1,2} =real’,

s.ident.input{2,1} = sprintf(2_%s, s.ident.name);
s.ident.input{2,2} =real’,

s.ident.input{3,1} = sprintfD_%s, s.ident.name);
s.ident.input{3,2} =positive’;

% output:

s.ident.output{1,1} = sprintf{/2_%s;, s.ident.name);
s.ident.output{1,2} =real’;

s.ident.output{2,1} = sprintf(1_%s, s.ident.name);
s.ident.output{2,2} =real’;

% elements:

s.ident.elemem{1,1} = sprintf(C_%s, s.ident.name);
s.ident.element{2,1} = sprintfi__%s, s.ident.name);
s.ident.element{3,1} = sprintiRL_%s, s.ident.name);
s.ident.element{4,1} = sprintfiRC_%s/ s.ident.name);
s.ident.element{5,1} = sprintiRDSONQ1_2%s's.ident.name);
s.ident.element{6,1} = sprintfRkDSONQ2_%s's.ident.name);

for i = 1:(s.numberof.elements)
s.ident.element{i,2} =2positive’;

end
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%% Generate symbolic workspace variables
for i = 1:(s.numberof.states)
eval(sprintf(syms %s %s's.ident.state{i,1}, s.ident.state{i,2}));
eval(sprintf(syms %s %s's.ident.diffstate{i,1}, s.ident.diffstate{i,2}));
end

for i = 1:(s.numberof.inputs)
eval(sprintf(syms %s %s's.ident.input{i,1}, s.ident.inpit{i,2}));
end

for i = 1:(s.numberof.outputs)
eval(sprintf(syms %s %s's.ident.output{i,1}, s.ident.output{i,2}));
end

for i = 1:(s.numberof.elements)
eval(sprintf(syms %s %s's.ident.element{i,1}s.ident.element{i,2}));
end

%% Symbolic vectors
s.vector.state{1,1} = eval(sprintf(s.ident.state{1,1}));
s.vector.state{2,1} = eval(sprintf(s.ident.state{2,1}));

s.vector.diffstate{1,1} = eval(sprintf(s.ident.diffstate{1,1}));
s.vector.diffstate{2,1} ®val(sprintf(s.ident.diffstate{2,1}));

s.vector.input{1,1} = eval(sprintf(s.ident.input{1,1}));
s.vector.input{2,1} = eval(sprintf(s.ident.input{2,1}));
s.vector.input{3,1} = eval(sprintf(s.ident.input{3,1}));

s.vector.output{1,1} =eval(sprintf(s.ident.output{1,1}));
s.vector.output{2,1} = eval(sprintf(s.ident.output{2,1}));

for i = 1:(s.numberof.elements)
s.vector.elements{i,1} = eval(sprintf(s.ident.element{i,1}));
end

%% Governing Equations:
%% Differential Equation 1:
str = sprintf(%s == (%s %s)/(%s), ...
s.ident.diffstate{1,1},..
s.ident.state{2,1},..
s.ident.input{2,1},...
s.ident.element{1,1});

s.equation.differential{1,1} = eval(str);

if (exist(debug;'var) == 1) && (debug == true))
fprintf( '%s system differential equation 1: %8s, s.ident.name, char(s.equation.differential{1,1}));
end

%% Differential Equation 2:
str = sprintf(%s == {%s- %s*(%s+%s+%sS) + %s*%s + %S*Yis0s*(%680S))/(%S), ...
s.ident.diffstate{2,1},..
s.ident.state{1,1},..
s.ident.state{2,1},..
s.ident.element{6,1},..
s.ident.element{3,1},..
s.ident.element{4,1},..
s.ident.input{1,1},...
s.ident.input{3,1},...
s.ident.input{2,1},...
s.ident.element{4,1},..
s.ident.state{2,1},..
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s.ident.input{3,1},...

s.ident.element{6,1},..

s.ident.element{5,1},..
s.ident.element{2,1});

s.equation.differential{2,1} = eval(str);

if ((exist(debud,'var') == 1) && (debug == true))
fprintf('%s system differential equation 2: %, s.ident.name, char(s.equation.differential{2,1}));
end

%% Output Equation 1:
str = sprintf(%s == (%s + %s*%%65*%s)'...

s.ident.output{1,1},..

s.ident.state{1,1}...

s.ident.state{2,1}...
s.ident.element{4,1},..

s.ident.input{2,1},...
s.ident.element{4,1});

s.equationoutput{1,1} = eval(str);

if (exist(debug;'var') == 1) && (debug == true))
fprintf('%s system output equation 1: %8, s.ident.name, char(s.equation.output{1,1}));
end

%% Output Equation 2:
str = sprintf(%s == %s*%s...
s.ident.output{2,1},...

s.ident.state{2,1},..

s.ident.input{3,1});

s.equation.output{2,1} = eval(str);
if ((exist(debug;'var') == 1) && (debug == true))
fprintf('%s system output equation 2: %s, s.ident.name, char(s.equation.output{2,1}));

end

%% Return structure containing new subsystem
newSynchronousBuck = s;

subsystem_3StateController.m

function new3StateControl = subsystem_3StateController(index)

%% Generate identifiers:

% identifiers

s.ident.base BUCKCTRL;

s.ident.index = index;

s.ident.name = sprintf¢os_%d; s.ident.base, s.ident.index);

% Helper fields
s.numberof.states = 3;
s.numberof.inputs = 2;
s.numberof.outputs = 1;
s.numberof.elements = 16;

%% Generate symbolic identifiers for states inputs outputs elements
% states:

s.ident.state{1,1} = sprinti{1_%s; s.ident.name);
s.ident.state{1,2} Fed';
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s.ident.state{2,1} = sprinti{2_%s, s.ident.name);
s.ident.state{2,2} Feal’;
s.ident.state{3,1} = sprinti{3_%s, s.ident.name);
s.ident.state{3,2} eal’

s.ident.diffstate{1,1} = sprintfdiffX1_%s' s.ident.name);
s.ident.diffstate{1,2} =real’;
s.ident.diffstate{2,1} = sprintfdiffX2_%s s.ident.name);
s.ident.diffstate{2,2} Zreal’;
s.ident.diffstate{3,1} = sprintf{iffX3_%s) s.ident.name);
s.ident.diffstate{3,2} Zreal’;

% inputs:

s.ident.input{1,1} = sprintfUm_%s;, s.ident.name);
s.ident.input{1,2} =real’;

s.ident.input{2,1} = sprintfUref_%s, s.ident.name);
s.ident.input{2,2} =real’,

% output:
s.ident.output{1,1} = sprintf{Y_%s, s.ident.name);
s.ident.output{1,2} =real’;

% elements:

s.ident.element{1,} = sprintf(A11_%s, s.ident.name);
s.ident.element{2,1} = sprintf{12_%s; s.ident.name);
s.ident.element{3,1} = sprintf{13_%s; s.ident.name);
s.ident.element{4,1} = sprintff21_%s; s.ident.name);
s.ident.element{5,1} = sprintff22_%s; s.ident.nane);
s.ident.element{6,1} = sprintf23_%s; s.ident.name);
s.ident.element{7,1} = sprintff31_%s; s.ident.name);
s.ident.element{8,1} = sprintff32_%s; s.ident.name);
s.ident.element{9,1} = sprintff33_%s; s.ident.name);

s.ident.element{10,1} = sprint811_%s' s.ident.name);
s.ident.element{11,1} = sprintf821_%s' s.ident.name);
s.ident.element{12,1} = sprintf831_%s' s.ident.name);

s.ident.element{13,1} = sprintiC11_%s's.ident.name);
s.ident.element{14,1} = sprintfC12_%s's.ident.name);
s.ident.element{15,1} = sprintiC13_%s's.ident.name);

s.ident.element{16,1} = sprintfp11_%s, s.ident.name);
for i = 1:(s.numberof.elements)
s.ident.element{i,2} =2positive’;

end

%% Cenerate symbolic workspace variables
for i = 1:(s.numberof.states)

eval(sprintf(syms %s %s's.ident.state{i,1}, s.ident.state{i,2}));
eval(sprintf(syms %s %s's.ident.diffstate{i,1}, s.ident.diffstate{i,2}));

end

for i = 1:(s.numberof.inputs)

eval(sprintf(syms %s %s's.ident.input{i,1}, s.ident.input{i,2}));

end

for i = 1:(s.numberof.outputs)

eval(sprintf(syms %s %s's.ident.output{i,1}, s.ident.output{i,2}));

end

for i = 1:(s.numberof.elements)

eval(sprintf('syms %s %s's.ident.elementf{i,1}, s.ident.element{i,2}));
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end

%% Symbolic vectors

s.vector.state{1,1} = eval(sprintf(s.ident.state{1,1}));
s.vector.state{2,1} = eval(sprintf(s.ident.state{2,1}));
s.vector.state{3,1} eval(sprintf(s.ident.state{3,1}));

s.vector.diffstate{1,1} = eval(sprintf(s.ident.diffstate{1,1}));
s.vector.diffstate{2,1} = eval(sprintf(s.ident.diffstate{2,1}));
s.vector.diffstate{3,1} ®val(sprintf(s.ident.diffstate{3,1}));

s.vector.input{1,1} = eval(sprintf(s.ident.input{1,1}));
s.vector.input{2,1} = eval(sprintf(s.ident.input{2,1}));

s.vector.output{1,1} = eval(sprintf(s.ident.output{1,1}));

for i = 1:(s.numberof.elements)
svector.elements{i,1} = eval(sprintf(s.ident.element{i,1}));
end

%% Governing Equations:
%% Differential Equation 1:

str = sprintf(%s == %s*%s + %s*%s + %s*%s +-%s*%s)'...
s.ident.diffstate{1,1},..
s.ident.elemenf1,1},...
s.ident.state{1,1},..
s.ident.element{2,1},..
s.ident.state{2,1},..
s.ident.element{3,1},..
s.ident.state{3,1},..
s.ident.element{10,1},..
s.ident.input{1,1},...
s.ident.input{2,1});

s.equation.differential{1,1} = eval(str);

if ((exist(debug;'var') == 1) && (debug == true))
fprintf('%s system differentiabquation 1: %', s.ident.name, char(s.equation.differential{1,1}));
end

%% Differential Equation 2:
str = sprintf(%s == %s*%s + %s*%s + %s*%s +-%s*%s)'...

s.ident.diffstate{2,1},..
s.ident.element{4,1},..
s.ident.state{1,1},..
s.ident.element{5,1},..
s.ident.state{2,1},..
s.ident.element{6,1},..
s.ident.state{3,1}...
s.ident.element{11,1},..
s.ident.input{1,1},...
s.ident.input{2,1});

s.equation.differential{2,1} = eval(str);

if ((exist(debug;'var') == 1) && (debug == true))
fprintf('%s systendifferential equation 2: %%, s.ident.name, char(s.equation.differential{2,1}));
end

%% Differential Equation 3:
str = sprintf(%s == %s*%s + %s*%s + %s*%s +-%s*%sS)'...

s.ident.diffstate{3,1},..

s.ident.elemen{7,1}, ...
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s.ident.state{1,1},..
s.ident.element{8,1},..
s.ident.state{2,1},..
s.ident.element{9,1},..
s.ident.state{3,1}...
s.ident.element{12,1}...
s.ident.input{1,1},...
s.ident.input{2,1});

s.equation.differential{3,1} = eval(str);

if (exist(debug;'var) == 1) && (debug == true))

fprintf('%s system differentiabquation 3: %%, s.ident.name, char(s.equation.differential{3,1}));

end

%% Output Equation 1:
str = sprintf(%s == %s*%s + %s*%s + %s*%s +-%s*%s)'...

s.ident.output{1,1},..
s.ident.element{13,1},..
s.ident.state{1,1},..
s.ident.element{14,1},..
s.ident.state{2,1},..
s.ident.element{15,1},..
s.ident.state{3,1},..
s.ident.element{16,1},..
s.ident.input{1,1},...
s.ident.input{2,1});

s.equation.output{1,1} = eval(str);
if (exist(debug;'var) == 1) && (debug == true))
fprintf('%s system output equation 1: %8, s.ident.name, char(s.equation.output{1,1}));

end

%% Return structure containing new subsystem
new3StateControl = s;
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A.3 SYSTEM M ODEL DEFINITION

INTERCONNECTED SUBSYSTEMS

FROM

system_Line_2LC_CLBuck.m

function [subsystems, netlist, input] = system_Line_2LC_CLBuck()

%% Generate subsystems:
RLINE = subsystem_Resistor(1);
subsystems(1) = RLINE;

LC1 = subsystem_LCFilter(1);
subsystems(2) = LC1;

BUCK1 =subsystem_SynchronousBuck(1);
subsystems(3) = BUCK1,;

CTRL1 = subsystem_3StateController(1);
subsystems(4) = CTRL1;

R1 = subsystem_ResistorLoad(1);
subsystems(5) = R1;

LC2 = subsystem_LCFilter(2);
subsystems(6) = LC2;

BUCK?2 = subsystem_SynchronousBuck(2);
subsystems(7) = BUCK2;

CTRL2 = subsystem_3StateController(2);
subsystems(8) = CTRL2;

R2 = subsystem_ResistorLoad(2);
subsystems(9) = R2;

%% Generate netlist

netlist{1,1} = ( RLINE.vector.input{2,1} ==.
(LC1.vector.output{2,1} +..
LC2.vector.output{2,1}));

netlist{2,1} = (LC1.vector.input{1,1} == RLINE.vector.output{1,1});
netlist{3,1} = (LC2.vector.input{1,1} =RLINE.vector.output{1,1});

netlist{4,1} = (BUCK1.vector.input{1,1} == LC1.vector.output{1,1});
netlist{5,1} = (LC1.vector.input{2,1} == BUCK1.vector.output{2,1});
netlist{6,1} = (CTRL1.vector.input{1,1} == BUCKZ1.vector.output{1,1});
netlist{7,1} = (BUCKvector.input{3,1} == CTRL1.vector.output{1,1});
netlist{8,1} = (R1.vector.input{1,1} == BUCK1.vector.output{1,1});
netlist{9,1} = (BUCKZ1.vector.input{2,1} == R1.vector.output{1,1});

netlist{10,1} = (BUCK2.vector.input{1,1} == LC2.vector.output{1,1});
netlist{11,1} = (LC2.vector.input{2,1} == BUCK2.vector.output{2,1});
netlist{12,1} = (CTRL2.vector.input{1,1} == BUCK2.vector.output{1,1});
netlist{13,1} = (BUCK2.vector.input{3,1} == CTRL2.vector.output{1,1});
netlist{14,1} = (R2.vector.input{1,1} == BUCK2ctor.output{1,1});
netlist{15,1} = (BUCK2.vector.input{2,1} == R2.vector.output{1,1});

%% Specify the inputs

input{1,1} = RLINE.vector.input{1,1};
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input{2,1} = CTRL1.vector.input{2,1};
input{3,1} = CTRL2.vector.input{2,1};

end

generateSystems.m

function system = generateSystems(strName)

%% Define subsystems and connections
eval(sprintf([akk, bkk, ckk] = %s(); strName));

subsystems = akk;
netlist = bkk;
input = ckk;

%% Combine subsystems with netlist rules
system = combineSymbolically(subsystems, netlist, input);
clearsubsystemsetlist input;

%%
system = createSystemSteadyStateAnonFunctions(system);
system = createOutputAnonFunctions(system);

%% Find Analytic expressions for steaestate

%{

system = findSteadyStateAnalytically(system);
system = createSteadyStateAnalyticFunct{sgstem);

system = findSteadyStateOutputsAnalytically(system);
system = createSteadyStateOutputAnalyticFunction(system);
96}

%% Linearize via firstorder partial derivatives
system = addJacobian(system);
system = createJacobianMatrixRations(system);

%% Evaluate transfer functions

%{

Syms s;

system = addTransferFunctions(system);
clears;

96}

%%

%Ssyms s;

%lengthOfA = size(system.statespace.A,1);
%ml = eye(lengthOfA);

%ans =inv(s*ml-system.statespace.A);

%% Add partial derivatives in symbolic and function form
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for ii = 1:length(system.vector.elements)
pd_matA_sym = diff(system.statespace.A, system.vector.elements{ii});
system.pd.pd_matA_sym(ii} = pd_matA_sym;
system.pd.pd_matA_function{ii} = matlabFunction(pd_matA_syrptimize',false,'Vars'[system.vector.systemin-
put{:,1},system.vetor.elements{:,1},system.vector.state{:,1}]);
end

end

A.4 DEFINE SYSTEM PARAMETERS AND INPUT

DATA

data Line 2LC_CLBuck SAME.m

function param = data_Line_2LC_CLBuck_SAME()

var_frac =0.2;

V1_R_1=380;
Uref_BUCKCTRL_1 = 100;
Uref_ BUCKCTRL_2 = 100;

VC_LC_1=0;
IL_LC_1=0;
VC_SBUCK_1 =0;
IL_SBUCK_1 =0;
X1_BUCKCTRL_1
X2_BUCKCTRL_1
X3_BUCKCTRL_1
VC_LC_2=0;
ILLC 2=0;
VC_SBUCK_2 =0;
IL_SBUCK_2 =0;
X1_BUCKCTRL 2=0
X2_BUCKCTRL_2 = 0;
X3_BUCKCTRL 2=0

0;
0;
0

VC_LC_1_guess = 380;
IL_LC_1_guess=2;
VC_SBUCK_1_guess = 100;
IL_SBUCK_1 guess = 50;
X1_BUCKCTRL_1 guess =0;
X2_BUCKCTRL_1_guess =0;
X3_BUCKCTRL_1 guess =0;
VC_LC_2_guess = 380;
IL_LC_2_guess =2;
VC_SBUCK_2_guess = 100;
IL_SBUCK_2_guess = 50;
X1 BUCKCTRL_2_guess =0;
X2_BUCKCTRL_2_guess =0;
X3_BUCKCTRL_2_ gess = 0;
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 LC_1=16&;
C_SBUCK_1 = 1200@;
L_SBUCK_1 = 1006;
RL_SBUCK_1 =108;
RC_SBUCK_* 1e9;

RDSONQ1_SBUCK_1 =5

RDSONQ2_SBUCK_1 =5

A1l BUCKCTRL_1=0;

A12_BUCKCTRL_1 =1.521e+04;

A13 BUCKCTRL_1 =2.29e+04;

A21 BUCKCTRL_1=0;

A22 BUCKCTRL_1 =8.749e+04;

A23 BUCKCTRL_1 =1.273e+05;

A31 BUCKCTRL_1=0;

A32_BUCKCTRL_1=0;

A33 BUCKCTRL_1 =9.172e+04;

B11 BUCKCTRL_1 =13.08;

B21 BUCKCTRL_1=72.7;

B31 _BUCKCTRL_1 =109.5;

C11_BUCKCTRL_1 =23.65;

C12 BUCKCTRL_1=131.5;

C13_BUCKCTRL_1 =198;

D11 BUCKCTRL_1 =0.113;
R_RLOAD_1 =5;

C_LC_2 = 880;

L LC_2 = 2.2¢8;

RL_LC_2 =50e;

RC_LC 2 =1;
C_SBUCK_2 = 12008,
L_SBUCK_2 = 1006;
RL_SBUCK_2 = 108;
RC_SBUCK_2 = 16;

RDSONQ1_SBUCK_2 = 5
RDSONQ2_SBUCK_2 = 5
A1l BUCKCTRL_2=0;
A12_BUCKCTRL_2 =1.521e+04;
A13_BUCKCTRL_2 =2.29e+04;
A21_BUCKCTRL_2=0;
A22_BUCKCTRL_2 =8.749e+04;
A23_BUCKCTRL_2 =1.273e+05;
A31_BUCKCTRL_2=0;
A32_BUCKCTRL_2=0;
A33_BUCKCTRL_2 =9.172e+04
B11_BUCKCTRL_2 = 13.08;
B21_BUCKCTRL 2 =72.7;
B31_BUCKCTRL_2 = 109.5;
C11_BUCKCTRL_2 =23.65;
C12_BUCKCTRL_2 = 131.5;
C13_BUCKCTRL_2 = 198;
D11_BUCKCTRL_2 =0.113;
R_RLOAD 2 =5;

index = 1;

param.u(index).name getName(V1_R_1);
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param.u(index).val =V1_R_1,;

param.u(index).lowerbound = (Avar_frac)*param.u(index).val;

param.u(index).upperbound = (1+var_frac)*param.u(index).val;

param.u(index).pdf = makedist{niform', 'lower', param.u(index).lowerbound,upper’, param.u(index).upperbound);

eeeeeeeeeeeeeecece

index = 3;

param.u(index).name = getName(Uref_BUCKCTRL_2);

param.u(index).val = Uref_ BUCKCTRL_2;

param.u(index).lowerbound = (Avar_frac)*param.u(index).val;

param.u(indej.upperbound = (1+var_frac)*param.u(index).val;

param.u(index).pdf = makedist{niform’, 'lower', param.u(index).lowerbound,upper’, param.u(index).upperbound);

index = 1,

param.el(index).name = getName(R_1);

param.el(index).val = R_1,;

param.el(index).leverbound = 1e9;%(1-var_frac)*param.el(index).val;

param.el(index).upperbound = (1+1)*param.el(index).val;

param.el(index).pdf = makedist(niform’, 'lower', param.el(index).lowerbound;upper’, param.el(index).upperbound);

eeeeeeeeceeeeeeeee

index = 55;

param.el(index).name = getName(R_RLOAD_2);

param.el(index).val = R_RLOAD_2;

param.el(index).lowerbound = (D.5)*param.el(index).val;

param.el(index).upperbound = (1+0.5)*param.el(index).val;

param.el(index).pdf = makedist¢niform’, 'lower', param.el(index).lowerbound;upper’, param.el(index).upperbound);

index = 1;

param.x(index).name = getName(VC_LC_1);
param.x(index).val = 0;
param.x(index).guess = VC_LC_1_guess;

eeeeeeeceeeececeeccece

index = 14;

param.x(index).name = getName(X3_BUCKCTRL_2);
param.x(index).val = O;

param.x(index).guess = X3_BUCKCTRL_2_guess;

end

A.5 COMBINING SYMBOLIC SUBSYSTEM M ODELS

MAIN.m (1)

%% Generate/load system model
system_name ssystem_Line_2LC_CLBuck'

currentFolder = pwd;

pathname = strcat(currentFoldefkdata);
dotmat =".mat,

s = strcat(system_name,dotmat);
systemfile = fullfile(pathname, s);

if (~exist(systemfile))
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eval(sprintf(%s = generateSystems(system_namaystem_name));
save(systemfile,system_name);

else
load(systemfile);

end

clear systemfilepathnamecurrentFolder dotmat s system_namg

%% Generate/load systemparameters
data_name =data_Line_2LC_CLBuck_ SEP"

currentFolder = pwd;

pathname = strcat(currentFoldefkdata);

dotmat =".mat,

s = strcat(data_name ,dotmat);

paramfile = fullfile(pathname, s);

if (~exist(paramie))
eval(sprintf(%s = %s();'data_name , data_name ));
save(paramfile,data_name);

else
load(paramfile);

end

clear paramfile pathnamecurrentFolder dotmat sdata_name

%% set to working data

system = system_Line_2LC_CLBuck;
param = data_Line_2LC_CLBuck_SEP;

%[system.vector.systeminput{:,1}]'
%[system.vector.state{:,1}]'
%[system.vector.elements{:,1}]'

[1:length(system.vector.systemInpyt[system.vector.systemInput{:,1}]; vpa([param.u(:).val])]
[1:length(system.vector.state); [system.vector.state{:,1}]]'
[L:length(system.vector.elements); [system.vector.elements{:,1}]; vpa([param.el(:;).val])]

%% check nominal stability

systemFunction = system.equation.anonDifferential;

matrixAFunction = system.equation.analyticMatrixA,;

options = optimoptionssolve''Display','none’;

reducedFunction = @(y) systemFunction(fparam.u(:).val], [param.el(:).val]);

[x_ss,~,exitflag,~] = fsolve(reducedFunction, [param.x.guess], options);
if (exitflag < 1)

end

X_SS = X_SS';

outputFunction =system.equation.anonOutput;

y_Ss = outputFunction(x_ss, [param.u(:).val], [param.el(:).vall]);

C = num2cell([[param.u(:).val]’; [param.el(:).val]’; x_ss]);
matA = matrixAFunction(C{:});

eigenvals = sort(eig(matA));

ii = find(real(eigenvals)>=0);

eigenval® = sort(eigenvals);

isUnstable = any(real(eigenvals2(:)) > 0);

%----continued---
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A.6 VBSA

MAIN.m (2)

%% Specify Unknown Variables for SA

elements_to_test =[1,2,3,4,28,29,30,31,55];
inputs_to_test = [];

%% Setup for VBSA
paths.currentFolder = pwd;
paths.sRscript =C:/Tools/R/R3.6.2/bin/Rscript.exe’

N = 10000;

[X1, X2, X] = generateSetForVBSA(elements_to_test, inputs_to_test, N, paths);
num_scenarios = length(X)

X_val_mc = mappingUnitToReal(X, elements_to_test, inputs_to_test, param);
%% Run MC simulations
tic

monteScenario = runMonteCarloWithPD(system, param, X_val_mc, inputs_to_test, elements_to_test);
toc

%% SORT EIGENVALUE BY CRITERIA (BELOW)
%% select most critical eigenvalue, righnost --------------=-=-=--------
cleary crity realy_imag

y_crit = zeros(num_scenarios,1);

y_real = zeros(num_scenarios,1);

y_imag = zeros(num_scenarios,1);

for ii = 1:num_scenarios
eigenvalues = monteScenario.eigs(ii,:);
[~, ind] = max(real(eigenvalues));
y_crit(ii,1) = eigevalues(ind);
y_real(ii,1) = real(eigenvalues(ind));
y_imag(ii,1) = imag(eigenvalues(ind));

end
y_avg = mean(y_real)+1li*mean(y_imag);
clearii ind

%% select by X/¥axis region, rectangle
newEigensetl = selectWindowEigenvalues(monteScenario.eif8, 40, 200, 500);
newEigenset2 = selectWindowEigenvalues(monteScenario.eig8, 40, 500, 1000);

scatter(real(newEigenset2(:,1)),imag(newEigenset2(:,1)))

%% select by participation

modifiedMonteScenario = selectByParticipation(monteScenario,1,1);

%%

9%{

figure(1)

hold on;

scatter(real(modifiedMoneScenario.eigs(:,14)), imag(modifiedMonteScenario.eigs(:,14)),".r")
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scatter(real(modifiedMonteScenario.eigs(:,12)), imag(modifiedMonteScenario.eigs(:,12)),".b")
Y%scatter(real(y_crit(:,1)),imag(y_crit(:,1)))
%}

%% Run VBSA

Y = real(modifiedMonteScenario.eigs(:,14));
[S1, T1, V1] = runVBSA(X1, X2, Y, elements_to_test, paths);

Y2 = real(modifiedMonteScenario.eigs(:,12));
[S2, T2, V2] = runVBSA(X1, X2, Y2, elements_to_test, paths);

%----continued---

selectByParticipation.m

function modifiedMonteScenario = selectByParticipation(monteScenario, whichStates, whichEigs)

%%
whichEigs =[11,12,13,14];
whichStates = [1,2,8,9];

modifiedMonteScenario = monteScenario;

for ii = 1:length(monteScenario.scn_u)
%%
currentOrder = 1:1:14;

currEigs = monteScenario.eigs(ii,:);
currP = monteScenario.P(ii).participation;

%if(p2 < p4)

if ( (currP(1,whichEigs(2)) + currP(2,whichEigs(2))) < (currP(8,whichEigs(2)currP(9,whichEigs(2))) )
templ = currentOrder(14);
temp2 = currentOrder(13);

currentOrder(14) = currentOrder(12);
currentOrder(13) = currentOrder(11);

currentOrder(12) = temp1;
currentOrder(11) =temp2;
else
% do nothing
end

for nn = 1:length(currentOrder)
newlndex = currentOrder(nn);
newEigs(nn) = currEigs(newIndex);
newParticipation(:,nn) = currP(:,newlindex);
end
modifiedMonteScenario.eigs(ii,:) = newEigs;
modifiedMonteScenario.P(ii).participation = newParticipation;
%%
end
%%

end
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generateSetForVBSA.m

function [X1, X2, X] = generateSetForVBSA(elements_to_test,
inputs_to_test, N, paths)

variables = length(elements_to_test);

set = sobolset(2*variables);
totaldata_unit = net(set,N);

X1 = totaldata_unit(:,1:variables);
X2 = totaldata_unit(:,(variables+1):(2*variables));

currentFolder= paths.currentFolder;
subfolder_data =r_data;
subfolder_function ='r_functions";
sRscript = paths.sRscript;

file ="X.csv;

sx = sprintf(%39\%3\%s, currentFolder, subfolder_data, file);
file ="X1.csv,

sx1 = sprintf(%6s8\%3\%s), currentFolder, subfolder_data, file);
csvwrite(sx1,X1);

file ='X2.csv,

sx2 = sprintf{%s\%3\%s), currentFolder, subfolder_data, file);
csvwrite(sx2,X2);

file ='generateScenariosA.R'
data_location = sprintf(6s\%s, currentFolder,subfolder_data);
data_location = strrep(data_locatiohi,'/');

toeval = sprintf(!"%s" "%8%3\%s" "%s' sRscript, currentFolder,..
subfolder_function, file, data_location);
eval(toeval);

fileID = fopen(X.csv,'T");

formatSpec 2%f";

X = fscanf(fileID, formatSpec, [variables,inf])’;
fclose(all');

delete(sx1);
delete(sx2);

delete(sx);

end
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mappingUnitToReal.m

function X_actual = mappingUnitToReal(X, elements_to_test,
inputs_to_test, param)

% map values [0,1] to required range
variables = length(elements_to_test);
num_scenarios = length(X);

tt= le6;
y_val = (0: tt: tt);
X_actual = zeros(num_scenarios, variables);
for kk = 1:variables
whichEl = elements_to_test(kk);
currcdf = icdf(param.el(whichEl).pdf , y_val)’;
for ii = 1:num_scenarios
index = floor((X(ii,kk)/tt))+1;
X_actual(ii, kk) = currcdf(index);
if (X_actual(ii, kk) == 0)
X_actual(ii, kk) = 1e9;
end
end
end

end

runVBSA.m

function [S, T, V] = runVBSA(X1, X2, Y, elements_to_test, paths)
variables = length(elements_to_test);

currentFolder = paths.currentFolder;
subfolder_data =r_data;
subfolder_function =r_functions’;
sRscript = paths.sRscript;

file ='X1.csv,
sx1 = sprintf(%3\%3\%s, currentFolder, subfolder_data, file);
csvwrite(sx1,X1);

file ='X2.csv;
sx2 = sprintf(%69\%3\%s, currentFolder, subfolder_data, file);
csvwrite(sx2,X2);

file ="Y.csv;
sy = sprintf(%3\%3\%s, currentFolder, subfolder_data, file);
csvwrite(sy,Y);

file ='sobolSaltA.R’
data_location = sprintf¢69\%s, currentFolder, subfolder_data);
data_locaion = strrep(data_locatior\','/');

toeval = sprintf(!"%s" "%%$\%3\%s" "%s',; sRscript, currentFolder,..
subfolder_function, file, data_location);
eval(toeval);

fileID = fopen(S.csvT');
formatSpec =2%f';
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S =fscanf{(filelD, formatSpec, [variables,inf])";
fileID = fopen(T.csv,T");

formatSpec =%f';

T = fscanf(fileID, formatSpec, [variables,inf])";
filelD = fopen(V.csv,'T');

formatSpec =%f";

V = fscanf(filelD, formatSpedyvariables,inf])’;
fclose(all');

end

sobolSaltA.R

options (echo=TRUB

args <- commandArgs ( trailingOnly = TRUB
print (args )

name <- args [ 1]

print  ( name)

setwd ( name)
library (' sensitivity )
library  (boot )

X1 <- read.csv ('Xl.csv' ,header =FALSE)
X2 <- read.csv ('X2.csv' ,header =FALSE)

X1 <- data.frame (X1)
X2 <- data.frame (X2)

X <- sobolSalt (model = NULL X1, X2, scheme ="A" ,nboot = 0)

y <- read.csv ('y.csv' ,header =FALSE)
y <- as.numeric (unlist (data.frame (y)))

tell (xy )
write.table (getElement (x, "V"), file = "V.esv" , append = FALSE, quote = TRUE

sep = "" ,eol ="\n",na = "NA",dec = "" ,row.names = FALSE

col.names = FALSE gmethod = c("escape" , "double" ), fileEncoding =")
write.table (getElement (x, "S"), file = "Swcsv' append = FALSE, quote = TRUE

sep = "" ,eol ="\n",na = "NA",dec = "" ,row.names = FALSE

col.names = FALSE gmethod = c("escape" , "double" ), fileEncoding =")
write.table (getElement (x, "T"), file = "T.csv" , append = FALSE, quote = TRUE

sep = "" ,eol ="\n",na = "NA",dec = "" ,row.names = FALSE

col.names = FALSE gmethod = c("escape" , "double" ), fileEncoding =")

print ("VBSA SUCCESS!")

generateScenariosA.R

options  (echo =TRUB

args <- commandArgs ( trailingOnly = TRUB
print (args )

name <- args [ 1]

print  ( name)

setwd ( name)
library (' sensitivity )
library  (boot )

X1 <- read.csv ('Xl.csv' ,header =FALSE)
X2 <- read.csv ('X2.csv' ,header =FALSE)

X1 <- data.frame (X1)
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X2 <- data.frame (X2)
X <- sobolSalt (model = NULL X1, X2, order = 1,nboot = 0)

data <- getElement (x, "X")

write.table (getElement (x, "X"), file = "Xecsv' , append = FALSE quote = TRUE
sep = "" ,eol = "\n",na = "NA",dec = "" ,row.names = FALSE
col.names = FALSE gmethod = c("escape” , "double" ), fileEncoding =")

print ("GENERATED SAMPLES SUCCESSY'
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Appendix BT Component
Parameter Measurement
and Estimation

B.1 INPUT LC FILTERS

Frequency response analysis is usedHecharacterisation ahelow-passinput
filters. Thefilter models used in theoretical analysis must matctottiput impedance
characteristis derived from experimental measuremeiitise filters used in tegbench
setup arecomprised of different discrete capacitors and inductors connected together.
The frequency response of each componént’ (Y ) is first measured in ordes bbtain
the combined output impedance of the filtdr QY ), as illustrated irFigure B.1.
Practical components are subjectwmle tolerancesand changes over their lifetime,
thereforeindividually measured@domponent&nable differentonnedon configurations
to ensure that thidter-undertestmeetshe requiredtharacteristis(i.e.,to resonant fre-
guencyand magnitud¢. Furthermoe, frequency response measurements are used to
confirm that thdumped parameter modelith parasitic elements is sufficient &zcu-
rately represent thie i | tesponsddsr the purposes of smadignal stability analysis.

An LCR meter(Hioki IM3533-01) with automatic frequency sweépnctionality

was used toneasure th&equency responss each component
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ZL 1 | O Zout(' ) —oO
Vin Zc1| |Zc2 |:> Vin
l i o o
Zout(- ) Zout(- )

FIGURE B.1 (a) Output impedanc&su: low-pass filter design using frequency re:
sponse data of individual elemels Zc1, Zcz (b) Representation of the combine
frequency response fabu: (Where surce inputVis replaced by a short circuit)

(B.1)
& is the impedance of the external LC filter inductor.
@ is the impedance of the external LC filter capacitor.
@ is the impedance of theput capacitoof the buck converter
The TDHBG2500P100 convert@rototypehas between the input terminals a 10uF film
capacitor(TDK B32794D2106K)or decouplingand, being in parallel, is considered as
part of the input filter.

Sweep Measurement

Set LCR
Sweep Foirt Sinecp Hode ACseT
Input & line feed delimted ® Frequency(Hz)
- . § FREQ  [1000.000 He TRIG  EXTERNAL
ovm [@x=1\'] QW
LEVEL [V v|[25 v DCBIAS  [OFF v] o v
Set umr  [oFF v] 01 A SPEED [slow v
nterval between Sweep Poirt 03 < RANGE [AUTO v 10ohm G 1 3
(SEL) lowz [on v DELAY  [0.00000
Repeat Measurement
= SN |OFF v] o010
Number of Measurements 112 Times
{15} DC SET
TEMP ADJ
nferval between Measursments 0 s LEVEL v 2 v pcoLy [0.00000 s TP OFF .
(0-32000) o
RANGE |AUTO | 100ohm ADJDLY [0.00300 R |6 e
Acquire Voltage/Current Monttor Values LowzE D) ¥ LEREQ [0 e COEF  [3930 ppm
[[] Acquire Instrument Settings SPEED  sLOW he
a1
Output
~ Microsoft Excel oK Cancel
~ (Create New Shest)
Auto Setup
~ Wicrosoft Excel
" {Send to cursor posttion Sheet)
_ Start Value 1
O = S MODEL IM3533-01
Stop Value 10000
Data court 1000}z Serial NO. 120514004
Start Measuring
(1-5000)
Scale | Linear v Ver V1'03
Court 1
—— =

Auto Setup =

FIGURE B.2 Frequency sweep measurement setfib@R MeterHioki IM353301
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FIGURE B.3 Output impedance’.: of input filter 1based on parameter

measurements.

FIGURE B.4 Output impedanc&ou: of input filter2 based on parameter

measurements.
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